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(57) Abstract: Presented herein are systems and methods that provide for fast image acquisition with a CCD camera for tomographic
imaging by synchronizing illumination with the image acquisition sequence of the CCD camera. The systems and methods described
herein allow images to be acquired witha CCD camera using short image acquisition times that would otherwise result in the introduction
of severe artifacts into the acquired images. This unique capability is achieved by selectively illuminating the one or more object(s) to be
imaged during specific phases of the CCD camera that are used to acquire an image. Reducing the time required to acquire artifact-free
images in this manner allows for rapid imaging with a CCD camera. This capability is of particular relevance to tomographic imaging
approaches, in which multiple images of one or more objects are acquired and used to produce a single tomographic image.
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RAPID, HIGH DYNAMIC RANGE IMAGE ACOUISITION WITH A CHARGE-
COUPLED DEVICE (CCD) CAMERA

RELATED APPLICATIONS

[6601] This application claims priority to U.S. Provisicnal Application No.
62/574,043 filed October 18, 2017, the entire disclosure of which 15 hereby incorporated
herein by reference. This application claims priority to U.S. Non-provisional Application No.
16/163,094 filed October 17, 2018, the entire disclosure of which s hereby incorporated
herein by reference.

FIELD
[6602] Generally, aspects descnibed herein relate to systems and methods for imaging.
More particularty, aspects described relate to svstems and methods for rapid image
acquisition with a CCD camera.

BACKGROUND

{3603} In vivo imaging of small animals is performed by a large commumity of
investigators in various fields, e.g., oncology, mfectious disease, and drug discovery. There
i3 a wide array of technologies directed to in vive imaging of ammals — for example,
bicluminescence, fluorescence, X-ray microcomputed tomography, and multimodal imaging
technologics.

[6604] Many imaging modalitics are tomographic approaches. Tomography is based
on detection of light transmitted through or emanating from a sample to obtain (e g,
reconstruct) 31 images or infer the 3D distribution of optical properties of the sample under
study. For example, tomographic imaging can be used to reconstract a 35 map of tissue
absorption within a region of interest of a subject under study. In other applications,

tomographic imaging is used to generate a 3D map of the spatial distribution of a probe, such



WO 2019/079556 PCT/US2018/056451

as a flucrescent eoitter, that is present in the region of imtergst. Tomographic imaging thus
allows reconstruction of detatled 3D images of internal structures of objects, and 3D
distrtbution of a probe within a region of interest of a subject, in 2 non-invasive fashion.
[G005] Optical tomographic imaging can provide valuable mformation, relevant to
analyais of biological, physiological, and functional processes within a subject under study
that cannot be obtained from non-optical imaging technigues such as micro-CT or magnetic
resonance imaging (MRI). For example, maps of tissuc absorption at optical wavelengths are
capable of providing biclogical functional mformation related to hemoglobm concentration
and tissue oxygenation state, which can be used to detect certain types of tumors. In addition,
optical absorption additionallv provides improved contrast for localizing certain organs, such
as the heart, in comparison with X-ray imaging or MRI technigues.

EEEY Optical tomography can also be used to map the spatial distribution of an
administered or endogenous hight emitting probe, such as a fluorescent or bicluminescent
probe. For example, fluorescent probes absorb light propagating mside of an object and enit
light at a longer wavelength (lower energy) than the absorbed light inside of the object,
allowing non-invasive, in vivo investigation of functional and molecnlar signatures in whole
tissucs of animals and hwmans. Fluorescence optical tomography systems thereby allow for
molecular imaging, which can be used to visually indicate molecular abnormalities that are
the basis of a discase, rather than just imaging the anatomical structures in the area of
suspected molecular abnormalities, as with conventional imaging approaches. Specific
imaging of molecular targets provides carlier deiection and characterization of a discase, as
well as earlier and direct molecular assessment of treatment efficacy. An illustrative
fluorescence optical tomography system is described in U.S. Patent Application Publication

No. US2004/0015062, the text of which is incorporated by reference herein, in its entirety.
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106687] Fhiorescence tomographic imaging tvpically utilizes mudtiple tmages of
object(s) to be imaged to create a tomographic representation of the object(s). For example,
in fluorcscence tomographic imaging, multiple locations within an object to be imaged are
iHuminated with excitation ight. In fluorescence imaging applications, fluorescent species
that are within a given location illuminated by the excitation light absorb the excitation light
and emut fluorescent light. For each illumination location, a corresponding fluorescence
mmage is acquired by detecting emitted fluorcscent light. The multiple fhuorescence wmages,
cach corresponding to a particular illumination location, are processed using tomographic
reconstruction technigues to obtain a tomographic image that represents a distnibution of
fluorescent species within the objeci(s).

[G008] Effectively imaging a particular region of an object requires dhuminating a
sufficient number and density of locations within the object(s) and acquinng corresponding
tmages to be used for tomographic reconstruction.

6609} Accordingly, there exists a need for improved systems and methods for
tomographic imaging {e.g., fluorescence tomographic imaging) that arc capable of rapidly
acquinng multiple images of object(s} to be used for tomographic reconstruction. Such
gysterns and methods arc of particular relevance 1o i vive small animal tomographic

maging.

SUMMARY
[6610] Presented herein are systems and methods that provide for fast image
acquisition with a CCD camera for tomographic imaging by syvnchronizing illamination with

the image acquisition sequence of the CCD camera. The systems and methods described

herein allow images to be acquired with a CCD camera using short image acquisttion times
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that would otherwise result in the introduction of severe artifacts into the acquired images.
This unmique capability is achieved by selectively illuminatimg the one or more object{(s} to be
tmaged during specific phases of the CCD camera that are used to acquire an image.
Reducing the time required to acquire artifact-free images in this manner allows for rapid
tmaging with a CCD camera. This capability is of particular relevance to tomographic
imaging approaches, in which multiple images of one or more objects are acquired and used
to produce a single tomographic image.

6011} Also presented herein are approaches for high dynamic range (HDR) imaging
with a CCD camera that aveid (¢.g., reduce; e.g., eliminate} blooming artifacts that typically
accoropany saturated image pixels. HDR imaging improves dynamic range by acquiring,
rather than a single image, an HDR image set comprising short exposure and long exposure
mmages. The long exposure image 18 acquired vsing a long duration exposure, such that low
intensity signals can be accurately captured. However, the long duration exposure results in a
large number of image pixels of the long cxposure image being saturated. Bloonming artifacts
accordingly degrade the long exposure images of HDR image sets, and hinder HDR imaging
with g CCD camera. By providing approaches for HDR imaging that avoid {e.g., reduce;
¢.g., chiminate) blooming artitacts, the svstems and methods described herein allow for the
increased dynamic range provided by HDR imaging to be taken advantage of i imaging
applications that utihze CCD cameras.

661 2] Some aspects of the present disclosure are directed to a method for
synchronizing llumination of one or more object(s} to be imaged with a global exposuare
phase of 3 CCD camera for rapid image acquisition by the CCD camera, the method
compnsing: {a) directing a beam of illumination hight emitied from an output of an

thumination source to a source galvanometer muror, wherein the source galvanometer mirror
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ig operable to rotate through a plurality of angles; (b} awtomatically adjusting the source
galvanometer mirror for alignment at a plurality of rotation angles comprising a first rotation
angle and a second rotation angle, wherein, at the first rotation angle, the source
galvanometer mirror is aligned to reflect the beam of illumination light to direct it to one or
more object{s) to be imaged thereby tlluminating the ong or more object(s}, and at the second
rotation angle, the source galvanometer mirror 1s aligned to reflect the beam of dlunmunation
light to direct it away from the one or more object{(s} io be imaged such that the one or more
object(s) is/are not illuminated; and {c} acquiring one or more images with the CCE camera,
wherein: the CCD camera is aligned and operable to (1) detect light (e g, fluorescent light
and/or biolununescent light) enutted from the one or more object(s) {c.g., from within the one
or more object(s), and/or from a surface of the one or more object{s}) as a result of
tHhumination of the one or more object{s) by the beam of tHumination light and/or (i1} detect
itlumination light transmitted through or retlected by the one or more objeci(s}, and acquirmg
cach of the one or more images comprises: (A} responsive to a first trigger signal indicating a
start of a global exposure phase of the CCD camera, rotating the source galvanometer mirror
to the first rotational angle such that during the global exposure phase of the CCD camera the
one or more object(s) is/are illuminated with the beam of dlumination light; and (B)
responsive 1o a second trigger signal indicating an end of the global exposure phase of the
CCD camera, rotating the galvanometer mirror to the second rotational angle such that when
the CCD camera is not in the global exposure phase, the one or more object{s} 1s/arc not
itleminated with the beam of thumination light, thereby synchronizing illumination of the one
or more object(s} with the global exposure phase of the CCD camera for rapid image

acquisition by the CCD camera.
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[6613] In some embodiments, a duration of the global exposure phase of the CCD
camera {¢.g., the global exposure time) for each of the one or more acquired images 1s less
than or approximately equal to 400 ms (e.g., iess than or approximately equal to 200 ms; e.g.,
legs than or approximately equal to 100 ms; e.g., less than or approximately equal to 50 ms).
10614} In some embodiments, a duration of the global exposure phase of the CCD
camera is less than 10 times a shutier delay time of the CCD camera {e.g., less than 5 times
the shutter delay time; ¢.g, less than 2 times the shutter delay time; e.g., less than the shutter
delay time}.

[3615] In some embodiments, a duration of the global exposure phase of the CCD
camera is less than 10 times a read-out time of the CCD camera {c.g, less than 5 times the
read-out time; ¢.g., less than 2 times the readout time; e.g., less than the read-out time}.
10616} In some embodiments, the CCD camera comprises at least 236 by 256 detector
pixels (c.g., at least 1000 by 1000 detector pixels; ¢.g., at least 4000 by 4000 detector pixels).
{6617} In some embodiments, a size of a sensor array of the CCD camera is greater
than or approximately equal to 1/2 inch along at least a first and/or a second dimension {e.g.,
at Jeast 1/2 inch by at least 1/2 inch; e.g., greater than or approximately equal to 1 inch along
at feast a first and/or a sccond dimension; ¢.g., at least | mch by at least 1 inch).

{06618} In some embodiments, a ficld of view of the CCD camera is greater than or
approximately equal to 100 mm along at least a first and/or a second dimension {e.g., 100 to
200 mm x 100 to 200 nun).

[6619] In some embodiments, an cutput power of the illununation source is greater
than or approximately equal to 100 mW (e g, greater than or approxmately equal to 200

mW; e.g., greater than or approximately equal to 300 mW).
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[6620] In some embodiments, a setthing time of the illunmination source is greater than
or approximately equal 1o 1 second (e.g., 2 seconds; e.g., 5 seconds).

6021} In some cmbodiments, a light level at a sensor array of the CCD camera when
the CCD camera is not in a global exposure phase {e.g., when a CCD shutter of the CCD 15
opening and/or closing; e.g., during a read-out phase of the CCD camera} is less than or
approximately equal to a noise floor of the CCD camera [e.g., a maximal power across each
detector pixel of the sensor array is less than or approximately equal to a value corresponding
to {c.g., a power that produses a signal equal to} a read noisel.

3622} In some embodiments, acquiring each of the one or morg images in step (¢)
comprises providing, by a first processor of a computing device, an image acquisition signal
to the CCD camera to mitiate the global exposure phase of the CCD camera (¢ g, the image
acquisition signal comprising a nominal exposure time that sets 2 duration of the global
exposure phase of the CCD camera).

6623} In some embodiments, awtomatically adjusting the source galvanometer mirror
in step (b) compnises providing, by a source galvanometer controller module (e.g., 2
microcontroller; ¢.g., an electronic circuit), a rotational signal {¢.g., an electronic signal; e.g.,
a ime-varying voltage; e.g., a time-varying current) o the source galvanometer mirror
wherein variation of a value (e.g., a voltage amplitude; ¢.g.. a current amphitude) of the
rotational signal varies the rotational angle of the source galvanometer mirror, such that when
the rotational signal has a first rotational signal valuce the source galvanometer mirror is
rotated to the first rotational angle and when the rotational signal has a second rotational
signal value the source galvanometer mirror is rotated to the second rotational angle; at
substep (A} of step (c¢), the source galvanometer controller module receives the first trigger

signal and, responsive to receipt of the first trigger signal, adjusts the value of the rotational
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signal to the first rotational signal value, thereby rotating the source galvanometer mirror to
the first rotational angle: and at substep (B) of step {¢). the source galvanometer controller
module receives the second trigger signal and, responsive to receipt of the second trigger
signal, adjusts the value of the rotational signal (o the second rotational signal valoe, thereby
rotating the source galvanometer mirror to the second rotational angle.

6624} In some embodiments, automatically adjusting the source galvanometer mirror
in step (b) comprises: receiving, by the source galvanometer controller module, a CCD output
signal {e.g.. an clectronic signal; ¢.g., a ime-varying voltage; ¢.g., a ime-varying current)
from the CCD camera [e g, wherein variation the CCD cutput signal 13 indicative of whether
the CCD camera is in the global exposure phase (¢.g., wherein the CCD output signal has a
first cutput signal value when the CCE camera s not wn the global exposure and has a second
output signal value when the CCD camera 15 in the global exposure phase}]: and adjusting, by
the source galvanometer controller module, the value of the rotational signal based on a value
of the received CCD output signal {c.g., such that when the CCD output signal has the first
output signal value the source galvanometer controller module adjusts the rotational signal to
the first rotational signal value and when the CCD output signal value 1s the second output
signal value the source galvanometer controller module adjusts the rotational signal to the
second rotational signal value); the first trigger signal corresponds to a first vanation in the
CCD output signal (e.g., a transition in the value of the recetved CCD output signal from the
first output signal value to the second cutput signal value); and the second trigger signal
corrgsponds to 3 second variation 1 the CCD ocutput signal {¢.g., atransition in the value of
the recetved CCD output signal from the first cutput signal vabue to the second output signal

value}.
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[6025] In some embodiments, the source galvanometer mirror and the tHumination
source are housed within a source housing and wherein the source galvanometer mirror is
aligned such that: (1) at the first rotational angle, the beam of tlununation light is reflected by
the source galvanometer mirror, through an exit port of the source housing and (i) at the
second rotational angle, the beam of illumination light 1s directed to a beam dump within the
source housing.

6626} In some embodiments, the illumination source, the source galvanometer
mirror, the one or more object(s), and the CCD camera are housed within an optical system
housing that is substantially opaque to ambient light, thereby himiting the amount of ambient
light incident on a sensor array of the CCD camera.

16627} In some embodiments, avtomatically opening and closing a laser shutter
positioned in a path of the beam of dhumination light from the ilumination source to the one
or more object(s), wherein when the laser shutier is open, the beam of itlluminating bight is
allowed to pass through the laser shutier, and when the laser shutter is closed, the beam of
iHemunation light is blocked by the laser shutter; at substep (A} of step (¢}, responsive 1o the
first trigger signal indicating the start of the global exposure phase of the CCD camera,
opening the laser shutter at substantially the same time when rotating the source
galvanometer mirror to the first rotational angle; and at substep (B} of step {¢), responsive to
the second trigger signal indicating the end of the global exposure phase of the CCD camera,
closing the laser shutter at substantially the same time when rotating the source galvanometer
mirror 1o the second rotational angle.

3628} In some embodiments, automatically opening and closing the laser shutter
comprises providing, by a source laser shutter controller module {¢.g., a microcontroller; e.g.,

an electronic circuit), a laser shutter signal {¢.g., an clectronic signal; ¢.g., a ime-varying
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voltage; e.g., a time-varying current} to the laser shutter, wherein variation of avalue {e.g., a
voliage amplitude; ¢.g., a current amplitude) of the laser shutter signal causes opening and/or
closing of the laser shutter, such that when the laser shutter signal has a first laser shutter
signal value the laser shutter is open and when the laser shutter signal has a second laser
shutter signal value the laser shutter is closed: at substep (A) of step (), the laser shutter
controtler module receives the first trigger signal and, responsive to receipt of the first trigger
signal, adjusts the value of the laser shutter signal to the first laser shutter signal value,
thereby opening the laser shutter; and at substep {B) of step (¢), the laser shutter controller
module receives the second trigger signal and, responsive to receipt of the second trigger
signal, adjusts the value of the laser shutier signal to the second laser shutter signal value,
thereby closing the laser shutter.

[6629] In some embodiments, avtomatically opening and closing the laser shutter
comprises. receiving, by the laser shutter controller module, the CCD output signal {e.g., an
clectronic signal; ¢.g., a time-varying voltage; ¢.g., a time-varving current) from the CCD
camera [e.g., wherein vanation of the CCD output signal 1s indicative of whether the CCD
camera 1s in the global exposure phase (e.g., wherein the CCD output signal has a first output
signal value when the CCD camera is not in the global exposure and has a second output
signal value when the CCD camera is 1 the global exposure phase}]; and adjusting, by the
laser shutter controller module, the value of the laser shutter signal based on the value of the
recetved CCD output signal (e.g.. such that when the CCD output signal has the first output
signal value the laser shutter controller module adjusts the lager shutter signal to the first laser
shutter signal value and when the CCD output signal value has the second output signal value
the laser shutter controller module adjusts the laser shutter signal to the second laser shutter

signal value).
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[6630] In some embodiments, the socurce galvanometer mirror and dlumination scurce
are housed within a source housing and wherem the source galvanometer mirror is aligned
such that: (i} at the first rotational angle, the beam of illumination light is reflected by the
galvanometer mirror, through an exit port of the source housing and (i1} at the second
rotational angle, the beam of thummation light 1s directed to a beam dump within the source
housmg; and the laser shutter is positioned at {¢.g., in front of and 10 close proximity io) the
oxit port such that when the laser shutter is closed the beam of illumination light is prevented
from passing through the exit port.

3631} In some embodiments, acquiring the one or more images in step (¢) comprises
acquiring one or more high dvnamic range (HDR) image sets, cach HDR image sct
corresponding to a specific illumination location or a set of one or more tHumination
locations on the one or morg object(s) and comprising a short exposure image and a long
exposure image, wherein, for each HDR image set: the short exposure image is acquired by
detecting eraitted hight and/or illunination light transmitted through or reflected by the one or
more obiect(s) dunng a short duration global exposure phase of the CCD {g.g., wherein the
short duration global exposure phase 1s sutticientlv short such that the acquired short
cxposure image docs not comprse any saturated image pixcls), the long exposure image is
acquired by detecting emitied light and/or dlumimation light transmitted through or reflected
by the one or more object(s) during a long duration global exposure phase of the CCD, the
long duration global exposure phase of the CCD lasting longer than the short duration global
cxposure phase, and both the short exposure image and long exposure image of the given
HDR image set are acquired by detecting emitted light and/or ilumination light transmitted

through or reflected by the object as a result of illumination of the one or more object(s) by
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the beam of dlumination light at a same specific tllumination location or set of iHumination
locations to which the HDR image set corresponds.

[6032] In some cmbodiments, the method comprises: directing the beam of
thhumination light to a plurality of itlumination locations on the one or more object{(s); at step
{¢), acquiring a plurality of images with the CCD camera, each image corresponding to a
particular set of one or more illamination locations of the plurality of illamination locations
(c.g., wherein each image corresponds to a distinet Ulumination focation; ¢.g.. wherein ¢ach
image is a member of one of a plurality of HDR image sets, and cach HDR image set
corresponds to distinct tlumination location; e g, wherein each image corresponds to a
particular set of illununation locations comprising one illumination location per object to be
imaged} and representing (i) detected emitted light from the one or more objoct{(s) as a result
of lumination of the one or more objectis) at the corresponding particular set of ong or more
ithumination location(s) and/or (11} detected illumination hight transmitied through or reflected
by the one or more object(s) following illununation of the one or more object{s) at the
corresponding set of one or morg illumination location(s), receiving and/or accessing, by a
processor of a computing device, data corresponding to the plurality of acquired images; and
creating {e.g., computing), by the processor, one or more tomographic image(s) of the onc or
more object{s) using the data corresponding to the phirality of acquired images.

[6633] In some embodiments, the method comprises using a galvanometer optical
scanner to direct the beam of tHununation light to the plurality of illumination locations on
the one or more object{s).

3634} In some embodiments, the plurality of acquired images comprises at least 100

images {e.g., 50 fluorescence mmages and S0 excitation images), which may be acquired m at
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time less than or approxamately equal to 200 mg (¢ .z, less than or approximately equal to 150
ms; e.2., less than or approximately equal to 120 ms).

[B035] Another aspect of the present disclosure is directed to a method for
synchronizing illumination of onc or more object{s) with a global cxposure phase of a CCB
camera for rapid image acquisition by the CCD camera, the method comprising: (a) directing
a beam of illumination light emitted from an output of an iltlumination source through a laser
shutter, to the one or more objeci(s) to be imaged; (b) automatically opening and closing the
laser shutter, such that when the laser shutter is open, the beam of llumination light allowed
to pass through the laser shutter, thereby iHlununating the one or more object(s), and when the
laser shutter is closed, it blocks the beam of illumination light, thereby preventing the one or
more object{s) from being iluminated with the beam of illumination hight; and {c} acquiring
ong or more images with the CCD camera, wherein: the CCD camera 1s aligned and operable
to detect (1) hight {¢.g., fluorescent light and/or biolummescent light) emitted from the one or
more object(s) {¢.g., from within the one or more object(s), and/or from a surface of the one
or more object(s}} as a result of Nlumimation of the one or more object(s} by the beam of
ionunation light and/or (11} detect illumination light transmitted through or reflected by the
one or more object(s), and acquiring cach of the one or more images comprises: (A)
responsive to a firgt frigeer signal mdicating a start of the global exposure phase of the CCD
camera, opening the laser shutter such that during the global exposure phase of the CCD
camera the one or more object(s) 1s/are tHununated with the beam of illumination light; and
(B) respounsive 1o a second trigger signal indicating an end of the global exposure phase of the
CCD camera, closing the laser shutter such that when the CCD camera is not in the global

exposure phase the one or more object(s) is/are not Hluminated with the beam of illumination
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light, thereby synchronizing illumination of the one or more object(s) with the global
exposure phase of the CCD camera for rapid image acquisition by the CCD camera.

[B036] In some cmbodiments, a duration of the global exposure phase of the CCD
camera {€.g., the global exposure time) for cach of the one or more acquired images is less
than or approximately equal to 400 ms (¢ .g., less than or approximately equal to 200 ms; ¢.g.,
less than or approximately equal to 100 ms; e.g., less than or approxamately equal to 50 ms).
16037} In some embodiments, a duration of the global exposure phase of the CCD
camera 1s less than 10 times a shatter delay time of the CCD camera {¢.g., less than 5 times
the shutter delay time; ¢.g., less than 2 times the shutter delay time; ¢.g., less than the shutter
delay time).

{0838} In some embodiments, a duration of the global exposure phase of the CCD
camera is lgss than 10 times a read-out time of the CCD camera{¢. g, lgss than 5 times the
read-out time; ¢.g., less than 2 times the readout time; ¢.g., less than the read-out time).
(6639} In some embodiments, the CCD camera comprises at least 256 by 256 detector
pixels (e.g., at least 1000 by 1000 detector pixels; e.g., at least 4000 by 4000 detector pixels).
3040} In some embodiments, a size of a sensor array of the CCD camera is greater
than or approximately equal to 1/2 inch along at least a first and/or a second dimension {c.g.,
at least 172 inch by at least 1/2 inch: ¢.g., greater than or approximately equal to 1 inch along
at feast a first and/or a second dimension; ¢.g., at least T mch by at least 1 inch},

6641} In some embodiments, a field of view of the CCD camera is greater than or
approximately equal to 100 mm along at least a first and/or a second dimension {e.g., 100 to

200 mm x 100 to 200 mm).
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[6042] In some embodiments, an cutput power of the illumination source is greater
than or approxamately equal to 100 mW (e.g., greater than or approximately equal to 200
oW e.g., greater than or approximately equal to 300 mW).

[06843] In some embodiments, a settling time of the illumination source is greater than
or approximately equal to 1 second {e.g., 2 seconds; e.g., 5 scconds}.

16044} In some embodiments, a light level at a sensor array of the CCD camera when
the CCD camera is not in a global exposure phase {(e.g., when a CCD shutter of the CCD 1s
opening and/or closing; ¢.g., dunng a read-out phase of the CCD camera} is less than or
approxamately equal to a noise floor of the CCD camera [e.g., a maximal power across each
detector pixel of the sensor array is less than or approximately egual to a value corresponding
to (¢.g., a power that produces a signal equal to) a read noise}.

[0045] In some embodiments, acquiring each of the one or more images in step (¢)
comprises providing, by a first processor of a computing device, an image acqguisifion signal
1o the CCD camera to mitiate the global exposure phase of the CCD camera {¢.g., the image
acquisition signal comprising a nominal exposure time that sets a duration of the global
exposure phase of the CCD camera).

[0046] In some cmbodiments, automatically opening and closing the laser shutier in
step (b} comprises providing, by a laser shatter controller module {c.g., a microcontrolier;
¢.g., an electronic circuit), a laser shutter signal (e g, an electronic signal; ¢.g., a time-varying
voltage; ¢.g., a ime-~-varying current} to the laser shutter wherein vanation of avalue (e.g., a
voltage amplitude; ¢.g., a current amphtade) of the laser shutter signal opens and closes the
laser shutter, such that when the laser shutter signal hag a first laser shutter signal value the
laser shutter 1s open and when the laser shutter signal has a second laser shutter signal value

the laser shutter is closed; at substep (A) of step (¢}, the laser shutter controlier module
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receives the first trigger signal and, responsive to receipt of the first trigger signal, adjusts the
value of the laser shutter signal to the first laser shutier signal value, thereby opening the laser
shutter; and at substep (B) of step {c), the laser shutter controller module receives the second
trigger signal and, responsive to receipt of the second trigger signal, adjusts the value of the
laser shutter signal to the second laser shotter signal valoe, thereby closing the laser shutter.
6647} In some embodiments, automatically opening and closing the laser shutter in
step (b} comprises: receiving, by the laser shutter controller module, a CCD output signal
{c.g., an electronic signal; ¢.g., a time-varying voltage; ¢.g., a ime-varying current) from the
CCD camera [e.g., wherein vanation the CCD output signal 8 mdicative of whether the CCD
camera is in the global exposure phase (¢.g.. wherein the CCD output signal has a first output
signal value when the CCD camera is not in the global exposure and has a second cutput
signal value when the CCD camera 15 1n the global exposure phase}]; and adjusting, by the
laser shutter controller module, the value of the laser shuiter signal based on a value of the
recetved CCD output signal (e.g.. such that when the CCD output signal has the first output
signal value the laser shutter controller module adjusts the laser shutter signal to the first laser
shutter signal value and when the CCD output signal value has the second output signal value
the laser shutter controller module adjusts the laser shutter signal to the second laser shutter
signal value); the first trigger signal corresponds to a first variation in the CCD output signal
{¢.g., a ransition in the value of the received CCD output signal from the first output signal
value to the second output signal value); and the second trigger signal corresponds to a
second variation in the CCD output signal {¢.g., a transition m the value of the received CCD
output signal from the first cutput signal value to the second cutput signal value).

30438} In some embodiments, the dlumination source 1s housed within a source

housing, the beam of illumination light is directed to an ¢xit port of the source housing, and
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the laser shutter is positioned at {¢.g., m front of and 11 close proximity to) the oxit port such
that when the laser shutter is closed the beam of itllummation hight 1s prevented from passing
through the exit port.

{06849} In some embodiments, the iHlummation source, the laser shutter, the one or
more object{s), and the CCD camera are housed within an optical svstem housing that is
substantially opague to ambient hight, thereby himitmg the amount of ambient light incident
on a sensor arrav of the CCD camera.

6650] In some embodiments, the method comprises: automatically adjusting a source
galvanometer mirror that 18 positioned in a path of the beam of illumination light from the
thumination source for alignment at a plurality of rotation angles comprising a first rotation
angle and a second rotation angle, wherein, at the first rotation angle. the source
galvanometer mirror 1s aligned to reflect the beam of illumination light to direct it to one or
more object(s) to be imaged thereby illuminating the one or more object(s), and at the second
rotation angle, the source galvanometer mirror is aligned to reflect the beam of Hlumination
light to direct it away from the one or more object{s} to be imaged such that the one or more
object(s) 1s/are not luminated; at substep (&) of step (¢}, responsive to the first trigger signal
indicating the start of the global exposure phase of the CCD camera, rotating the source
galvanometer mirror to the first rotational angle at substantialiy the same time when opening
the laser shutter; and at substep (B} of step {¢), responstve to the second trigger signal
mdicating the end of the global exposure phase of the CCE camera, rotating the source
galvanometer mirror 1o the second rotational angle at substantially the same time when
closing the laser shutter.

{6051} In some embodiments, automatically adjusting the source galvanometer mirror

comprises providing, by a source galvanometer controller module (e.g., a microcontroller;
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¢.g.. an electronic circuit}, a rotational signal {e.g., an electronic signal; ¢.g., a time-varying
voltage; e.g., a time-varying current) to the source galvanometer nmurror wherein vanation of a
value {(¢.g., a voltage amplitude; ¢ ., a current amplitude) rotational signal varies the
rotational angle of the source galvanometer mirror, such that when the rotational signal has a
first rotational signal value the source galvanometer mirror is rotated to the first rotational
angle and when the rotational signal has a second rotational signal value the source
galvanometer murror is rotated to the second rotational angle; at substep {(A) of step (¢), the
source galvanometer controlier module recetves the first trigger signal and, responsive to
receipt of the first trigger signal, adjusts the value of the rotational signal to the first rotational
signal value, thercby rotating the sowrce galvanometer mirror to the first rotational angle; and
at substep (B} of step {¢}, the source galvanometer controller module receives the second
trigger signal and, responsive to receipt of the second trigger signal, adjusts the value of the
rotational signal to the second rotational signal value, thereby rotating the source
galvanometer mirror to the second rotational angle.

[3652] In some embodiments, automatically adjusting the source galvanometer mirror
comprises: receiving, by the source galvanometer controller module, a CCD output signal
{c.g., an electronic signal; e.g., a time-varying voltage; ¢.g., a time-~-varying current) from the
CCD camera {e.g., wherein vanation the CCD output signal 15 indicative of whether the CCD
camera is in the global exposure phase (2.g., wherein the CCD output signal has a first output
signal value when the CCD camera is not i the global exposure and has a second output
signal value when the CCD camera is in the global exposure phase}]; and adjusting, by the
source galvanometer controller module, the value of the rotational signal based on a value of
the received CCD output signal {¢.g., such that when the CCD output signal has the first

output signal value the source galvanometer controller module adjusts the rotational signal to
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the first rotational signal valae and whean the CCD output signal value is the second cutput
signal value the source galvanometer controlier module adjusts the rotational signal to the
sccond rotational signal value).

{B853] In some embodiments, the source galvanometer mirror and dlumination source
are housed within a source housing and wheremn the source galvanometer mirror is aligned
such that: (i} at the first rotational angle, the beam of ilumination light is reflected by the
galvanometer mirror, through an exit port of the source housing and (i1} at the second
rotational angle, the beam of iHununation light is directed to a beam dump within the source
housing; and the laser shutter is positioned at {e.g., m front of and in close proximity io) the
exit port such that when the laser shutter is closed the beam of dlumination light is prevented
from passing through the exit port.

(6054} In some embodiments, acquiring the one or more images in step () comprises
acquiring one or more high dynamic range (HDR} image sets, cach HDR image sct
corresponding to a specific dlumination location or set of one or more iHumimation Jocations
on the one or more object(s) and comprising a short exposure image and a long exposure
image, wherein, for a given HDR image set: the short exposure image 1s acquired by
detecting cnutted hight and/or dlumination light transmitted through or reflected by the one or
more object{s) during a short duration global exposure phase of the CCD (e g., wherein the
short duration global exposure phase 1s sufficiently short such that the acquired short
cxposure image does not comprise any saturated image pixels), the long exposure image is
acquired by detecting emitted light and/or illumination hight transmitted through or reflected
by the one or more object{s) during a long duration global exposure phase of the CCD, the
long duration global exposure phase of the CCD lasting longer than the short duration global

cxposure phase, and both the short exposure image and long exposure image of the given
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HDR image set are acquired by detecting emitted light and/or dlumination light transmitted
through or reflected by the object as a result of itlumunation of the one or more object(s} by
the beam of itlununation light at a same specific illumination location or set of llumination
locations to which the HDR 1image set corresponds.

[0055] In some embodiments, the method comprises: directing the beam of
ihumination light to a plurality of iflumination locations on the one or more object(s); at step
(¢}, acquiring a plurality of images with the CCD camera, each image corresponding to a
particular set of one or more ithumination locations of the plurality of lhumination locations
(e.g., wherein each image corresponds to a distinet llumination location; ¢.g., wherein gach
tmage is a member of one of a plurality of HDR image sets, and each HDR image set
corresponds to distinet tumination location; ¢.g., whereim each tmage correspondstc a
particular set of ilfumination locations comprising one lumination location per object to be
imaged} and representing (1} detected enutted light from the one or more object(s) as a result
of dlumination of the one or more object(s) at the corresponding particular set of one or more
iHomnation location(s) and/or (11} detected llumination hght transmitted through or reflected
by the one or more object{s) following illumination of the one or more object(s) at the
corresponding particular set of onc or more illunination location{s); receiving and/or
accessing, by a processor of a computing device, data corresponding to the plurality of
acquired mmages; and creating (¢.g., computing), by the processor, one or more tomographic
image(s) of the one or more object(s) using the data corresponding fo the plurality of acquired
1Mages.

3656} In some embodiments, the method comprises using a galvanometer optical
scanner to direct the beam of illumination light to the plurality of illununation locations on

the one or more object(s).



WO 2019/079556 PCT/US2018/056451

16057} In some embodiments, the plurality of acquired images comprises at least 100
images {¢.g., 50 fluorescence 1mages and S0 excitation images), which may be acquired m at
time less than or approximately equal to 200 ms {¢ g, less than or approximately equal to 150
ms; ¢.g., less than or approximately equal to 120 ms).

[0058] Another aspect of the present disclosure is directed to a system for
synchronizing illumination of one or more object(s) to be imaged with a global exposure
phasc of a CCD camera for rapid image acquisition by the CCD camera, the system
comprising: {a} an dlumination source aligned and operable to emit a beam of thummation
light from its output and direct the beam of ilumination Light to a source galvanometer
mirror; (b) a source galvanometer mirror operable to rotate through a plurality of angles and
aligned to: (1) at a first rotational angle, reflect the beam of illumination hight to direct it to the
ong or more object{s), and (it} at a second rotation angle, reflect the beam of illumination
hight to direct it away trom the one or more object{s). such that when the source galvanometer
mirror is rotated to the first rotational angle, the one or more object(s) is/are illununated with
the beam of lhamination light and when the source galvanometer mirror is rotated to the
second rotational angle, the one or more object(s} is/are not iluminated with the beam of
tHumination light; and () a CCD camera aligned and operable 1o acquire one or more images
of the one or more object(s), by (1) detecting light (¢ g., fluorescent hight and/or
bioluminescent light) emitted from the one or more object{(s} {c.g., from within the one or
more object(s). and/or from a surface of the one or more object(s)) as a result of illumination
of the one or more object{s) by the beam of llumination light and/or (i1} detecting
ilumination light transmitted throagh or reflected by the one or more object{s); {d} a source
galvanometer controlier module (e.g., a nucrocontroller; ¢.g., an electronic circuit) operabie

to: {A) responsive to a first trigger signal indicating a start of the global exposure phase of the
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CCD camera, cause rotation of the source galvanometer mirror to the first rotational angle
such that during the global exposure stage of the CCD camera the one or more object(s) 1s/are
thuminated with the beam of illununation light; and (B} responsive to a second trigger signal
indicating an end of the global exposure phase of the CCD camera, cause rotation of the
source galvanometer mirror to the second rotational angle such that when the CCD camera 1s
not in the global exposure phase the one or more object(s) is/are not ilununated with the
heam of tHumination light; (¢} a processor; and (f} a memory having instructions stored
thereon, wherein the instructions, when executed by the processor, cause the processor to
recetve and/or access data corresponding to one or more images acguired by the CCD
camera; and obtain {¢.g., computc) one or more tomographic image(s) of the one or more
objeci{s) using the data corresponding to the acquired images.
{0059} In some embodiments, a duration of the global exposure phase of the CCD
camera (¢.g., the global exposure time) for each of the one or more acquired images is less
than or approximately equal to 400 ms {(¢.g., less than or approximately equal to 200 ms; ¢.g.,
eas than or approximately equal to 100 ms; ¢.g., less than or approximately equal to 50 ms).
3060} In some embodiments, a duration of the global exposure phase of the CCD
camera is less than 10 times a shutter delay time of the CCD camera {¢.g., less than 5 times
the shutter delay time; e.g., less than 2 times the shutter delay time; ¢ g, less than the shutter
delay time).
16061} In some embodiments, a duration of the global exposure phase of the CCD
camera 1s less than 10 tumes a read-out time of the CCD camera (e.g.. less than 5 times the
read-out time; ¢.2., less than 2 times the readout time; ¢.g ., less than the read-out time).
3062} In some embodiments, the CCD camera comprises at least 256 by 256 detector

pixels (c.g., at least 1000 by 1000 detector pixels; e.g., at least 4000 by 4000 detector pixels).
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[6063] In some embodiments, a size of a sensor array of the CUD camera is greater
than or approxamately equal to 1/2 inch along at least a first and/or a second dimension {e.g.,
at Jeast 1/2 inch by at least 1/2 inch; e.g., greater than or approximately equal to 1 inch along
at feast a first and/or a second dimension; e.g., at least | meh by at least 1 inch}.

0064} In some embodiments, a ficld of view of the CCD camera is greater than or
approximately equal to 100 mm along at least a first and/or a second dimension {e.g., 100 to
200 mm x 100 to 200 nun).

[6065] In some embodiments, an cutput power of the illumination source is greater
than or approximately equal to 100 mW (e g, greater than or approxmately equal to 200
oW e.g., greater than or approximately equal to 300 mW).

10864} In some embodiments, a settling time of the illumination source is greater than
or approximately equal to 1 second {e.g., 2 seconds; e.g., 5 scconds}.

6667} In some embodiments, a light level at a sensor array of the CCD camera when
the CCD camera is not in a global exposure phase {(e.g., when a CCD shutter of the CCD 1s
opening and/or closing; ¢.g., dunng a read-out phase of the CCD camera} is less than or
approximately equal to a noise floor of the CCD camera [e.g., a maximal power across each
detector pixel of the sensor array is less than or approximately egual to a value corresponding
to (¢.g., a power that produces a signal equal to) a read noise}.

[0068] In some embodiments, the CCD camera is operable to acquire each of the one
o7 more images by receiving an image acquisition signal to initiate its global exposure phase
{c.g., the image acquisition signal comprising a nominal exposure time that sets a duration of
the global exposure phase of the CCD camera)e.g., the system comprising a first processor

ot a computing device operable to provide the image acquisition signal to the CCD camera).
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[6069] In some embodiments, the source galvanometer controlier module is operable
to: provide a rotational signal (¢.g., an ¢lectronic signal; ¢.g., a time-varving voliage; e.g., a
time-varying current) o the source galvanometer mirror, wherein vanation of a value (c.g., a
voltage amplitude; ¢.g., a current amplitude} of the rotational signal varies the rotational
angle of the source galvanometer mirror, such that when the rotational signal has a first
rotational signal value the source galvanometer mirror 1s rotated to the first rotational angle
and when the rotational signal has a sccond rotational signal value the source galvanometer
mirror i rotated o the second rotational angle; receive the first trigger signal and, responsive
to receipt of the first trigger signal, adjust the value of the rotational signal to the first
rotational signal value, therebv causing rotation of the source galvanometer mirror to the first
rotational angle; and receive the second trigger signal and, responsive to receipt of the second
trigger signal, adjust the value of the rotational signal to the second rotational signal value,
thercby causing rotation of the source galvanometer mirror to the second rotational angle.
6670} In some embodiments, the source galvanometer controlier model is operable
to: receive a CCD output signal {¢.g., an electronic signal; e.g., a time-varying voltage ez, a
time-varying current) from the CCD camera [e.g., wherein vanation the CCD output signal is
indicative of whether the CCI camera is 1n the global exposure phase {¢.g., wherein the CCD
output signal has a first output signal value when the CCD camera is not in the glchal
exposure and has a second output signal value when the CCD camera is in the global
oxposure phase}]; and adjust the value of the rotational signal based on a value of the
received LD output signal {e.g., such that when the CCD output signal has the first output
signal value the source galvanometer controller module adjusts the rotational signal to the
first rotational signal value and when the CCD output signal value is the second output signal

value the source galvanometer controller module adjusts the rotational signal to the second
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rotational signal value); the first tngger signal corresponds to a first variation in the CCD
output signal {¢.g., a transition n the value of the received CCD output signal from the first
output signal value to the second output signal value); and the second trigger signal
corresponds 1o a second vanation in the CCD output signal {o.g., atransition 1n the value of
the recetved CCD output signal from the first output signal value to the second output signal
value}.

16071} In some embodiments, the system comprises a source housing within which
the source galvanometer mirror and itHumination source are housed, and wherein the source
galvanometer murror 18 aligned such that: {1} at the first rotational angle, the beam of
thumination light is reflected by the source galvanometer mirror, through an exit port of the
source housing and (it} at the second rotational angle, the beam of iHumination light ig
directed to a beam dump within the source housing,

[6672] In some embodiments, the system comprises an optical system housing within
which the itlumination source, the source galvanometer mirror, the one or more object(s}, and
the CCD camera are housed, wherein the optical system housing is substantially opague to
ambient light, thereby limiting the amount of ambient light incident on a sensor array of the
CCD camera.

16873} In some embodiments, the system comprises: a faser shutter positioned ina
path of the beam of lhumination light from the ilumination source to the one or more
object(s}, wherein the laser shutter 15 operable to automatically open and close, such that
when the laser shutter is open, the beam of illumination light allowed to pass through the
laser shutter, therchy lluminating the one or more object(s), and when the laser shutter is
closed, it blocks the beam of illumination light, thereby preventing the one or more objeci(s}

from being iluminated with the beam of illummation light; and a laser shutier controller
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module operable to: responsive to the first trigeer signal indicating the start of the global
exposure phase of the CCD camera, cause opening the laser shutter at substantially the same
time when rotating the source galvanometer mirror to the first rotational angle; and
responsive to the second trigeer signal indicating the end of the global exposure phase of the
CCD camera, cause closing the laser shutter at substantially the same time when rotating the
source galvanometer mirror 1o the second rotational angle.

6674} In some embodiments, the laser shutter controller module is operable to:
automatically open and close the laser shutter by providing a laser shutter signal {e.g., an
electronie signal; ¢.g., a time-varying voltage; ¢.g., a ime-varving current) to the laser
shutter, wherein variation of a value (.2, a voltage amplitude; ¢.g., a current amplitude) of
the laser shutter signal causes opening and/or closing of the laser shutter, such that when the
laser shutter signal has a first laser shutter signal value the laser shutter is open and when the
laser shutter signal has a second laser shutter signal value the laser shutier is closed; receive
the first trigger signal and, responsive to receipt of the first trigger signal, adjust the value of
the laser shutter signal to the first laser shutter signal value, thereby opening the laser shutter;
and recetve the second trigger signal and, responsive to receipt of the second trigger signal,
adjust the value of the laser shutter signal to the second laser shutter signal value, thercby
closing the laser shutter,

[6675] In some embodiments, the laser shutter controller module is operable to:
recetve a CCD output signal (e.g., an clectronic signal; ¢.g., a time-varving voltage; ¢.g., a
time-varying currenty from the CCD camera [e.g., wherein variation the CCD output signal is
indicative of whether the CCD camera s i the global exposure phase (e g., wherein the CCD
output signal has a first output signal value when the CCD camera is not in the global

exposure and has a second output signal value when the CCD camera is in the global
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exposure phase)]: and adjust the value of the laser shutter signal based on the value of the
recetved CCD output signal (e.g., such that when the CCD output signal has the first output
signal value the laser shutter controller module adjusts the laser shutter signal to the first laser
shutter signal value and when the CCD output signal value has the second cutput signal value
the laser shutter controller module adjusts the laser shutter signal to the second laser shutter
signal value).

16076} In some embodiments, the system comprises a source housing within which
the source galvanometer mirror and iHunination source are housed, and whergin: the source
galvanometer murror 18 aligned such that: {1} at the first rotational angle, the beam of
thumination light is reflected by the galvanometer mirror, through an exit port of the source
housing and (i1} at the second rotational angle, the beam of llumination light is dirgcted tc a
beam dvmp within the source housing, and the laser shutter is positioned at (e.g., in front of
and n close proximity to) the exit port such that when the laser shutier is closed the beam of
iHumination light is prevented from passing through the exit port.

13677} In some embodiments, the CCD camera 1s operable to acquire one or more
high dynanuc range (HDR) image sets, cach HDR image set corresponding to a specific
tHumination location or set of one or more ilumination locations on the one or more object{(s})
and comprising a short exposure image and a long exposure image, wherein, for each HDR
tmage set: the short exposure image 1s acquired by detecting emitted hight and/or ilhumination
light transmitted through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD (e .g., wherein the short duration global exposure phase 18
sufficiently short such that the acquired short exposure image does not comprise any
saturated 1mage pixels), the long exposure image 1s acquired by detecting emutted light and/or

thumination light transmitted through or reflected by the one or more object(s} during a long
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duration global exposuare phase of the CCB, the long duration global exposure phase of the
CCD lasting longer than the short duration global exposure phase, and both the short
cxposure image and long exposure image of the given HDR image set are acquired by
detecting emitted hight and/or dlumination light transmitted through or reflected by the object
as a result of tllumnation of the one or more cbicct(s) by the beam of illumination light at a
same specific illumination location or sct of illumunation locations to which the HDR image
set corresponds.

[6678] In some embodiments, the system comprises a galvanometer optical scanner
posttioned in a path of the beam of Hlumination light from source galvanometer murror to the
one or morc object{s} and operable to direct the beam of dluwmination light to a plurality of
ilumination locations on the ong or more object{s), and wherein the ong or more acquired
fmages comprises a plurality of images, cach corresponding to a particalar set of one or more
ilumination locations of the plurality of ihumination locations {e.g., wherein each image
corresponds to a distinet illumination location; ¢.g., wherein cach image is 2 member of one
of a plarality of HDR image sets, and each HDR tmage set corresponds to distingt
illonunation location; ¢.g., wherein each image corresponds to a particular set of iHummation
locations comprising one illumination location per object to be imaged) and representing (i}
detected emitted hght from the one or more object{s) as a reseht of dhumination of the one or
more object{s}) at the corresponding particular set of one or more thunmation location(s}
and/or (it} detected iHlumination light transnutted through or reflected by the one or more
object(s) following illumination of the one or more object{s) at the corresponding particalar
sct of one or more illunuination location(s).

3879} In some embodiments, the plurality of acquired images comprises at least 100

tmages {e.g., 50 fluorescence images and 50 excitation images), which may be acquured in at
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time less than or approximately equal to 200 mg (¢ .z, less than or approximately equal to 150
ms; e.2., less than or approximately equal to 120 ms).

G084 Another aspect of the present disclosure 1s directed to a system for
synchronizing dhimination of one or more object{s) to be imaged with a global exposure
phase of a CCD camera for rapid image acquisition by a CCD camera, the system
comprising: {a} an illumination source aligned and operable to emit a beam of iHlumination
light from its output and direct the beam of ithlununation light through a laser shutter, to the
one or more object{s); {b) the laser shutter, wherein the laser shutier is operable to
automatically open and close, such that when the laser shutter is open, the beam of
thumination light allowed to pass through the laser shutter, therchy dluminating the one or
more object{s), and when the laser shutter is closed, i blocks the beam of iHlununation light,
therchy preventing the one or more object{(s} from being illuminated with the beam of
ihumination light; {¢}) a CCD camera aligned and operable to acquire one or more images of
the one or more object(s), by (1) detecting enitied light (c.g.. fluorescent hight and/or
bioluminescent light) emitted from the one or more objectis) (e.g., from within the one or
more object(s), and/or from a surface of the one or more object(s)) as a result of Hlumination
of the one or more object(s) bv the beam of llumination light and/or (i1) detecting
iHlumination light transmitted through or reflected by the one or more objecit(s}); {d) a laser
shutter controller modude operable to: (A} responsive to a first trigger signal indicating a start
of the global exposure phase of the CCD camera, cause opening of the laser shutter such that
dusing the global exposuse phase of the CCD camera the one or more sbject(s) is/are
itlominated with the beam of thumimation light; and (B) responsive 1o a second trigger signal
wndicating an end of the global exposure phase of the CCD camera, cause closing of the laser

shutter such that when the CCD camera 1s not in the global exposure phase, the one or more

DTN
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object(s}) is/are not tHuminated with the beam of illummnation light; {¢) a processor; and (f} a
memory having mstructions stored thereon, wherein the nstructions, when executed by the
processor, cause the processor to: receive and/or access data corresponding to one or more
images acquired by the CCD camera; and obtain (c.g., compute) one or more tomographic
tmage(s} of the one or more object(s) using the data corresponding to the acquired images.
6681} In some embodiments, a duration of the global exposure phase of the CCD
camera (¢.g., the global exposure time) for cach of the one or more acquired images is less
than or approximately equal to 400 ms (¢.g., less than or approxamately equal to 200 ms; ¢.g.,
ess than or approxamately equal to 100 ms; e.g., less than or approximately equal to 50 mg).
G082} In some embodiments, a duration of the global exposure phase of the CCD
camera is less than 10 times a shutter delay time of the CUD camera {e.g ., less than 5 times
the shutter delay time; e.g., leas than 2 times the shutter delay time; e.g., less than the shatter
delay time).
6683} In some embodiments, a duration of the global exposure phase of the CCD
camera is less than 10 times a read-out time of the CCD camera {e.g ., less than S times the
read~-out ime; e.g., less than 2 times the readout time; e.g., less than the read-out time).
G084} In some embodiments, the CCD camera compriscs at least 256 by 256 detector
pixels {e.g., at feast 1000 by 1000 detector pixels; ¢.g., at least 4000 by 4000 detector pixels).
[0085] In some embodiments, a size of a sensor array of the CCI camera 18 greater
than or approximately cqual to 1/2 inch along at least a first and/or a second dimension (e.g.,
at least 172 inch by at least 1/2 inch; ¢.g., greater than or approximately equal to 1 inch along

at least a first and/or a second dimension; ¢.g., at least 1 inch by at least 1 inch).



WO 2019/079556 PCT/US2018/056451

|6086] In some embodiments, a field of view of the CCD camera is greater than or
approximately equal to 100 mm along at least a first and/or a second dimension {¢.g., 100 to
200 mym x 100 to 200 mm).

{6887} In some embodiments, an output power of the lumination source is greater
than or approximately cqual to 100 mW {(c.g., greater than or approximately equal to 200
mW; ¢.g., greater than or approximately equal to 300 mW).

3688} In some embodiments, a settling time of the illumination source is greater than
or approxamately equal to 1 second {e.g., 2 seconds; e.g., 5 seconds).

3689} In some embodiments, a hght level at a sensor arvay of the CCD camera when
the CCD camera is not in a global exposure phase (¢.g., when a CCD shutter of the CCD is
opening and/or closing; e.g., during a read-out phase of the CCD camera) is fess than or
approximately equal to a noise floor of the CCD camera [e.g., a maximal power across each
detector pixel of the sensor array 1s less than or approximately equal to a value corresponding
1o (¢.g., a power that produces a signal equal to) a read noise].

3690} In some embodiments, the CCD camera is operable to acquire cach of the one
or more images by receiving an image acquisition signal to initiate its global exposure phase
{c.g, the image acquisition signal comprising a nominal exposure time that sets a duration of
the global exposure phase of the CCD camera)(e.g., the system comprising a first processor
of a computing device operable to provide the image acquisition signal to the CCID} camera).
6691} In some embodiments, the laser shutter controller module is operable to:
provide a laser shutter signal {e.g., an electronic signal; ¢ g., a ime-varyving voltage; ¢.g., a
time-varying current) to the laser shutter, wherein variation of a value {e.g., a voltage
amplitude; ¢.g., a current amplitude) of the laser shutter signal opens and closes the laser

shutter, such that when the laser shutter signal has a first laser shutter signal value the laser
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shutter is open and when the laser shutter signal has a second laser shutter signal value the
laser shutier 1s closed; receive the first trigger signal and, responsive to receipt of the first
trigger signal, adjust the value of the laser shutter signal to the first laser shutter signal value,
thercby opening the laser shutter; and receive the second trigger signal and, responsive to
receipt of the second trigger signal, adjost the value of the laser shutter signal to the second
laser shutter signal value, thereby closing the laser shutter.

6692} In some embodiments, the laser shutter controller model is operable to: receive
a CUD output signal {(o.g., an electronic signal; e.g., a time-varying voltage; ¢.g., a time-
varying current) from the CCD camera [e.g., wherein variation the CCD output signal is
indicative of whether the CCI camera is 1n the global exposure phase {¢.g., wherein the CCD
output signal has a first output signal value when the CCD camera is not in the glchal
exposure and has a second output signal value when the CCD camera is in the global
exposure phase}]; and adjust the value of the laser shutter signal based on a value of the
recetved CCD output signal (e.g.. such that when the CCD output signal has the first output
signal value the laser shutter controller module adjusts the laser shutter signal to the first laser
shutter signal value and when the CCD output signal value has the second output signal value
the laser shutter controller module adjusts the laser shutter signal to the second laser shutter
signal value); the first trigger signal corresponds to a first variation in the CCD output signal
{¢.g., a ransition in the value of the received CCD output signal from the first output signal
value to the second output signal value); and the second trigger signal correspondsto a
second variation in the CCD output signal {¢.g., a transition m the value of the received CCD
output signal from the first cutput signal value to the second cutput signal value).

3693} In some embodiments, the system comprises a source housing within which

the illumination source is housed, and wherein the beam of illununation light is directed to an
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gxit port of the source housing, and the laser shutter is positioned at {e.g., in front of and in
close proximity to}) the exit port such that when the laser shutter is closed the beam of
tumination light is prevented from passing through the exit port.

{6094} In some embodiments, the system comprises an optical system bousing within
which the illumination source, the laser shutter, the one or more object(s), and the CCD
camera are housed, wherein the optical system housing s substantially opague to ambient
light, thereby limiting the amount of ambient light incident on a sensor array of the CCD
Camera.

(3095} In some embodiments, the system comprises: a source galvanometer mirror
operable to rotate through a plurality of angles and aligned to: (i) at a first rotational angle,
reflect the beam of illununation light to direct it to the one or more object{s), and (it} ata
second rotation angle, reflect the beam of lumination light to direct it away from the one or
more object(s), such that when the source galvanometer mirror is rotated to the first rotational
angle, the one or more object(s) 1s/are iluminated with the beam of dlumination light and
when the source galvanometer mirror s rotated to the second rotational angle, the one or
more object(s) is/are not ilununated with the beam of illumination light; and 4 Source
galvanometer controller module operable to: responsive to the first trigger signal indicating
the start of the global exposure phase of the CCD camera, cause rotation of the scurce
galvanometer mirror to the first rotational angle at substantially the same time when opening
the laser shutter; and responsive to the second trigger signal indicating the end of the global
exposure phase of the CCD camera, cavse rotation of the source galvanometer mirror 1o the
second rotational angle at substantially the same time when closing the laser shutter,

3096} In some embodiments, the source galvanometer controlier module 1s operable

to; automatically open and close the laser shutter by providing a rotational signal {¢.g., an

L)
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clectronic signal; ¢.g., a timg-varying voltage; ¢.g., a time-varying current) to the source
galvanometer murror, wherein vanation of a value {e.g., a voltage amplitude; e.g.. a current
amplitude) rotational signal varies the rotational angle of the source galvanometer mirror,
such that when the rotational signal has a first rotational signal vahie the source galvanometer
mirror i3 rotated to the first rotational angle and when the rotational signal has a second
rotational signal value the source galvanometer mirror is rotated to the second rotational
angle; receive the first trigger signal and, responsive to receipt of the first trigger signal,
adjust the value of the rotational signal to the first rotational signal value, thereby rotating the
source galvanometer mirror to the first rotational angle; and receive the second trigger signal
and, responsive to receipt of the second trigger signal, adjust the value of the rotational signal
to the second rotational signal value, thereby rotating the source galvanometer mirror to the
second rotational angle,

{6697} In some embodiments, the source galvanometer controlier module 1s operable
to: receive a CCD output signal {¢.g., an clectronic signal; ¢.g., atime-varving voltage: c.g.. a
time-varying current) from the CCD camera [e.g., wherein variation the CCD output signal is
wndicative of whether the CCD camera is in the global exposure phase {¢.g., wherein the CCD
output signal has a first output signal value when the CCD camera is not in the global
exposure and has a second output signal valoe when the CCD camera is in the global
exposure phase)l; and adjust the value of the rotational signal based on a value of the
recetved CCD output signal (e.g.. such that when the CCD output signal has the first output
signal value the source galvanometer controller module adjusts the rotational signal to the
first rotational signal value and when the CCD output signal value 15 the second output signal
value the source galvanometer controller module adjusts the rotational signal to the second

rotational signal value).
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[6098] In some embodiments, the system comprises a source housing within which
the source galvanometer mirror and lumination source are housed, wheren: the source
galvanometer mirror is aligned such that: (i) at the first rotational angle, the beam of
thumination light is reflected by the galvanometer mirror, through an exit post of the source
housing and (1) at the second rotational angle, the beam of illumination light is directed to 2
beam dump within the source housing, and the laser shutter is positioned at (e.g., mn front of
and in close proximity to) the exat port such that when the laser shutter is closed the beam of
illemination light is prevented from passing through the exit port.

3699} In some embodiments, the CCD camera 1s operable to acquire one or more
high dvnamic range (HDR) mmage sets, cach HDR image set corresponding to a specific
iHlumination location or set of one or mere ilumination locations on the one or more object(s)
and comprising a short exposure image and a long exposure image, wherein, for each HDR
image set: the short exposure image 1s acquired by detecting emitted hight and/or ithumination
light transmitted through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD (e.g., wherein the short duration global exposure phase 15
sufficiently short such that the acquived short exposure image does not comprise any
saturated 1mage pixels), the long exposure image 18 acquired by detecting emitted light and/or
iHumination light transmitted through or reflected by the one or more object(s} during a long
duration global exposure phase of the CCD, the long duration global exposure phase of the
CCD lasting longer than the short duration global exposure phase, and both the short
oxposure image and long exposure image of the HDR image set are acquired by detecting
emitted hght and/or tlummation light transmitted through or reflected by the object as a

result of ilfumination of the one or more objeci(s) by the beam of ilumination hight at a same
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specific dlumination location or set of llumination focations to which the HDR image set
corresponds.

[G100] In some embodiments, the system comprises a galvanometer optical scanner
positioned in a path of the beam of lumination light from the source galvanometer mirror to
the one or more object{s) and operable to direct the beam of ilumination light to a plurality
of ilumination locations on the one or more object(s), and wherein the one or more acquired
1mages comprises a plurality of images, cach corresponding to a particular set of one or more
itlumination locations of the plurality of ilumination locations {¢.g., wherein each image
corrgsponds to a distinet ilumination location; e.g., wherein each image is a member of one
of a plurality of HDR 1mage scts, and cach HDR image set corresponds to distinet
ilumination location; ¢.g., wherein each image corresponds to a particular set of ilumination
locations comprising one ilhumination location per object to be imaged) and representing (1)
detected emitted hight from the one or more object(s} as a result of illumination of the one or
more object(s} at the corresponding particular set of one or more iHumination location(s}
and/or (i1} detected Humination light transmitted through or reflected by the one or more
object(s) following tllunmination of the one or more object(s) at the corresponding particular
sct of one or more lumination location(s).

G101} In some embodiments, the plurality of acquired images comprises at least 100
tmages {(e.g., 50 fluorescence images and 50 excitation tmages), which may be acquired in at
time less than or approximately equal to 200 ms {c.g., less than or approximately equal to 130
ms; ¢.g., less than or approximately equal to 120 ms).

3102} Angcther aspect of the present disclosure is directed to a method for avoiding
blooming artifacts when acquiring one or more high dyvnamic range (HDR) image set(s) with

a CCD camera, each HDR image set comprising a short exposure image and a long exposure
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image, the method comprising: iluminating one or more object(s}) at one or more iHumination
locations on the one or more object(s); and for cach HDR wmage sct of the one or more HDR
tmage set(s): acquiring the short exposure image of the HDR image sct by detecting (i)
emitted fight and/or (11) Uhumination light transmitted through or reflected by one or more
object{s} as a result of lhumination of the one or more objects at a corresponding particular
set of one or more iHlumination location{s) of the one or more illumination location(s},
wherein the emitted light and/or itlumination light is/are detected during a short duration
gxposure phase {e.g., a short duration global exposure phase) of the CCD camera {e.g., such
that the short exposure image does not comprise a substantial number of (e.2., dogs not
comprise any ) saturated image pixels); acquiring the long exposure image of the HDR image
set by (a) detecting emitted light and/or ilumiation light transmitted through or reflected by
the one or more object(s) as a result of illomination of the one or more object(s) at the
corresponding particular set of one or more illumination location(s), wherein the emitted hight
and/or iHumination light is/are detected duning a long duration exposure phase {(e.g., a long
duration global exposure phase) of the CCD camera such that the long exposure image
comprises ong or more saturated image pixels; and (b) adjusting an on-~chip binning level of
the CCD camera such that cach image pixel of the long exposure image corresponds to a
group of binned detector pixels, each group of binned detector pixels having a full well
capacity greater than that of an mdividual detector pixel, such that a full well capacity
saturation fimit of the CCD camcra, based on the adjusted on-chip binning level, is greater
that an A/D digitization saturation hmit for the CCD camera; and {¢} adjusting a duration of
the long duration exposure phase such that one or more groups of binned detector pixels, cach
group corresponding to a saturated image pixel of the one or more saturated image pixels, are

exposed for long enough to accumulate sufficient charge to exceed (i) the A/D digitization
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saturation fimit, but neither (1) the full well capacity saturation limit nor (i1} an output node
capacity saturation himit of the CCD camera, thereby avoiding blooming artifacts.

[G103] In some embodiments, the method comprises, for cach HDR image set,
acquiring {i) the short exposure image and/or (i1) the long exposure image of the HDR image
set by synchronizing illumination of the one or more object(s} with the global exposure phase
of the CCD camera using any one of the methods of any one of the aspects or embodiments
described herein.

[3104] Another aspect of the present disclosure is directed to a method for rapid 3D
Huorescence tomographic imaging with a CCD camera by synchronizing ithumination of one
or more object(s) to be imaged with a global exposure phase of a CCD camera, the method
comprising: {a} iluminating the one or more object{s) to be imaged with a beam of excitation
hight at a plurality of ilumination locations on the one or more object(s}); (b} acquinng, with
the CCD camera, a pluralitv of images, cach acquired image corresponding to a particular set
of one or more of the ilumination locations and obtained by (1) detecting fluorescent light
emitted from the one or more object{s) as a result of ihumination by the beam of exeitation
light at the corresponding particular set of one or more illumination locations and/or (11)
detecting excitation light transmitted through or reflected by the one or more object(s}
following illumination of the one or more object(s) by the beam of excitation light at the
corresponding particular set of one or more illamination locations, wherein step (b) 1s
performed by svachronizing dlumination of the one or more object(s}) with the global
exposure phase of the CCD camera such that, for cach acquired image, (i} during the global
exposure phase of the CCD camera the one or more object({s) 1s/are illurminated with the beam
of excitation light, and (i1) when the CCD camera is not in the global exposure phase, the one

or more object(s}) 1s/are not illuminated with the beam of excitation hight; {c) receiving and/or
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accessing, by a processor of a computing device, data corresponding to the plurality of
acquired images; and (d) creating (¢.g., computing} by the processor, one or more 3D
tomographic image(s}) of the onc or more object(s} using the data corresponding to the
plurality of acquired images.

[0105] In some embodiments, synchromizing illumunation of the one or more object(s)
with the global exposure phase of the CCD camera comprises switching on an excitation
source from which the beam of excitation light is enutted when the CCD camera is in the
global exposure phase and switching off the excitation source when the CCD camera is not i
the global exposure phase [e.g., wherein acquiring each of the plurality of images comprises:
{A) responsive 1o a first trigger signal indicating a start of a global exposure phase of the
CCD camera, switching the excitation source on such that during the global exposure phase
of the CCD camera the one or more object{(s) 1s/are illuminated with the beam of ilhumination
hight; and (B) responsive to a second tngger signal indicating an end of the global exposure
phase of the CCI camera, switching the excitation source off such that when the CCD
camera 1s not 1n the global exposure phase, the one or more object(s} i8/are not illuminated
with the beam of llumination light, thereby synchronizing llumunation of the one or more
object(s) with the global exposure phase of the CCD camera for rapid image acquisition by
the CCD cameral.

[0106] In some embodiments, synchromizing illumination of the one or more object(s)
with the global exposure phase of the CCD camera comprises performing any one of the
methods of any of the aspects or embodiments described herein.

3107} In some embodiments, the plurality of acquired images comprises a plurality
of HDR image sets acquired using the methods of the aspects and embodiments described

herein for avoiding blooming artifacts.
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[3108] Another aspect of the present disclosure is directed to a system for rapid 3D
fluorescence tomographic imaging with a CCD camera by synchronizing ihumination of one
or more object(s) to be imaged with a global exposure phase of a CCD camera, the system
comprising: {a} an excitation source aligned and operable to emit a beam of excitation light
from its output and direct the beam of excitation light to a plurality of dlumination locations
on the one or more object(s) to be 1maged; (b) the CCD camera, wheremn the CCD camera is
aligned and opcrable to acquire a plurality of images cach acquired image corresponding to a
particular set of one or more iHlumination locations and cach acquired image corresponding to
a particular set of one or more illumination locations and obtained by (1) detecting fluorescent
light emitted from the one or more object(s) as a result of illununation by the beam of
exaitation hight at the corresponding particular set of one or more ithumination locations
and/or (1) detecting excitation light transmitted throagh or reflected by the one or more
object(s} following illumination of the one or more object(s) by the beam of excitation hight
at the corresponding particular set of one or more illwmination locations; {¢} one or more
controller modules, each associated with one or more optical system components, wherein
cach controller module 1s operable to synchronize illumination of the one or more object{s)
with the global exposure phase of the CCD camera such that, for each acquired image, (i)
dunng the global exposure phase of the CCD camera, the one or more object(s) is/are
tlhuminated with the beam of excitation light, and (it) when the CCD camera is not in the
global exposure phase, the one or more object(s) 1s/are not illuminated with the beam of
excitation light; {d} a processor of & computing device; and {¢} a memory having instructions
stored thereon, wherein the mstructions, when executed by the processor, cause the processor

to: receive and/or access data corresponding to the plurality of acquired images; and create
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{e.g., compute) one or more 3D tomographic image(s) of the one or more object{s) using the
data corresponding to the plurality of acquired images.

G109} In some embodiments, the one or more controller modules comprises an
exeitation source controller module for which the one or more associated optical system
components comprises the excitation source, and wherein the excitation source controller
module 1s operable to synchromize illumination of the one or more object(s) with the global
exposure phase of the CCD camera by switching the excitation source on when the CCD
camera is in the global exposure phase and off when the CCD camera is not in the global
exposure phase [¢.g., the excitation source controller module 15 operable to: (A} reaponsive to
a first trigger signal indicating a start of a global exposure phase of the CCD camera, cause
switching on of the excitation source such that during the global exposure phase of the CCD
camera the one or more object(s) 1s/are tHluminated with the beam of ilummation light; and
(B) responsive 1o a second trigger signal indicating an end of the global exposure phase of the
CCD camera, cause switching off of the excitation source such that when the CCD camera is
not in the global exposure phase, the one or more object(s} 18/are not tHuminated with the
beam of llumination hight].

[G116] In some embodiments, at least one of the one or more controller modules
comprises a source galvanometer controlier module and the one or more associated optical
system components comprises a source galvanometer mirror {£.g., a galvanometer controller
module and a source galvanometer miurror of any one of the aspects and embodiments
described herein).

3111} In some embodiments, at feast one of the one or more controller modules and

associated optical system components comprises a laser shutter controller module and the one
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o1 more associated optical system components comprises a laser shutter {(¢.g., a laser shutter
controller and laser shutter of any one of the aspects and embodiments descrbed herein).
[G112] Embodiments described with respect to one or more aspects of the present
disclosure may be, applied to ancther aspect of the present disclosure (¢.g., foatures of
embodiments described with respect to one independent claim, ¢.g., a method claim, are
contemplated to be applicable to other embodiments of other independent claims, eg., a

system claim, and vice versa).

BRIEF DESCRIPTION OF THE FIGURES

[G113] The foregoing and other objects, aspects, features, and advantages of the
present disclosure will become more apparent and better understood by referring to the
following description taken in conjunction with the accompanying drawings, in which:
6114} FIG. 1A 18 a schematic showing a lavout of a svstem for rapidly scanning a
beam of excitation light across a large field of view, according to an illustrative embodiment.
6115} FIG. 1B is a schematie showing a layout of a system for rapidly scanning a
beam of excitation light across a large field of view, including a beam shaping optic,
according to an illustrative embodiment.

[Gi16] FIG. ZA is a schematic showing a layout of a system for synchronizing
thymination with the image acquisition sequence of a CCD camera, according to an
itlustrative embodiment.

6117} FIG. 2B is a schematic showing a portion of a system for synchronizing
illemunation with the image acquisttion sequence of a CCD camera, according to an

dlustrative embodiment.
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[3118] FIG. 3 is a schematic showing an timing diagram for synchronizing
tlumination with the image acquisition sequence of a CCD camera, according to an
thustrative embodiment.

6119] FIG. 4A is a block flow diagram of a process for using a rotating
galvanometer mirror to synchronize iHlumination the image acquisition sequence of a CCD
camera, according to an illustrative embodiment.

[0126] FIG. 4B 15 a block flow diagram of a process for using a laser shutier to
synchronize illumination the image acquusition sequence of a CCD camera, according {o an
itlustrative embodiment.

[G121] FIG. 5 15 a schematic showing examples of CCD output signals that can be
used for synchronizing thumination with the image acquisition sequence of a CCD camera,
according to an lustrative embodiment.

[6122] FIG. 615 a block diagram of an exemplary cloud computing environment, used
i sorae embodiments.

{3123} FIG. 7 13 a block diagram of an example computing device and an example
mobile computing device used in some embodiments.

[3124] FIG. 815 a block flow diagram of a process for avoiding blooming artifacts in
HDR imaging with a CCD camera, according to an illustrative embodiment.

[0125] FIG. 9 is a block flow diagram of a process for 3D fluorescence tomographic
imaging using synchronized itlunvnation with a CCD camera, according to an itiustrative
embodiment.

{3126} FIG. 10 13 a set of images showing a short and long exposure image of s HDR

wmage set and a HDR image, according to an illustrative embodiment.
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[6127] FIG. 11 s a block flow diagram of a process for obtaming a tomographic
mmage of one or more objects via rapid scanning of a beam of excitation light, according to an
thustrative embodiment.

[6128] The features and advantages of the present disclosure will become more
apparent from the detalled description set forth below when taken in conjunction with the
drawings, 1n which like reference characters identify corresponding elements throughout. In
the drawings, Iike reference numbers geverally indicate identical, functionally similar, and/or

structurally similar clements.

BEFINITIONS

[G129] Approximately: As used herein, the term “approximately” or “about.” as
applied to one or more valacs of interest, may refer to a value that 1s similar to a stated
reference value. In some embodiments, the term “approximately” or “about” may referto a
range of values that fall within 25%, 20%, 19%, 18%, 17%, 16%, 139, 14%., 13%, 12%,
119%, 10%, 9%, 8%, 7%, 6%, 3%, 4%, 3%, 2%, 1%, or less in either direction {greater than or
less than) of the stated reference value unless otherwise stated or otherwise evident from the
context and except where such number would exceed 100% of a possible value.

61384 fmage: Asused herein, the term “image” ~ for example, a 3-D image of
mammal — includes any visual representation, such as a photo, a video frame, streaming
video, as well as any clectronic, digital or mathematical analogue of a phote, video frame, or
streaming video. Anv apparatus desciibed herein, in some embodiments, mcludes a display
for displaying an image or any other result produced by the processor. Any method described
herein, n some embodiments, includes a step of displaying an image or any other result

produced via the method.
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{6131} 3-1}, three-dimensional: As used herein, the terms “3-D or “three-
dimensional” with reference to an “image” means conveying mformation about three
dimensions. A 3-1) image may be rendered as a dataset o three dimensions and/or may be
displaved as a set of two-dimensional representations, or as a three-dimensional
representation. In some embodiments, a 3-D image 1s represented as voxel {e.g., volumetric
pixel) data.

[0132] Map: As used herein, the torm “map” is understood to mean a visual display,
o7 any data representation that may be interpreted for visual display, which contains spatially-
correlated mformation. For example, a three-dimensional map of a given volome may
include a dataset of values of a given quantity that varics in three spatial dimensions
throughout the volume. A three-dimensional map may be displayed i two-dimensions {e.g.,
on a two-dimensional screen, or on a two-dimensional printout).

[6133] Fluorescence image, emission image: As used herein, the terms
“fluorescence image” and “emission image” are understood 1o mean an image acquired at a
wavelength corresponding o an emission wavelength of a fluorescent agent or probe.

3134} Fxcitation image: As used herein, the term “excitation image” is understood
to mean an image acquired at a wavelength corresponding to a wavelength of excitation light
cmitted by an excitation source.

16135] Electromagnetic radiation, radiation: As used herein, the terms
“glectromagnetic radiation” and “radiation” 15 understood to mean self-propagating waves in
space of electric and magnetic components that oscillate at right angles to each other and to
the direction of propagation, and are in phase with cach other. Electromagnetic radiation
includes: radio waves, microwaves, red, infrared, and near-intrared light, visible light,

ultraviolet light, X-ravs and gamma ravs.
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16136} Optical path: As used herein, the term “optical path”™ may refer to the path
that a beam of light travels as it propagates and 1s directed by various optical elements {¢.g.,
lenses, muirrors, polarizers, beam-splitters, and the like) of an optical system. Optical
clements may direct a beam of light by a vadety of physical mechanisms, such as reflection,
refraction, and the ke, An optical path from a first point to a second point may refer to the
path that a beam of light travels from the first point to the second point, accounting tor
direction {¢.g., via reflection, refraction, and the like) by anv optical clements in between the
first and second points.

3137} Optical path length, distance along an optical path: As used herein, the term
“optical path length” may refer to the geometric length of the optical path a beam of light
follows as it propagates between two points. Similarly, the torm “distance”, when referring
to a distance along a particular optical path, may refer to the geometnic distance that a beam
of hight travels when propagating along the particular optical path.

[0138] Detector: As used heren the term “detector” meludes any detector of
electromagnetic radiation including, but not himited to, CCD cameras, photomultiplicr tubes,

photodiodes, and avalanche photodiodes.

3139} Focal Plane Array (FPA), sensor array. As used herein, the terms “Focal
Plane Array”, and “FPA” refer to any detector that that comprises a plurality of detector
pixels and is operable to acquire an image {¢.g., a 2D image) that represents a spatial
variation in an amount {¢.g., integrated power) across the different detector pixels of the FPA.
In some embodiments, the detector pixels of an FPA are arranged as a two-dimensional

matrix on a semiconductor chip, referred to herein as a “sensor array”.

13140} Local integration phase, local integration time: As used herein, the term

“local mtegration phase”, as in “a given detector pixel’s local mtegration phase” may refer to
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a period of ume during which a particalar detector pixel accumulates signal (e.g., charge} in

response to electromagnetic radiation incident on s surface.

3141} In some embodiments, when an FPA 1s not in the process of acquiring an
tmage, a keep-clean electronic signal is sent to its detector pixels. The keep-clean electronic
signal prevents the detector pixels from accumulating signal {e.g., by continuously resetting
the detector pixels to zero charge). When the FPA begins acquiring an image, the keep-clean
signal is halted, and such that each detector pixel’s local integration phase begins at the time
it last recetved the keep-clean signal. In some embodiments, a sensor flush signal that
removes any accumulated sigoal (e.g., charge) present on a detector pixel is sent to each
detector pixel {(¢.g., zeros the detector pixel) and the beginning of image acquisition, and a
given detector pixel’s local integration phase begins following its receipt of the sensor flush
signal. Accordingly, a given detector pixel’s local integration phase may be initiated by the
halting of a keep-clean signal and/or the receipt of a sensor flush signal. A given detector

pixel’s local integration phase ends when it is read-out.

[6142] As used herein, the term “local infegration time”, as in “a given detector
pixel’s local integration time” may refer to a duration of the given detector pixel’s local

integration phase.

3143} Global integration phase, global integration time: As used herem, the term
“olobal miegration phase”, when used i reference to a FPA detector (e.g., a CCD camera)
may reter to a period of time when the FPA detector pixels” local integration phases overlap
{c.g., the peniod of time when the FPA detector pixels are in their respective local integration
phases). As used herein, the term “global integration time” may refer to a duration of the

global mtegration phase.
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13144] Integration phase, infegration time: Asused hercin, the term “integration
phase”, when used m reference to a FPA detector may refer to a period of time during which
one or more detector pixels of the FPA detector are in a local integration phase. As used

herein, the term “integration time” may refer to a duration of an integration phase.

[G145] Read-out phase, read-out time: As used herein, the term “read-out phase”
may refer to a penod of time during which signal {¢.g., charge) accumulated by one or more
detector pixels during their respective local integration phases is read-out {e.g., extracted)} in
order to produce, for cach detector pixel that 15 read-out, an electronic signal representative

{¢.g., substantially proportional to} the accumulated charge for that detector pixel.

[3146] As used herein, the term “read-out time” may refer to a length, 10 time, of the

read-~out phase.

3147} Local exposure phase, local exposure time: As used herem, the term “local
cxposure phase”, when used in reference to a given detector pixel may refer to a period of
ume during which the given detector pixel 1s (1) in its local integration phase and (i) capable

of bemng llaminated by clectromagnetic radiation.

[0148] For example, in some embodiments, a given FPA comprises a shutter that,
when closed, covers one or more of the FPA’s detector pixels and blocks electromagnetic
radiation from iluminating the one or more detector pixels. Accordingly, a given detector
pixel’s local exposure phase begins at the later of (i) the beginning of the given detector
pixel’s local integration phase and (1) when the given detector pixel 1s unblocked as the
shutter opens. The given detector pixel’s local exposure phase ends at the earlier of (1) the
end of the given detector pixel’s local integration phase (e.g., when it is read-cut) and (it}

when the given detector pixel is blocked by closing of the shutter.
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63149} In some embodiments, the FPA shutter begins to open immediately following
the beginning of the global mntegration phase and closes fully, such that detector pixels may
be blocked, pror to the beginning of the read-out phase. In this manner, cach detector pixel’s
local exposure phase begins once it s unblocked as the shutter opens and ends once & is

blocked as the shutter closes.

[0154] In some embodiments, the FPA shaotter 1s held completely open throughout the
mtegration phase of the FPA detector, and each of the FPA’s detector pixel’s local exposure

phases are the same as their local integration phases.

[6151] In some embodiments, a given FPA does not include a shutter or any other
mechanism for blocking #ts detector pixels from external electromaguetic radiation, and cach
ot the FPA s detector pixel’s local exposure phases are the same as thewr local integration

phases.

[G152] As used herein, the term “local exposure time” may refer to a duration of a

local exposure phase.

[B153] Global exposure phase, global exposure fime: As used herein, the term
“global exposure phase”, when used in reference to a FPA detector {e.g., a CCD camera) may
refer to a period of time when the FPA detector pixels” local exposure phases may overlap
{c.g., the period of time when the FPA detector pixels may be in their regpective local
exposure phases. As used herein, the term “global exposure time” may refer to a duration of

the global exposure phase.

[3154] Exposure phase, exposure window, exposure time: As used herein, the terms
“exposure phase”, and “exposure window”, when used in reference to a FPA detector may

refer to a period of time during which one or more detector pixels of the FPA detectorare in a
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local exposure phase. As used herein, the term “cxposure time” may refer to a duration of an

exposure phasc.

[ 55] Nominal exposure time: As used herein, the term “nominal exposure time”,
when used in reference to a FPA may refer to a value of a setting of the FPA that corresponds
to a portion {e.g., up to the entirety) of the FPA s exposure time and is used by the FPA 1o set
specific times at which to initiate its infegration phase, opening and closing of its shutter, and
read-out phase. The particular portion of the FPA s exposure time to which the nominal
oxposure time corresponds is dependent upon and may vary with the particular FPA type

{c.g., manufacturer, model) used.

[3156] CCD camera, CCB: As used herein, the terms “CUD camera” and “CCD”
refer to any FPA which does not read-out its detector pixels simultaneousty. CCD camera
may refer, for example, to standard CCD cameras, as well as intensified CCD cameras
((CCBsy. CCD camera may refer to other FPAg that do not read-out their detector pixcls

simultancously.

16157} Galvanometer optical scanner: As used herein, the term “galvanometer
optical scanner” may refer to an optical system component comprising one or more rotating
galvanometer mirrors. A galvanometer optical scanner allows a beam of light to be scanned
across a plurality of locations i a target plane a given distance away from the galvanometer
optical scanmer. This 1s achieved by directing a beam ot light to the galvanometer optical
scanner along an appropnately aligned optical path. The beam of light direcied into the
galvanometer optical scanner 15 reflected by the one or more galvanometer nurrors in
succession and directed outwards, towards the target plane, n a direction defined by one or

more optical scan angles. Typically, cach optical scan angle is associated with a particular

galvanometer mirror and determined by an angle at which the associated galvanometer mirror
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reflects the beam of light. Rotating a given galvanometer mirror varies the angle at which i
reflects the beam of light, and thus varies the associated optical scan angle. Accordingly,
rotating the galvanometer mirrors of the galvanometer optical scanner varies the one or more
optical scan angles and, thus, the direction 1n which the beam of light is directed outwards
from the galvanometer optical scanmer. As a given galvanometer mirror is rotated, its
associated optical scan angle is varied, and a location at which it mtersects the target plane is
varied along a particular direction.

13158} In some embodiments, a galvanometer opiical scanner comprising a single
galvanometer mirror, which can be used to scan a beam of light through a plurality of
locations along a particular direction in a target planc. Rotation of the galvanometer muror
thus scans the beam of light across a one-dimensional scan region {¢.g., a line} of the object
plane.

[3159] In some embodiments, a galvanometer optical scanner comprises two rotating
galvanometer murrors such that a beam of light can be scanned through a plurality of
locations along twe directions. Rotating the two galvanometer mirrors together thus allows a
beam of light to be raster scanned across a two-dimensional region of the target plane. In
some embodiments, the galvanometer mirrors are aligned such that a first galvanometer
mirror varies a first optical scan angle n a first direction and a second galvanometer mirror
varies a second optical scan angle in a second direction that 1s sebstantially orthogonal to the
first direction. Vanation of the first optical scan angle (¢.g., via rotation of the first
galvanometer mirror) varies a position at which the beam of light directed cutwards from the
galvanometer optical scanner intersects the target plane n a first direction. Variation of the
second optical scan angle {(e.g., via rotation of the second galvanometer murror} varies a

posttion at which the beam of light directed outwards from the galvanoreter optical scanner
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intersects the target plane in a second direction. Accordingly, the first and second
galvanometer mirrors can be rotated together to raster scan a beam of light across a two
dimensional scan region of the target plane.

16164 As used herein, directing a beam of light “to a galvanometer optical scanner”
13 understood to mean directed the beam of hight along an appropnately aligned optical path
o the galvanometer optical scanner such that 1t is incident on, and reflected by cach of the
one or more galvanometer mirrors that the galvanometer optical scanner comprises. As used
herein, a distance to a galvanometer optical scanner {¢.g., along a particular optical path, from
a particular location) is understood to mean a distance to a first galvanometer mirror on
which the beam of light incident. As used herein, a distance from a galvanometer optical
scanner {¢.g ., along a particular optical path, to a particular location) is understood to mean a
distance from the first galvanometer mirror on which a beam of light directed to the
galvanometer optical scanner 1s incident, including distance traveled as it1s reflected by any
other mirrors that the galvanometer optical scanner comprises.

3161} Forward model: As used herein, the term “forward model” is understood o
mean a physical model of Tight propagation {(¢.g., photon transport) in a given medium from a
source to a detector.

6162} Tomographic image: As used herein, the term "tomographic image” may
refer, for example, to an optical tomographic image, an x-ray tomographic image, a
tomographic tmage generated by magnetic resonance, positron enission tomography (PET),
magnetic resonance, (MR) single photon emission computed tomography (SPECT), and/or
ultrasound, and any combination of these.

3163} Diffuse medivm, diffusive medium: As used herem, the terms "diffuse

medium" and "diffusive medium” are used interchangeably and are understood to mean
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media where waves suffer moltiple scattering events with small particles {(the scatierers)
within an otherwise homogeneous medium, randomizing their phase; in this case 1t 1s the
average wave intensity that s studied. The average wave intensity will follow the diffusion
cquation, behaving in itself as a "diffuse wave" and interacting with surfaces and boundaries.
6164} Object plane: Asused herein, the term “object plane” may refer to an
idealized two-dimensional imaging plane of an optical imaging system at, or m proxanmity {o
which, one or more objects {¢.3., subjects) to be image are located.

[3165] Excitation source: As used herein, the term “excitation source” may refertoa
tight source such as a laser that is used to provide hight to an optical system for optical
cxeitation of fluorescence. In some crabodiments, the excitation source emits a beam of
exaitation hight from an output of the excitation source. Excitation light from the excitation
source may then be provided to the optical system by directing the beam of excitation light
from the output of the excitation source fo various optical components {¢.g., optics, Mirrors,
galvanometer optical scanners, and the like) of the optical system.

{3166} flumination source: As used herein, the term “tllumination scurce” may
refer to any light source, such as a laser, that 15 used to provide light to an optical syvstem for

tmaging. In some embodiments, the illumination source is an excitation source.

[3167] fmage forming light: Asused herein, the term “image forming light” may
refer to hght that is produced from or modified by {(c.g., partially absorbed, scattered,
reflected, transmitted through) an interaction between illumination light and one or more
object(s} to be imaged, such that by detection of image forming light can be used to obtain an

image of the one or more ohject(s) to be imaged.

(31 68] For example, in some embodiments, the illumination Hght is excitation light

and the image forming light is fluorescent ight emitted from within the one or more object{s)

-5
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to be imaged as a result of excitation of one or more fhiorescent species within the one or
more object(s). In some embodiments, the iflumimation hight is excitation light and the image
forming light is excitation light having been reflected by and/or transmutted through the one
or more object{s) to be imaged.

[0169] Optic: Asused herein, the term “optic” may refer {0 a collection of ong or
more optical elements that is used to shape a beam of light using one or more lenses. When
various parameter of optics {¢.g., focusing optics; ¢.g., collimating optics), such as focal
length, cicar aperture, and the like are described hercin, they are understood to refer to a
property of the optic — that is, a net effect of the optical clements that the optic comprises,
rather than a property of any one of the mdividual elements of the optic.

16374 &pot size: As used herein, the term: “spot size” may refer to a measure of a
diameter of a beam of light measured at a particular position and in an orthogonal plane that
i3 substantially orthogonal to the divection of propagation of the beam of light. In some
embodiments, spot size may refer to a measure of diameter of the beam of light
corresponding to a distance measured along a hine within the orthogonal plane between a first
and second location along the line where a signal representing the intensity of the beam of
light {¢.g., as detected by a detector) falls to helow a predefined fraction of the maximal
intensity {¢.g., half the maximal intensity; ¢ g., 1/e? of the maximal intensity) of the beam of
light. For example, spot size may correspond to a full-width at half maximum measored
along a particular line in the orthogonal plane {c.g., linc along an x-axis; e.g, a linc alone a y-
axis}. In some embodiments, spot size may refer to a measure of the diameter of the beam of
light corresponding to a function of two or more distances cach measured along a different
tine within the orthogonal plane as described above. For example, spot size may be measured

as a maxuoum value of a first distance, measured along a first line within the orthogonal
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plane and a second distance, measured along a second fine within the orthogonal plane. In
some embodiments the second hine 1s orthogonal to first Iine.

[G171] Subject: As used hercin, the term “subject” may refer to an individual that 1s
imaged. In some embodiments, the subject is a human. In some embodiments, the subject is
a small animal.

[61727 Small animal: As used herein, a “small animal” may refer to small mammals
that can be imaged with a microCT and/or micro-MR 1mager. In some embodiments, “small
animal” may refer to mice, rats, voles, rabbits, hamsters, and similarly-sized animals.

[0173] Settling time: As used herein, the torm “settling time” may refer to one or
both of (1) and (11) as follows: {1} a time from when an illumination source {¢.g., a laser) is
turned on to when ifs cutput power reaches a stable vahue, for example such that the output
power fluctuations are mimimal, and/or below a specified amount (e.g., below an root-mean-
squared percentage vanation specified by the aser manufacturer) and (11) a time from when
the illwmination source 1s turned off to when its output power reaches approximately zero or
falls below a threshold cutput power. The threshold cutput power may correspond to an
output power that 13 below a noise tloor of a detector using n an optical system that uses the
tllumination source for dlumination. For example, i an optical system using a CCD camera
as a detector, the threshold output power may correspond o an output power that produces a
signal that ts approximately equal to or just below a read noise of the CCD detector. In this
case, signal produced at the CCD detector by hight from the illumination source will be lower

than the read noise of the CCD detector.



WO 2019/079556 PCT/US2018/056451

DETAILED BESCRIPTION

3174} It 1s contemplated that syvstems, architectures, devices, methods, and processes
of the present disclosure encompass variations and adaptations developed using information
from the embodiments described herein. Adaptation and/or modification of the systems,
architectures, devices, methods, and processes described herein may be performed, as
contemplated by this description.

6375} Throughout the description, where articles, devices, systems, and architectures
are described as having, including, or comprising specific components, or where processes
and methods are described as having, including, or comprising specific steps, it is
contemplated that, additionally, there are articles, devices, systems, and architectures of the
present disclosure that cousist essentially of, or consist of, the recited components, and that
there are processes and methods according to the present disclosure that consist essentially of,
or consist of, the recited processing steps.

3176} It should be understood that the order of steps or order for perfornuing certain
action i3 immaterial s long as the present disclosure remains operable. Morgover, two or
more steps or actions may be conducted simultancously.

6177} The mention herein of anv publication, for example, in the Background
section, 18 not an admission that the publication serves as prior art with respect to any of the
claims presented herein. The Background section is presented for purposes of clanty and is
not meant as a description of poor art with respect to any claim.

[3178] Documents are incorporated herein by reference as noted. Where there is any
discrepancy in the meaning of a particular term, the meaning provided in the Definition

section above 1s controlling.
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[3179] Headers are provided for the convenience of the reader ~ the presence and/or
placement ot a header 15 not intended to limit the scope of the subject matter describe

herein.

{6154 Descnbed herein are systems and methods that facilitate fast tomographic
imaging over a wide field of view. In particular, 1n some embodiments, the systems and
methods described herein allow for one or more images to be acquired with a CCD camera by
synchronizing illumination with the phases of the tage acquisition sequence of the CCD
camera. In particular, as will be described in the following, by selectively illuminating one or
more obiect(s) (¢.g., subject(s): ¢.g., small ammal(s}} to be imaged during specific phases
{c.g., a global exposure phase) of the image acquisition sequence, the synchronized
tHhumination allow for high-sensitivity, artifact free tmages to be acquired in shost time
frames. The ability to rapidly acquire tmages with a CCD is of particular relevance to optical
tomographic imaging applications, i which multiple images of one or more object(s) are

acquired in order to produce a single tomographic representation of the object(s).

A, Imaging with g CCD Camerg

[G181] FIG. 1A shows a schematic of an example optical system 108A, used for
optical tomographic imaging of one or more ohject{s} 114a, 114b, 114d¢ positioned across an
object plane 112, In the example optical system 108, an tdlummation source 182 emits a
heam of iHumination light trom its output 184 The illundnation source 102 and its output
1684 are aligned to direct the beam of dlumination light towards the object plane 112 where
the one or more object(s} to be imaged are positioned, thereby dhiminating the one or more
object(s). Following llununation, image forming light 118a, 118b, 118¢ (c.g., fluorescent

light, ¢.g., excitation light having been reflected by or fransmitted through the one or more
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object(s} to be 1imaged) from the one or more chject{s} is detected by a detector 128 in order
to acquire images of the one or more objeci(s).

[G182] The example optical svsten: 100 shown in FIG. 1 is an optical tomographic
imaging system that uitlizes a galvanometer optical scanner 186 to scan the beam of
tlhumination light across a scan region 116 of the object plane 112, Thus, the galvanometer
optical scanner 106 may be used to scan a beam of excitation light across multiple locations
of an object plane. Light directed along an optical path 163 to the galvanometer optical
scanner is reflected by one or more rotating galvanometer surror{s} 108 of the galvanometer
optical scanner. As the galvanometer mirrors of the galvanometer optical scanner are rotated,
light is reflocted at various angles, and directed along corresponding optical paths {c.g., 110a,
110b, 110¢) towards the scan region. The beam of dhumination light is thereby directed to a
plurality of excitation locations within the scan region 116. This allows the one or more
object{s) to be imaged 114a, 114b, 114¢ to be llunmumnated at a plurality of illumination
locations. When a given object s illupunated at a particular slumination location, image
forming light resulting from illumination of the given object at the particular illumination
location is detected by the detector 128, In some embodiments, the detector is a focal plane
array (FPA) detector that acquires one or more image(s) of the one or more objeci(s). The
acquired mmages are used o create ong or more tomographic image(s) of the one or more
objeci(s} 114a, 114b, 114¢c. Approaches for fluorescence optical tomographic imaging with a
galvanometer optical scanner 106 are described 1 U.S. Patent Application No. 15/654.442,
filed July 19, 2017, the contents of which arc hereby incorporated by reference i their
entirety.

{3183} For example, as described in U.S. Application No. 15/654,442, | for each

excitation location, one or more corresponding image(s) {e.g.. an emission image and/or an
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gxcitation image) of the one or more object(s) are acquired. The plurality of images of the
one or more object(s) are then used to create one or more tomographic images of the one or
more object(s).

[Gi84] Furthermore, as described in U5, Application No. 15/654,442, the beam
scanning approaches described above may utilize a galvanometer optical scanner 106
comprising two galvanometer mirrors that are aligned 5o as to scan the beam of excitation
light in two orthogonal directions across the object plane. A first galvanometer mirror may
scan the beam of excitation light along an associated first direction across the object plane
{e.g., an x-direction). A second galvanometer mirror may scan the beam of excitation hight
along an associated second direction across the object plane (¢.g., a y-direction}. In some
embodiments, rotation of the first and second galvanometer mirrors together raster scans the
beam of excitation light across a two-dimensional scan region of the object plane. In some
embodiments, the size of the scan region 1s determuned by the maximal rotational angles of
the first and sccond galvanometer mirrors and the distance from the galvanometer optical
scanner 106 to the object plane 112,

3185} U.S. Application No. 15/654,442 also describes a multiplexed imaging
approach, wherein the galvanometer optical scanner 106 directs the beam of ithumination
light {¢.g., excitation light} to multiple excitation locations during an exposure window of the

detector 128 used to acquire an image.

[0186] By virtue of the ability to rapidly scan the beam of excitation light using the
beam scanning approach described herein, cach fluorescence emission tmage is associated
with mudtiple excitation locations. Thus, in the multiplexed approach, the discrete excitation
locations can be arranged in sets, with cach set comprising multiple excitation locations.

Rather than raster scan the beam of excitation hight from excitation location to excitation

t
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focation in a sequential fashion {¢.g., directing the beam of excitation Hght to a first excitation
location, then an adjacent excitation location, and so on), the beam of excitation light is
scanned in a set-wise fashion. The galvanometer optical scanner scans the beam of excitation
light through the discrete excitation locations one set at a time, dirocting the beam of
exeitation light to sach discrete excitation location within a given set before procgeding on to

a next set.

[6187] In some embodiments, the fast scanming capability of the galvanometer optical
scanner allows the beam of excitation light to be directed to cach of the discrete excitation
locations of a set, ong after the other, during a ime period corresponding to an exposure
window of the one or more detectors. Each fluorescence emission image represents
fluorescent light detected by the one or more detector, over a period of time corresponding to
the exposure window. By scanming the beam of excitation light to multiple excitation
locations during the exposure window of the one or more detectors, a fluorescence image
associated with the set of excitation locations 1s recorded. Each fluorescence emission
recorded in this manner is thus associated with a set of excitation locations and represents
detected fluorescent light emitted in response to illuminating one or the one or more subjects

by directing the beam of excitation light to gach excitation location of the associated set.

{3188} In some embodiments, this approach can be used reduce the amount of time
and number of fluorescence emission tmages needed to obtain tomographic images of
muitiple subjects. As discussed above, cach subject is associated with a portion of the

excitation locations within the scan region.

[3189] Thus, m the multiplexed approach, the acqguired image may represent detected
image forming light resulting from illumination of the one or more object(s} when the beam

of Hlumination hight is directed to the muftiple excitation locations, and accordingly,
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corrgsponds to a set of excitation locations (e.g., a specific plurality of excitation location}. A
plurality of images can be acquired in this manner, cach image corresponding to a specific,
distinct set of cxcitation locations. As described in U.S. Apphication No. 15/654,442, in some
embodiments, this multiplexed imaging approach increases the speed at which a tomographic
tmages of multiple objects can be obtamed.

(6194}

16191} In some embodiments, the speed at which tomographic images can be
obtaimned can be increased by reducing the time required to acquire each of the plurality of
images used for tomographic reconstruction. Reducing the time for acquiring images used in
tomographic reconstrction is particnlarky relevant for approaches that allow tdlumination
beams to be rapidly scanned and thereby rapidly lummate a plorality of itllumination
locations on one or more object{s} to be imaged, such as the galvanometer optical scanning
approach described m U.S. Application No. 15/6534,442. Tn such imaging svstems, the beam
of dlummation light can be scanned fast enough that the time required to acquire an image
represents a bottleneck. In imaging systems that take longer to position a beam of
illonunation light from one location to a next, the time required to obtamn a tomographic
tmage s deternined primariy by the time required to position the beam of iunmination light.
Accordingly, in imaging systems that cannot rapidly itluminate various locations, image
acquisttion time s less of a concern, and was not considered previously.

[6192] In some embodiments, image acquisition with an FPA detector comprises two
phases — an exposure phase and a read-out phage, and the time required to acquire a given
image 18 determined by the duration of each of these phases of the timage acquisition
sequence. FPA detectors comprise a plurality of detector pixels, typically arranged as a two-

dimensional matrix, referred to herein as a sensor array. During an FPA detector’s exposure
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phase, the detector pinels of the FPA seasor array are exposed to light and accomulate signal
{¢.g.. charge) n response 1o hight incident on their surface.

[3183] After a set time, the signal {(¢.g., charge) accumulated by cach detector pixel is
read-out during a read-out phase to produce an image. The acquired image comprises a
plurality of tmage pixels, each corresponding to one or more detector pixels and having an
intensity value represeniative of the signal read-out from the one or more corresponding
detector pixels. For example, in some embodiments, each image pixel corresponds to a
distinct detector pixel and has an intensity value representative of {e.g., substantially
proportional to) the signal accomulated by that detector pixel. In some embodiments,
detector pixels are binned such that cach image pixel corresponds to a distinet set of two or
more adjacent detector pixels (e.g.. each image pixel corresponds to a two-by-two block of
detector pixels, or a four-by-four block of detector pixels, or other size block of detector
pixels).

[0194] An important challenge for rapid, high-sensitivity tmage acquisition is
presented by the fact that, while exposure and read-out are ofien considered in regard to a
FPA detector as a whole, the sensor array of an FPA comprises a plurality of detector pixels
cach of which has its own local exposure phase during which it is (i} exposed to light and (i1}
allowed to accumulate signal {e. g, charge) in response to light incident on its surface. In
particular, in some embodiments, when image acquisition is initiated for an FPA detector, the
detector pixels are zeroed and set to a state i which thev are operable to accunudate signal in
response to incident light. The zeroing of a given detector pixel and setting it to a state in
which it is operable to accunmilate signal in response to incident light begins the given

detector pixel’s local infegration phase.
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[3195] During the detector pixel’s local integration phase, light incident on the
surface of the detector pixel causes accumulation of mignal {e.g., charge. Afier a certam
period of time, the local mtegration phase of the detector pixel ends and signal accumulated
by the detector pixel is read-out. The total signal accumulated by the detector pixel, and,
accordingly, the intensity of an tmage pixel to which it corrgsponds, 18 a function of the
amount of light mcident on 1ts surface durimg its local integration phase. If the detector pixel
1s exposed throughout its local phase, then tts local integration phase is the same as its local
gxposure phase.

3196} In an idealized FPA detector, the detector pixels™ local integration phases
begin and end simultancously, such that cach detector pixel accumulates signal over the same
period of time, and variations in intensity of image pixels of an acquired 1mage are
determined essentially entirely by spatial variations of image forming light across the FPA
SEnSOT array.

[6197] CMOS cameras are a particular type of FPA detector that approximately
achieve this idealized functionality. In particular, in CMOS cameras, the detector pixels’
local integration phases begin simultancously, and the detector pixels are read-out
simultancously. Accordingly, for a CMOS camera, the local integration phascs of the
detector pixels overlap completely with a global integration phase, in which cach detector
pixel is in ifs respective local micgration phase. CMOS cameras achieve this fimctionality by
mcorporating additional circuitry for cach detector pixel directly into the sensor array. The
additional circuitry, however, fimits the sensitivity of CMOS cameras. For example, the
added circuitry generates heat on the sensor array, which produces a background signal that
wnterferes with a desired signal from each detector pixel that is representative of detected

light. Accordingly, for certain imaging applications, such as low light imaging, CMOS
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cameras may not have adequate sensitivity and/or require long exposure times to collect an
adequate amount of ight o produce a desired signal above background.

[3198] CCD cameras provide higher sensitivity than CMOS cameras and are more
appropriate for low light imaging applications. CCD cameras typically do not include the
additional cireuitry for cach detector pixel that CMOS cameras do, and, accordingly, do not
suffer from the high levels of background that limit the sensitivity of CMOS cameras.
3199} Unlike CMOS cameras, CCD cameras, however, do not address cach detector
pixel mdividually and cannot read-out the detector pixels of the sensor array simultaneously.
Instead, CCD cameras perform read-out in a columm-wise or row-wise fashion. That is,
detector pixels arc read-out one column or row at a time, such that detector pixels of a first
column or row are read-out before detector pixels of a second column or row are read-out,
and so on. Accordingly, when an image is acquired with a CCD camera, detector pixels in
different columns or rows have different local integration times, depending on the order in
which their respective columns or rows are read-out.

3200} Ag aresult, when an image 18 acquired with a CCD camera using a particular
global exposure time, not all detector pixels will have local exposure times that are the same
as the global exposure time. In particular, once the read-out phase of the CCD is initiated,
whilc a first colwmn or row 1s read-out immediately, other columns or rows will remain in
their integration phases until they are read-out.

[06201] For example, while a first column of detector pixels 15 being read-out, the
other columas of detector pixels remain in their local integration phases and continue to
accumulate signal {e.g., charge). Accordingly, the difference in local integration times
between detector pixels in a first column to be read-out and detector pixels m a last column to

be read-out depends on a read-out time, which corresponds to a total ime required to read-out
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cach column of detector pixels m the sensor array of the CCD camera. Ifthe sensor array of
the CCD is exposed, ¢.g., not blocked from receiving ight (e.g., by a shutter}, dunng the
read-out phase, the local itegration times for detector pixels of different colurans will be
different. Accordingly, detector pixels in columns that are read-out later will have a longe
period of time over which to accumulate signal. Intensity values of image pixels of an
acquired image will, accordingly, not only reflect spatial variations in the amount of hight
mcident across the sensor array, as they are ndended to, but will also reflect differences in
focal integration times of the various detector pixels to which they correspond. The
unintended vanations in mtensity values of image pixels that result from differences in local
integration times of different detecior pixels are artifacts that degrade the accuracy with
which the acquired image captures the true spatial variation in the amount of light incident
across the sensor array.

6242} Typically, read-out occurs in a column-by-column fashion from one end of the
sensor array to the other, such that the local integration time of a given detector pixel
increases with columm number across the sensor array. This difference in local integration
times for detector pixels in different columns produces a gradient artifact in an acquired
tmage, wherein an approximately lincar increase in intensity from one end to the other of an
acquired mmage is superimposed on the desired spatial variations in image pixel intensity that
are represent the true image.

16203} The severity of the gradient artifact depends on how large the read-time is in
comparison with the global integration time. For example, the CCD camera’s global
integration time is ten times as large as its read-time, then the difference in the local
wntegration times, and accordingly, local exposure times between the first and last columms of

detector pixels to be read-out will be approximately ten percent at most. Accordingly, true

- 65 -



WO 2019/079556 PCT/US2018/056451

variations in intensity resulting from featares to be imaged will dominaie over the gradient
artifact. On the other hand, if the global integration time for the CCD camera is similar to or
approximately the same as the read-time, then the last column of detector pixels to be read-
out will have an local integration time that is approximately one and half to two times as
large as the local mtegration time of the first column of detector pixels to be read-out. In this
case, the gradient artifact produced by differences m the local integration times of the
different detector pixels will be significant.

[6204] Accordingly, the severity of such gradient artifacts can be minimuzed by using
global mtegration times that are substantially larger than the read-time of the CCD. While
such an approach allows for accurate, artifact-free tmaging with a CCD, 1t requires long
global integration times, and, accordingly, does not allow for rapid image acquisition.

[0205] In some embodiments, a shutter 1s used to relax the above described
requirement that a global micgration time used to acquire an image be significantly (¢.g.,
approximately ten times) larger than the read-time of the CCD, such that umages can be
acquired using shorter (2.g., less than ten times as large as the read-time). In particolar, a
CCD camera may use a mechanical shutter that, when closed, blocks outside illumination
from reaching the sensor array. The shutter may be closed shortly before or as read-out
begins, such that during the read-out phase of the CCD camera, the shutter prevents
tlhymination of the detector pixels of the sensor array of the CCD. Accordingly, when an
mmage s acquired with a CCD camera using a shutter, the shutter is opened as the local
integration phases of the detector pixcls are inttiated, and closed before, or just as read-out
begins. In some embodiments, the CCD shutter begins opening after each pixel has begun its

wntegration phase, such that each pixel 1s in its integration phase when the shutter begins
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opening. in some embodiments, the CCD shutter begins to close prior to the beginning of the
read~out phase, such that the CCD shutter is completely closed before read-out begins.
[G206] In this manner, the local exposure times for cach detector pixel are determined
primarily by the opening and closing of the CUD shutter, rather than the read-time of the
CCD. In particular, if the CCD shutter is fidly closed dunng the read-out phase of the CCD
camera, then the detector pixels are not exposed during the read-out phase. Accordingly,
cven though certain detector pixels will have longer local integration times than others, they
will not accumulate additional signal during the portions of their local integration phases that
occur after other detector pixels have ended their respective local integration phases and arc
being read-out. Accordingly, use of a CCD shutter addresses artifacts produced by the
sequential, column-wise read-out of detector pixels.

16207} However, a CCD shutter may not achieve aniform local exposure times for the
detector pixels. Even though use of CCD shutter ends the local exposure phases of the
detector pixels before read-out, it takes a non-trivial, finite amount of time to open and close,
and thus begins and ends exposure of different detector pixels at differgnt times,

3208} In particular, since the CUD shutter opens and closes by sliding across the
sensor array, different columuns of detector pixels are exposed for difterent amounts of time.
For example, as the CCD shutter opens, a first column of detector pixels at a first end of the
sensor array is immediately available for (llumination by electromagnetic radiation, while a
last column of detector pixels is prevented from being iluminated until the CCD shutter is
completely open. Similarly, as the CCD shutter ¢loses, the last column of detector pixels is
immediately blocked from outside tHumination, while the first columm at the opposite end of
the sensor remains exposed until the CCD shuiter 1s completely closed. Accordingly, just as

with read-out time, the tince it takes the CCB shutter to open and/or close — the CCD shutter
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delay causes different detector pixels to have different local exposure times, and can produce
similar gradient artifacts.

G209} Although CCD shutter delay times are typically shorter than read-out times,
CCD shutter defay imposes a similar lower limit on exposure times for {CD cameras. In
particular, in some embodiments, artifact free 1mage acquisition with a CCD camera typically
requires that images are acquired using global exposure times that are approximately ten
times larger than the CCD shutter delay. For example, for a typical CCD shutter delay of
approximately 40 ms, a typical global exposure time of at least approximately 400 ms must
be used. Accordingly, for imaging apphications that require fast imaging with a CCD camera,
approaches that overcome the lower bound to exposure times imposed by CCD shutter delay
and/or read-out times are required.

[6218] The approaches described herein address the imitations on imaging speed that
CCD shutter delay and read-out time place on CCD cameras. Thev allow for CCD cameras
10 acquire images at speeds comparable to, and exceeding those of fast sCMOS cameras.
Accordingly, the systems and methods described heremn allow for imaging systems to take
advantage of the sensiivity advantages of CCD cameras, and image at fast speeds previously
only possible with less sensitive CMOS cameras.

6211} In some embodiments, a beam of excitation light with an appropriate shape is
achieved via a beam shaping optic. For example, turming to FIG. 1B, an example of a layout
of an optical system 100b utilizing beam shaping optics is shown. In some embodimenis, a
beam shaping optic 122 is posttioned in the optical path (103a and 105b together) from the
excitation source to the galvanometer optical scanner. The beam shaping optic 122 15
positioned a distance, 151, from the output 104 of the excitation source, and a distance, do'?

(152} from the galvanometer optical scanner. In this manner, the beam of excitation light
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cmitted by the excitation source 102 travels along an optical path 105a from the output 104 of
the excitation source to the beam shapimg optic 122 and along an optical path 105b from the
beam shaping optic 122 to the galvanometer optical scanner 106,

6212} The beam shaping optic may be used to produce a collimated or focused beam
of excitation light. In particelar, in some embodiments, the beam shaping opticis a
collimatimg optic aligned such that after passing through the collimating optic, the beam of
excitation light maintains a substantially fixed size, diverging slowlv, as it travels (i) towards
the galvanometer optical scanner and {i1) from the galvanometer optical scanner to the object
plane. In some embodiments, the beam shaping optic is a focusing optic, wherein the
focusing optic 1s aligned such that afier passing through the focusing optic, the beam of
excitation light converges as it travels {1} towards the galvanometer optical scanner and (11}
from the galvanometer optical scanner to the object plane [e. g, such that a spot size (e .g.,
diameter} of the beam of excitation light at the object plane is smaller than an initial size

(c.g., diameter) of the beam of excitation light at the focusing optic].

6213} Parameters (2.2

=

focal lengths) of the beam shaping optic {e.g., a collimating
optic, ¢.g., a focusing optic) and its position in the optical svstem (¢.g., along the optical path
from the output of the excitation source to the galvanometer optical scanner) are determined
such that a collimated or focused beam of excitation light with appropriate properties is
produced when the beam of excitation hight passes through the beam shaping optic.

[06214] Propertics of the beams of excitation light produced via use of a beam shaping
optic are simifar to those described above with respect to beams of exeitation hight that are
output with desired shapes directly from the excitation source. As descnibed in the following,

however, working distances and nitial beam diameter are measured with respect to the
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position of the beam shaping optic 122, as opposed to the output 104 of the excitation source
102,

[6215] In some embodiments, similar to beams of excitation light shaped directly by
the excitation source, a size of the galvanometer mirrors of the galvanometer optical scanner
106 sets, in part, an initial beamn diameter of the beam of excitation light. Where a beam
shaping optic 1s used, the intial beam diameter 15 measured at the posttion of the beam
shaping optic 122, In particular, the initial beam diameter at the beam, along with a distance,
do'? {152), along an optical path 105b from the beam shaping optic to the galvanometer
optical scanner 106 is set such that the spot size of the beam of excitation light at the
galvanometer optical scanner 106 1s smaller than the size, weavoe {162}, of the galvanometer
mirrors of the galvanometer optical scanner 106. In some embodiments, the size of the
galvanometer mirrors of the galvanometer optical scanner can accept a beam of excitation
light having a spot size from 3 fo S mm in diameter.

06216} In some embodiments, the beam shaping optic is used to produce an

appropriately shaped beam of excitation ight (e.g.

Pl

after its passage through the beam
shaping optic) such that its spot size at jocations within the scan region is below a minimum
desired spot size, even as the beam of excitation hight is scanned through the scan region. As
discussed above, in some embodiments the minimum spot size within the scan region is
determined by a scattering length of the media in which imaging is to be performed.
Accordingly, in some embodiments, for imaging in diffuse media such as tissue, the beam of
excitation light is shaped to achieve a spot size of below 1 mm in diameter at locations within
the scan region. In some embodiments, the beam of excitation hight 1s shaped to achieve a

gpot size of approximately 0.5 mm at locations withm the scan region.
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Where a beam shaping optic is used to produce a collimated or focused beam of excitation
light, workang distance is measured along an optical path from the beam shaping optic to the
galvanometer optical scanner and from the galvanometer optical scanner to the object planc.
Ag the beam of excitation light is scanned across the scan region, the working distance from
the beam shaping optic to the object plane varies.

B. Svuchronized Hiumination Approachies

[06217] The systems and methods describe herein achieve this unigue functionality by
synchronizing illomination with the global exposure phase of the CCD camera, such that one
or more object(s} to be imaged are selectively tHuminated when the CCD sensor array 1s fully
exposed and each detector pixel of the sensor array is in its local exposure phase. When the
CCD sensor 1s not fully exposed (e.g.. when the CCD shutter is opening and/or closing; ¢.g.,
when the CCD camera is m a read-out phase}, the approaches described herein prevent
itlumination of the object{s} to be imaged.

[06218] In this manner, the synchronized illumination approaches described herein
substantially redace and/or ehminate image artifacts that resolt from differences in local
exposure times for different detector pixels by preventing illomination of the one or more
object(s) to be image and. accordingly, preventing image forming light from being produced
and/or reaching the CCD sensor array. The systems and methods described herein may also
atilize various housings to prevent other light, such as stray light and ambient light, from
reaching the CCD sensor array, thereby mininuzing the amount of light of any kind that
reaches the CUD sensor array when 1t 18 not folly exposed.

3219} In some embodiments, the approaches described herein allow the average
power of light at the CCD sensor array to be kept below a noise floor of the CCD camera

when the CCD camera is not in a global exposure phase. For example, light levels at the
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CCD camera sensor array can be held below those which would produce a single
corresponding the read noise of the CCD camera. In some embodiments, as will be described
in the following the light levels at the CCD sensor array can be reduced sufficiently to
obviate the need for the CCD shutter to close prior to or during the read-cut phase.

16228 By minimizing the amount of light reaching the CCD sensor array when it 1s
not fully exposed, negligible signal 1s accumulated by detector pixels duning portions of their
local exposure phases that differ from (¢ g., fall outside of) the global exposure phase.
Accordingly, even though local exposure times for various detector pixels may differ as a
result of CCD shotter delay and/or read-time, 1mage artifacts produced by these differences
are neghigible. This allows for artifact free, high sensitivity imaging using CCD exposure
times (¢.g., global exposure times; ¢.g., nominal exposure times) that are well below the CCB
shutter delay Timit and/or read-time imits that are required for accurate e 2., artifact free)
imaging with previous systems and methods that do not utilize the synchronized illumination
approaches described herein.

6221} Providing synchronized tHumination m the fashion descnbed above i3 non-
trivial. In some embodiments, for specific illumimation sources, it may be possible (o
synchronize tHumination with the CCD camera’s global exposure phase by rapidly switching
the tthumination source 182 on and off using a controller module. However, the ability to
provide synchronized illummation in this manner depends the availability of an appropriate
ihumination source. Tomographic imaging applications may require illumination sources
that emit hight at particular wavelengths, and/or at particular levels of output power. In many
cases, lomination sources that satisty requirements of a particolar tomographic imaging
application (e.g., in terms of output wavelength and/or output power) and aiso can be tumed

on and off at sufficient speeds may simply not exist (or may be prohibitively expensive). In
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particular, many ilumination scurces cannot be turned on and off at appropriate speeds.
Moreover, once turned on, illununation sources often take time to settle before they produce a
stable beam of Ulmumation light. During the settling period, immediately after an
iHumination source is turned on and before the it settles, the beam of illumination light
typically fluctuates sigmificantly m power. Accordingly, imaging with lumination provided
by an illumination source immediately afier it 1s tumed on, while still setthing, results in low
quality, noisy images. This is especially true for laser sources, which are used in optical
tomographic imaging applications, and wheremn higher powered lasers are needed to deliver
adequate power for imaging deep 1o tissue. Simdarly, many dhumination sources do not turn
off instantancously, but instead there 15 also a setthng time delay before the cutput power to
reach a sufficiently low value {¢.g., approximately zero; e.g., a value below that which would
produce a detector signal corresponding to the noise floor of the detector). Typical on/off
delays and settling times for common laser sources are on the order of a few seconds.

[06222] Modulators such as choppers also cannot be used to synchronize tlumination
with a global exposure phase of a CCD camera. Modulators provide periodic illumination by
perodically blocking and unblocking a beam of illumination light 1n a periodic fashion.
Producing tllumination that varies penodically does not allow for synchronizing tlumination
with a particular phase of a CCD camera as the blocking and unblocking of the beam of
tlhymination occurs at periodic mtervals, rather than being responsive to what phase of the
image acquisition sequence the CCD camera is in. Accordingly, a modulator approach does
not account for the fact that times when a CCD camera 1s in a global exposure phase and
when it 1s not are different, and cannot be used «f different global exposure times are used for

different images, ¢.g., as is required for high dyvnamic range (HDR) imaging.



WO 2019/079556 PCT/US2018/056451

[6223] As described in the following, the systems and methods described herein
provide two approaches that address the challenge of synchronizing ilununation with a
global exposure phase of a CCD camera, and allow for synchronization of illumination with a
global exposure phase of the CCD camera even if the illumination source cannot be switched
on and off at sufficient speeds. These two approaches are based on (1) use of a rotating
galvanometer mirror system and (11) use of a laser shutier system. The two approaches may
be used separately or in combination. FIG. 2 shows a schematic of an examplc optical
tomographic imaging systerm 280 that ilostrates the rotating galvanometer mirror approach
and the faser shutter approach for synchronizing illumination with a global exposure phase of

a CCD camera 226,

Bi Hlumination Control via a Rotating {Source) Galvanometer Mirror

[6224] In the example optical tomographic imaging system 280 shown in FIG. 2, an
ihhunination source 192 is aligned and operable to direct a beam of Ulumination light from its
output 184 to a source galvanometer mirror 282, The source galvanometer mirror 282 is a
rotating galvanometer murror and is operable to rotate through a plurality of angles.

[3225] In some embodiments, the source galvanometer mirror 262 1s aligned such that
(1} at a first rotational angle, it directs {¢.g., via reflection) the beam of dhumination light to
the one or more object(s) to be tmaged 114a, 114b, 114¢, and (i1} at a second rotational angle,
it directs {e.g., via reflection) the beam of tlwmmation light away from the one or more
object(s) to be 1imaged 114a, 114b, 114¢.

3226} For example, in the optical system 200 shown 1n FIG. 2, the source
galvanometer mirror 202 1s aligned such that when 1t 18 rotated to the first rotational angle, it

directs the beam of dlumination hight, via retlection, along an optical path 212 to a
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galvanometer optical scanner 186, The galvanometer optical scanner 186 provides for
scanming of the beam of ilununation light through a plurality of excitation locations within
the scan region 116 in order to illuminate one or more objoct(s} to be tmaged at a plurality of
tlhumination locations.

16227} In some embodiments, for example as shown i FIG. 2, the system includes a
beam dump 216 positioned such that when the source galvanometer murror 202 1s rotated to
the second rotational angle, the beam of illununation light s directed (¢.g., along an optical
path 214) to the beam dump 216. Directing the beam of illumination light to the beam dump
216 1n this manner allows the beam dump 216 to absorb the majority of the beam of
thumination light and reduces the amount of stray illumination light that may be scattered and
reach the sensor array of the CCD camera when it 1s not in 3 global exposure phase.

[0228] Rotating galvanometer mirrors are typically operable to rotate between
different angles within a foew hundred micro seconds (ps) (e.g, 100 us; g, 200 ps; e.g., 300
us; e.g., 400 us). Accordingly, the source galvanometer mirror 282 can be rotated between
the first and second rotational angle to direct tHumimation to, or away from, respectively, the
one or more object(s) to be imaged within times that are sigmificantly shorter than the CCD
shutter delay and/or read-time.

16229} In some embodiments, the system comprises a source housing 206 that houses
the source galvanometer mirror 202, the illumination source 102 and/or its cutput 184 (o g,
in some embodiments, the llumination source is a fiber coupled source, such that onlv a
distal end of the fiber from which the beam of dlumination light is emitted need be housed in
the source housing 206}, as well as, when mcluded i the system, the beam dump 216. The
source housing 206 comprises an exit port 208. The source galvanometer murror 202 is

aligned such that when 1t 1s rotated to the first rotational angle, the beam of diummnation light
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ig directed through the exat port 288, and to the one or more object{s) to be imaged. The
source galvanometer mirror 282 15 aligned such that when 1t 1s rotated to the second rotational
angle, the beam of illumination light is directed away from the oxit port 208, for example to
the beam dump 216 within the source housing 286. The source housing 206 is substantially
opaque to the Hlumination light and may include optical baffles to mininuze stray
ihumination light from exiting the source housmg 206 and reaching the CCD camera when
the source galvanometer mirror 202 15 rotated to the second rotational angle {e.g., to
minimize stray iHumination light from reaching the CCD sensor arrav when the CCD camera
is not 0 a global exposure phase).

[6230] The system may also comprise an optical system housing that houses the
thumination source 102 and/or its cutput 184 (e.g.. 1n some embodiments, the tlumination
source 1s a fiber coupled source, such that only a distal end of the fiber from which the beam
of illumination light 1s emitied need be housed in the source housing 206), the source
galvanometer murror 202, the one or more object{s) to be imaged 114a, 114h, 114dc, and the
CCD camera. The optical system housing 1s substantially opagque to hight and substantially
prevents ambient hight from reaching the sensor array of the CCD camera. In this manner,
using an optical system housing can further minimize any light, not just illumination light and

stray light, from reaching the sensor array of the CCD camera when it is not fully exposed.

B Hununation Coutrol via a Laser Shutier
6231} In some embodiments, as shown in FIG. 2, the system 200 comprises a laser
shutter 204 positioned in the optical path 212 of the beam of illumimation light as it 13
directed to the one or more object(s) to be imaged 114a, 114b, 114c. The laser shutier 204 is

operable to automatically open and close. When the laser shutter 204 is open, the beam of
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itlumination light allowed to pass through the laser shutter 284, thereby illuminating the one
or more object(s) 114a, 114b, 114c. When the laser shutter 204 1s closed, it blocks the beam
of illumination hight, thereby preventing the one or more object(s} 114a, 114b, 114c¢ from
being itluminated with the beam of ilumination hight.

(6232} Accordingly, by opening and closing the laser shaotter 204, illamination of the
ong or more object(s} with the beam of llumination light can be effectivelv switched on and
off, respectively. Laser shutters are typically operable to open and close within a fow ms
{eg, 1ms eg, 1.5ms; eg. 2ms) Accordingly, Hhummation can be switched on and off via
opening and closing of the laser shutter 204 in significantly shorter times than the CCD
shutter delay and/or read-time of the CCD camera.

6233} A system utilizing a laser shutier to control illomination of one or more
obiect{s} to be imaged may comprise a source housing 206 that houses the lumination
source 102 and/or its output 104, The laser shutter 204 is positioned n close proximity 1o an
exit port 208 of the source bousing. For example, as shown m FIG. 2, the laser shutter 204
may be posttioned directly in front of the exit port 288, such that when the laser shutter 204 is
open the beam of illamination light 1s allowed to pass through the laser shutter 204, and then
the exit port 288, The laser shutter may also be positioned directly at the exit port 208, or
immediately after i, and similarly control ilhmination of the ong or more object{s) to be
tmaged. In some embodiments, positioning the laser shutter 284 before the exit port 208
reduces the amount of stray hight that mayv leave the source housing 206 and reach the CCD
sensor array and/or the potential for stray light to leave the source housing 286 and reach the
CCD sensor array in comparison with other positioning of the laser shutter 2084,

3234} In some embodiments, a system utilizing the laser shutter 204 comprises an

optical system housing that houses the illumination source 102 and/or s output 104, the laser
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shutter 284, the one or more object{(s) to be imaged 114a, 114b, 114¢, and the CCP camera.
As described above with respect to the source galvanometer mirror based approach for
synchronizing llumination with a global exposure phase of the CCI camera, such an optical
system housing can be used to minimize the amount of ambient light that reaches the sensor

array of the CCD camera when it 15 not fully exposed.

Bt Use of a Source Galvanometer Mirror and/or a Laser shutier. Alone orin

Combination
3235} The systems and methods described hergin may use etther the source
galvanometer mirror 202 or the laser shutter 204 individually to control illumination of the
ong or more object{s). In some embodiments, both the scurce galvanometer mirror 202 and
the laser shutter 284 are used in combmation, as shown in FIG. 2.
[6236] For example, as shown in FIG. 2, the laser shutter 284 may be positioned after
the source galvanometer mirror 282 to mininmize the amount of unintended dlumination hght
that reaches the sensor array of the CCD (e g, via dhumination of the one or more obiect(s}
and/or scatiering directly onto the sensor arvay) when the object(s) are not mtended io be
tHuminated {(¢.g., when the CCD is not in a global exposure phase). Such an approach may
be desirable when high powered lasers are used. Such high powered lasers can ouiput beams
of llumination light with powers up to on the order of several umdred mW {e.g.,
approximately 100 mW; e.g., greater than or approximately cqual to 100 mW; e.g., greater
than or approximately equal to 200 mW,; ¢.g., greater than or approximately equal to 300
mW; e.g., greater than or approximately equal to 500 mW; ¢.g., greater than or approximately
equal to 730 mW; c.g., approxamately 1W3. Sach high powered lasers can be focused to less

than 1 mm spot sizes at a beam waist of the beam of tllumination hight.
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[6237] In some embodiments, systems utilizing both a source galvanometer mirror
282 and a laser shutter 284 include a source housing 286 that houses the source galvanometer
mirror 262, the laser shutter 284, the dlumination source 102 and/or 1ts output 184 and, when
included m the system, the beam demp 216. The system may also comprise an optical
system housing that houses the source galvanometer murror 202, the laser shutter 204, the
ihumination source 102 and/or its output 184, the one or more object(s) to be tmaged 114a,

114b, 114c¢, and the CCD camera.

B.iv  Image Acquisition with Svnchronized IHumination

[3238] The source galvanometer murror and/or laser shutter allow illununation of the
ong or more object{s) to be controlled via rotation of the source galvanometer mirror 202
and/or automated opening and closing of the laser shutter 204, The illumination control
provided by the source galvanometer mirror 202 and/or laser shutter 2084 approaches
described above can be used to synchronize thumination with a global exposure phase of the
CCD during vmage acquisition,

3239} FIG. 4A shows an exampie process 400a for using the illumination control
provided by the source galvanometer mirror 282 as described above to synchronize
iHumination of one or more object(s} with a global exposure phase of a CCD camera durning
tmage acquisition. As described above with respect to FIG. 2, the beam of ilumination light
1s directed from an output 184 of an illumination source 102 to the source galvanometer
mirror 282 (419a). During 1image acquisition, the source galvanometer mirror 282 is rotated
between the first and sccond rotational angles to selectively illimmate the one or more
object(s), or prevent their illumination, respectively, based on whether or not the CCD

camera is in a global exposure phase.
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[(6240] In order to selectively illuminate the one or more object(s} when the CCD s
a global exposure phase, the source galvanometer mirror 282 1s rotated between the first and
sccond rotational angles in response to reccived signals that are indicative of the start and end
of the CCD camera’s global exposure phase, respectively.

[6241] In particular, in order to acquire a given image, a first trigger signal that is
ndicative of a start of a global exposure phase of the CCD camera is received (420) by a
source galvanometer controller module. In responsce to the received first trigger signal, the
source galvanometer mirror 202 is rotated to the first rotational angle {4380a), thereby
providing for ilumination of the one or more object(s). The source galvanometer mirror 202
remains at the first rotational angle for the duration of the global exposure phase of the CCD
camera {¢.g., the global exposure time), until a second tngger signal, indicative of an end of
the global exposure phase 1s received (448 by the source galvanometer controller module. In
response to the second tngger signal, the source galvanometer mirror is rotated to the second
rotational angle (450a), thereby directing iHumination away from the one or more object(s),
such that they are not tlluminated.

3242} A similar approach can be used to synchronize illumination of one or more
obicct{s) with a global exposure phase of a CCD camera via the illununation countrol provided
by the laser shutter 204,

[0243] FIG. 4B shows an example process 4080b for using the dhumimation control
provided by the laser shutier 284 as described above to synchronize tHumination of one or
more shiect(s) with a global exposure phase of a CCD camera during image acquisition. As
described above with respect to FIG. 2, the beam of illomination light is directed from an
output 184 of an illunmunation source 102 through the laser shutter 204 (410b). Durning image

acquisition, the laser shutter is opened and closed to selectively allow for, or prevent
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itlumination of the one or more object(s), based on whether or not the CCD cameraisina
global exposure phase.

[3244] In order to sclectively tlluminate the one or more object(s} when the CCD s in
a global exposure phase, the laser shutter 284 is automatically opencd and closed in response
to received signals that are indicative of the start and end of the CCD camera’s global
exposure phase, respectively.

[06245] In particular, i order to acquire a given image, a first trigger signal that is
indicative of a start of a global exposure phase of the CCD camera is received (428 by a
laser shutter controller module. In response to the received first tngger signal, the laser
shutter is opened, such that the beam of dlumination light i1s allowed to pass through the laser
shutter and Huminate the one or more object{s}. The laser shutter 204 remains open for the
duration of the global exposuare phase of the CCD camera (¢ g, the global exposure time),
until a second trigger signal, indicative of an end of the global exposure phase s received
(440) by the laser shutter controller module. In response to the sccond trigger signal, the
laser shutter 204 1s closed (458a), therchy blocking the beam of llumination light and
preventing illamination of the one or more object(s).

[3246] In this manner, processes 480a and 400b can be used o acquire onc or more
images (478) of the one or more objects, performing steps 428, 438a and/or 438b, 448, and
450a and/or 450b for cach acquired image. The steps are repeated as long as additional
1mages are required {468}, for example, for cach excitation location or set of excitation
locations of a scan performed by the galvanometer optical scanner 186, Once desired images
are acquired, they may be stored and/or processed further, for example via tomographic
reconstruction algorithms to create one or more tomographic images of the one or more

object(s) (480).
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13247} FIG. 3 shows an example timing diagram 360 for synchronizing the source
galvanometer mirror 202 and laser shutter 204 with a global exposure phase of the CCD
camera. The timing diagram 306 shows the phases of the image acquisition sequence for the
CCD camera, positioning of the CCD shutter, positioning of a source galvanometer mirror,
and posttioning of a laser shutter during times corresponding to the acquisition of a first
image 310 and a second image 358, As shown in FIG. 3, once acquisition of a first image is
mitiated, the CCD shutter opens, and the global exposure phase of the image acquisition
sequence is reached, wherein the CCD sensor array is full exposed. The CCD shutter
remains open for the duration of the global exposure phase, after which the read-out phase
begins and the CCD shutter closes. Before timage acquisition 15 initiated, the source
galvanometer mirror 262 is rotated to the second rotational angle, directing the beam of
tlhymination light away from the object(s) to be image and to, for example, a beam dump.
[6248] In some embodiments, the source galvanometer mirror does not rotate to the
first rotational angle to direct the beam of diummation light to the object(s) to be imaged until
the CCD shatter is completely open and the global exposure phase s reached. As shown in
FIG. 3, once the CCD shutter 1s completely open, the source galvanometer rotates to the first
rotational angle. The example timing diagram 300 relates to the optical tomographic imaging
system 200 of FIG. 2, and indicates that when the source galvanometer mirror s rotated to
the first rotational angle, it directs the beam of illumination light to a galvanometer optical
scanner 106, which in turn directs the beam of illumination hight to a location within a scan
region 116, The source galvanometer mirror 282 remains rotated to the first rotational angle
throughout the global exposure phase. Once the global exposure phase ends, and the CCD
shutter begins to close, the source galvanometer mirror is rotated back to the second

rotational angle, and directs the beam of ilununation light to the beam dump 216. The
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source galvanometer mirror remains rotated to the second rotational angle until the CCD
shutter completely opens a second time, and a second global exposure phase used to acquire a
sccond image begins.

16249} Similarly, 10 some embodiments, the laser shutter begins 284 the image
acquisition seqacence closed, opening once the CCD shatter is completely open and the global
exposure phase begins. The laser shutter 204 remains open throughout the global exposure
phase, and closes once the CCD shutter begins to close. The laser shutter 204 remains closed
unti} the CCE shutter completely opens a second time, and a second global exposure phase
used to acquire a second tmage begins.

[3256] Accordingly, by virtue of the illumination control provided by the source
galvanometer mirror 282 and/or the laser shutter 204, during image acquisition the object(s}
to be imaged are illominated during the global exposure phase of the CCD camera, and
prevented from bemg llununated at other times, such as when the CCD shutter s in the
process of opening and/or during read-out.

3251} Notably, as discussed above and illastrated in FIG. 3, the source galvanometer
and the taser shutter can switch between states that allow (e.g., rotation of the source
galvanometer mirror to the first rotational angle; ¢ g., opening of the laser shutter) and
prevent (e.g.. rotation of the source galvanometer mirror to the second rotational angle, ¢.g.,
closing of the laser shutter) illumination of the object(s) far more rapidly than the CCD
shutter can open and close. For exaraple, while the CCD shutter can take approximately 40
ms to open and close, the source galvanometer mirror takes only a few hundred us to rotate
from the first to second rotational angle and vice versa and the laser shutter can open and

close m approximately 1.5 ms.
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6252} In the timing diagram 308 of FIG. 3, when a given image is acquired the read-
out phase 1s shown to immediately follow the global exposure phase, and the CCD shutter s
shown as closing during the read-out phase. Other timing configurations for the global
exposure and read-out phases and CCD shutter timing are alsc possible, and the syachronized
tlhsmination approaches described herein can readily be used with these different
configurations. For example, in some embodiments, the read-out phase mayv begin once the
CCD shutter 1s completely closed, such that the period of time during which the CCI shutter
ig closing does not overlap with the read-out phase. As with the example described above
with respect to FIG. 3, the source galvanometer and/or laser shutter can be used to control
tHumination of the one or more object(s) such that, when a given image is acquired. the
objeci{s} are dhuminated during the global exposure phase and are prevented from being
tlhyminated when the CCD shutter is opening and closing, and during the read-out phase.

B.v Control Sionals

{3253} Various approaches and control signals can be used to synchronize the rotation
ot the source galvanometer mirror and/or laser shutter in order to begin illumination of the
one or more object(s) just as the global exposure phase begins, and prevent illumination as
the global exposure phase ends.

(G254} In some embodiments, as shown in FIG. 2B, the systems and methods
described herein utilize a source galvanometer controller module 2380a to automatically adjust
the rotation of the source galvanometer mirror 2862 between the first and second rotational
angles. The source galvanometer controller module 238a avtomatically adiusts the source
galvanometer mirror by providing a rotational signal (e.g., an electronic signal; ¢.g., a time-

varying voltage; e.g., a time-varying current} to the source galvanometer mirror 202. By
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varying a value {¢.g., a voltage amplitude; ¢ g., a current amaplitude} of the rotational signal,
the rotational angle of the source galvanometer mirror 202 can be varied, such that when the
rotational signal has a first rotational signal value the source galvanometer mirror 262 is
rotated to the first rotational angle and when the rotational signal has a second rotational

signal value the source galvanometer nmirror is rotated to the second rotational angle 202,

[G255] In some embodiments, in accordance with the example process 488a shown in
FIG. 4A, at step 420 the source galvanometer controller module 230a receives the first trigger
signal indicative of the start of the global exposure phase of the CCD camera 220, In
response o receipt of the first trigger signal, at step 430a the scurce galvanometer countroller
module 230a adjusts the value of the rotational signal to the first rotational signal value,
thereby rotating the source galvanometer mirror to the first rotational angle. At step 440, the
source galvanometer controller module 23¢a receives the second trigger signal that indicates
the end of the global exposure phase. In response to receipt of the second trigger signal, at
step 458a the source galvanometer controller module 230a adjusts the value of the rotational
signal to the second rotational signal value, thereby rotating the source galvanometer mirror

to the sccond rotational angle.

3256} Similarly, a laser shutter controller module 230b may be used to automatically
open and close the laser shutter 204, The laser shutter controller module 236a avtomatically
opens and closes the laser shutter 204 by providing a laser shutter signal {¢.g., an clectronic
signal; e.g., a time-varying voltage; ¢.g., a time~-varving current) to the laser shutter 264, By
varving a value {¢.g., a voltage amplitude; e.g., a current amplitude) of the laser shutier
signal, the laser shutter 204 can be automatically open and closed. For exanmple, when the

laser shutter signal has a first laser shutter signal vabhie the laser shutter 284 15 open and when

the laser shutter signal has a second laser shutter signal value the laser shutter 284 is closed.
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[6257] In some embodiments, in accordance with the example process 488b shown in
FIG. 4B, at step 420 the laser shutter controller module 230b receives the first trigger signal
indicative of the start of the global exposure phase of the CCI camera 220.  In response to
receipt of the first trigger signal, at step 430b the laser shuiter controller module 238b adjusts
the value of the laser shutter signal to the first laser shutter signal value, thereby opening the
laser shutter 204. At step 4448, the laser shutter controller module 230b receives the second
trigger signal that indicates the cnd of the global exposure phase. In response fo receipt of the
second trigger signal, at step 450b the laser shutter controller moduie 230b adjusts the value
of the laser shutter signal to the second laser shutter signal value, thereby closing the laser

shutter.

[6258] The source galvanometer controlier module 230a and the laser shutter
controller module 230k may be implemented in a variety of fashions. In particular, in some
embodiments, the source galvanometer controller module 230a and/or the laser shutter
controtler module 230b is/are implemented via microcontroller(s). In some embodiments,
the source galvanometer controller module 230a and/or the laser shutter controller module
230b is/are implemented as dedicated electronic cirenit(s). In some embodiments, for
example wherein both the source galvanometer mirror 202 and the laser shutter 284 are used
in combination, the source galvanometer controller module 230a and the laser shutter
controller module 230b are implemented using a single microcontroller or a single electronic

circuit.

[32539] In some embodiments, the first and second trigger signals are provided to the
controller module(s) (¢.g., the source galvanometer controlier module 230Ga and/or the laser
shutter controller module 230} using a CCD output signal provided by the CCD camera. In

some cmbodiments, the CCD output signal is an electronie signal, such as a voltage, which
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varies depending on which phase in the image acquisition sequence the CCD camera is in.
Variation of the CCD output signal can thus be used as an indication of when the CCD
camera is beginning and/or ending a global exposure phase, and, accordingly, to control the
rotation of the source galvanometer mirror and/or state of the laser shutter. A variety of
different CCD output signals may be provided by the CCD camera and used for controlling
the rotation of the source galvanometer mirror and/or the state of the laser shutter, depending,
for example, on the particular type of CCD camera used and other design considerations.
[6260] FIG. 5 shows three example CCD output signals and their variation in time
throughout the image acquisition sequence. A first example CCD output signal is a shatter
output 310, which varies with the opening and closing of the CCD shutter. The shutter output
510 varies between a first level {e.g.. a low voltage {e.g., below a low threshold such that it
can be interpreted as a digital 0)] and a second level [e.g., a high voltage {e.g., above a high
threshold such that it can be mterpreted as a digital 1)]. As shown in FIG. 5, the shutter
output 516 15 imitially at the first level, and rises 1o the second level once opening of the CCD
shutter is initiated. The shotter output stays at the second level while the CCD shutter opens,
and throughout the period of time when the CCD shutter is completely open and the CCD
sensor array is fully exposed. The shutter output falls back to the first level once the closing
of the CCD shutier begins, at the end of the global exposure phase, and remains there until
the opeming of the CCD shutter 1s imtiated again, ¢.g., to acquire a next image.

[6261] A second example signal 1s reforred to as a fire output 5306, As with the
shutter output 518, the fire cutput 838 varies between a first level [e.g., a low voltage (e ..
below a low threshold such that it can be interpreted as a digital 0)] and a second level{eg., a
high voltage (e.g., above a high threshold such that it can be interpreted as a digital 1)]. The

fire output 539 is initially at the first level when tmage acquisttion begins, and rises to the
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second level once the CCD shutter is completely open and falls back to the first lovel once
the CCD shutter begins to close. The fire output 330 remains at the first level until the CCD
shutter opens compleiely again, ¢.g., during a global exposure phase of the image acquisition
sequence for acquiring a next image. Accordingly, the period of time when the fire output
530 1s at the second level corresponds to the global exposure phase, and the duration of time
when the fire output 538 15 at the sccond level — the fire pulse duration 8332 corresponds to the

global exposure time.

[6262] Depending on the manner in which the various CCD output signals vary with
the global exposure phase of the CCD camera, vanous approaches may be used to
automatically control rotation of the source galvanometer mirror and/or opeming and closing

of the laser shutier.

[3263] In particular, in some embodiments, when vanations in the CCD output signal
occur at substantially the same time {¢.g., at the same time} as when the CCD camera beging
and ends 1ts global exposure phase, appropriately scaled versions of the CCD output signal
can be used as the rotational signal and/or the laser shutter signal. For example, if the CCD
output signal received by the source galvanometer controller module is the fire output 536,
the source galvanometer controller module may provide the rotational signal as a scaled
version of the fire output 838 wherein the fire output is scaled such that the first level of the
fire output 539 is scaled to be the same as the first rotational signal value and the second fovel
of the fire output 538 is scaled to be the same as the second rotational signal value. Sinulasly,
the laser shutter controiler module may provide the laser shutier signal as a scaled version of
the fire output 53¢ wherein the fire output is scaled such that the first level of the fire output
538 1s scaled to be the same as the first laser shutter signal value and the second level of the
fire cutput S30 s scaled to be the same as the sccond laser shutter signal valae. In these
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cases, no delavs or complex processing 1s required, and the source galvanometer controfler
module and/or Jaser shutter controller module can be implemented usimg minimal dedicated
clectronic circuitry (e.g., solely passive electronic components), though more complex
clectronics, such as a microcontrolier can still be used. In terms of the processes 400a and
400b described above with respect to FIG. 4A and FIG. 4B, the first trigger signal
corresponds 1o a transition of the fire output 530 from the first to the second level and the
second trigger signal corresponds to a transition of the fire output 530 from the second level

to the first level.

[6264] In some embodiments, variations in the CCD cutput signal occur at shightly
different times than the beginnimg and/or end of the global exposure phase of the CCD
camera. For cxample, the shutier output 810 shown in FIG. 5 transitions from a first level o
a second level as soon as the CCD shutter begins to open, before the beginning of the global
exposure phase. Since the global exposure phase begins a known time — the CCD shutter
delay time after the transition of the shutier output 518 trom the first level to the second level,
this vanation in the shutter output 510 can be used to indicate the beginning of the global
exposure phase, but the delay between this transition of the shutter output 516 and the start of
the global exposure phase must be accounted for by the source galvanometer controller
module and/or the laser shutter controller module. For example, the source galvanometer
controller module may receive the shutter output 310 and, after a time period corresponding
to the CCD shudter delay, adjust the value of the rotational signal from the first rotational
signal value to the second rotational signal value. Sinularly, the laser shutter controller
module may receive the shutter output 518 and, after a time period corresponding to the CCD
shutter delay, adpust the value of the laser shutter signal from the first laser shutter signal
value to the second laser shutter signal value. In terms of the processes 400a and 400b
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described above with respect to FIG. 4A and FIG. 4B, the first trigger signal corresponds to a
transition of the shutter output 510 from the first to the second level and the second trnigger
signal corresponds to a transition of the shutter outpwt 5160 from the second level to the first
level.

(3263} In some embodiments, the image acquisition process also mcludes providing
an image acquisition signal to the CCD camera in order to mitiate the acquisition of the one
or more images. That is, in order to acquire an image, the image acquisition signal 18 sent to
the CCD camera, causing the CCD camera to begin ifs image acquisition sequence (8.8,
mitializing its detector pixels; e.g., opening the CCD shutter). In some embodiments, the
tmage acquisition signal comprises a nominal exposure time that sets the duration of the
global exposure phase used to acquire the given image. The nominal exposure time
corresponds to the actual input sething of the CCD camera, and its defimition may vary
depending on the particular CCD camera used (¢.g., mode! and manufacturer). For a given
CCID camera, the nominal exposure time has a fixed functional relationship to the global
exposure time and, accordingly, a nominal exposure time that corresponds to a specific
desired global exposure time can be determined and provided to the CCD camera to acquire
an tmage using the specific, desired global exposure time.

18266} For example, in some embodiments, the nominal exposure time for a first
specific CCD camera 1s defined as the time from when the CCD shutter begins to open to the
time when the CCD shutter begins to close. Accordingly, for this first specific CCD camera,
the nominal exposure time corresponds to the global exposure time plus the CCD shotter
delay. In another example, for a second specific CCD camera, the nominal exposuare time
mayv be defined as the time from when the CCD shutier 1s compietely open to the time when

the CCD shutter begins to close. Accordingly, for this second specific CCID camera, the
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nominal exposure time is the same as the global exposure time. Accordingly, for a given
specific CCD camera, a nominal exposure time that corresponds to a specific desired global
cxposure time can readilv be determined and provided to the CCD camera via the tmage
acquisition signal. The nominal exposure time provided io the CCD camera can be varied
from image to image, such that different images can be acquired using different length global
exposure times. This approach 1s relevant for, for exampie, HDR imaging applications as

described below in greater detail.

B.vi Image Acquisition without a CCD Shatter

6267} In some cmbodiments, the approaches for synchronizing tumination with the
tmaging sequence of the CCD camera allow for images to be acquired without the use of a
CCD shatter (e.g., the CCD shutter may be removed, or held completely open throughout the
operation of the CCD). As described above, a CCD shutter can be used to eliminate or
reduce the differences in the local exposure times of the detector pixels that result from the
column-wise or row-wise fashion i which CCD read-out proceeds. The CCD shutter
thereby relaxes the minimal exposure time that can be used to acquire tmages without
introducing severe artifacts, since the CCD shutter delay is typically shorter than the CCD
read-time.

[0268] In some embodiments, because the synchromized illumination approaches
described herein prevent light from reaching the CCD sensor array during read-out, the CCD
shutter is rendered redundant. In particular, in some embodiments, the CCD shatier can be
removed, or held completely open throughout the operation of the CCD camera. In this case,
the global exposure phase of the CCD camera is the same as its global integration phase,

which begins once its detector pixcels are initialized and begin their local integration phases,
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and ends once read-out starts. Accordingly, any of the approaches described herein can be
used to provide illumination to the one or more object(s} to be imaged once the global
integration phase begins, and prevent tHumination of the one or more object(s) during the
read-out phase of the CCD camera. In some embodiments, this approach allows for more
rapid imaging since there 1s no need to wait for the CCD shutter to open completely before
ithuminating the one or more objects and/or close completely before preventing illumination
of the one or more objects. That is, there is no delay between the global exposure phase and

read-out phase.

{. Imaging Applications

6269} The synchronized imaging approaches described herein are applicable to a
variety of applications in which rapid, high-sensitivity image acquisition 18 desired. Such
applications mclude, but are not limited to the high dynamic range (HDR) and optical

tomographic maging applications described below

Ca HDR Imaging
6276} In some embodiments, the approaches described herein facilitate high-
dynamic range (HDR) imaging. HDR imaging involves acquiring two images, one
immediately after the other, such that both images represent substantially the same spatial
variation in image forming light detected by the sensor array. The two images form an HDR
mmage sct. A first image of the HDR image set is a short exposure image and a second image
of the HDR 1mage set is a long exposure image. The short exposure image is acquired asing
a short global exposure time. In some embodiments, the short global exposure time 1
sufficiently short such that the short exposure image does not comprise any saturated image
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pixels. The long exposure image is acquired using a global exposuare time that is longer than
the short global exposure time, and the long exposure image may comprise image pixels that

are saturated.

6271} HDR unaging is advantageous since an HDR image set offers improved
dynamic range over standard single acquusition images. However, since HDR mmaging
cffectively doubles the number of acquired images, it can be morg time consuming.
Accordingly, the systems and methods for rapid image acquisition described herein offer the
opportunity to take advantage of the high dyvnamic range offered by HDR image scts, while

maintaining reasonable image acquisition times,

[6272] In some embodiments, HDR 1imaging can be used in optical tomographic
imaging approaches, wherein HDR image sets are acquired as the one or more object(s) are
thuminated at a plurality of Ulumination locations by the beam of ilumination light such that
for cach llumination location or set of one or more ithumination locations, a corresponding

HDR image set 1s acquired.

16273} The ability to take advantage of the high dynamic range offered by HDR
imaging is particularly advantageous for fluorescence tomographic imaging. As described
above, fluorescence tomographic imaging involves tHuminating one or more object(s} to be
imaged at a phuirality of ilfumination locations. In some embodiments, a plurality of emission
{¢.g.. fluorescence) images are acquired by detecting fluorescent light emitied from the one or
more objects as a result of illuninating the one or more objects at the dlumination locations.
Excitation light images corresponding to detected excitation hight transmitted through {¢.g., as
in a trans-1llumination geometry) or reflected by the one or more objects following

ihumination at the plurality of Ulummation locations may also be acquired.

t
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[6274] Due to the scattering or diffusive nature of light transport in biological tissue,
the range of path lengths along which excitation and emussion photons propagate m the
object(s) to be imaged can varv over a wide range of lengths - from a foew millimeters to a
few of centimeters. Accordingly, the intensity range of excitation and fluorescence signals
detectable on the amimal can be wide. Improving the dynamic range of detection and imaging
of the excitation and fluorescence signals mcreases the number of data points that can be used
1 an acquired image to represent the resultant wide intensity fluctuations of detected light.
This, 1n tum, provides for a more accurate representation of the detected Hght, and improves
the tomographic reconstructions that use such acquired images. Accordingly, in recent years,
HDR imaging has become popular in CMOS-based sensors or cameras. Performing HDR
tmaging with a CCD camera, however, often results in blooming artifacts which degrade the

quality of HDR tmages acquired with a CCD camera,

[6275] Dynamic range of an imaging detector is corresponds to the ratio of the
highest detectable signal level (saturation levely and the minimum detectable signal level
(floor level} within a single acquired image. Typically this atio is converted to and
represented as a number of bits by taking a base 2 loganthm (log2) of the raw signal (e g., a
dynamic range ratio of 16000 is equivalent to 13.97=log2(16000) bits). In a CCD, highest
and mininmnn detectable signal levels are determined by a number of factors. The saturation
level ig determined by the well capacity. cutput node capacity, and upper limit of the A/D
digitization of the CCD image sensor and read-out circuitry. The floor level 1s determined by
the notse floor of the 1mage sensor and lower limit of the A/D digitization of the CCD

camera.

[6276] As described above, detector pixels accumulate charge in response to hight

ilomnating their surface. Signal acquired by a particular detector pixel or group of detector
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pixels of a CCD camera can be quantified in terms of an amount of accumulated charge, in
uniis of electrons (e-). Signal acquired by a particular detector pixel can also be represented
in terms of digital units (DN}, which correspond to the digital signal obtained by reading-out
accumulated charge and performing A/D conversion and digitization of the accumulated
charge. The conversion factor between units of electrons and digital units (DN} depends on
the CCD gain. The CCD gain can be changed based on the mode in which the CCD 15
operating. For example, a CCD camera can be operated in a high-gain mode or a low-gain

mode.

[6277) Satoration in a CCD camera can ocour when any one of (1) the full well
capacity, (11} the output node capacity, or (1it) A/D digitization upper himiut of the CCD
camera is exceeded. The full well capacity of a CCD camera may refer to the full well
capacity of its detector pixels — that is, the total capacity of an individual physical detector

pixel of the CCD camera for accumulating charge (e.g.

g., each detector pixel of the CCD
having the same full well capacity).  Full well capacity of a CCD camera is depends in part
on the size of its detector pixels. For example, a typical full well capacity of a CCD camera

is 100K ¢~ Saturation occurs when the total accunmndated charge exceeds the full well

capacity of the detector pixels of the CCD camera.

3278} In some embodiments, on~chip binning can be used with a CCD camera to
increase the full well capacity of the CCID camera. On-chip binning in CCDs combines
detector pixels into larger binned pixels, such that each image pixel of an acquired 1mage
corresponds, not to a single detector pixel, but instead a group of binned detector pixels (e.g..
a 2 bv 2 arrav of adjacent detector pixels; e.g., a 4 by 4 array of adjacent detector pixels).
Groups of binned detector pixels provide for greater full well capacity {¢.g., corresponding to
the product of the number of binned detector pixels and the full well capacity of an mdividual

- 05 .



WO 2019/079556 PCT/US2018/056451

detector pixel}. Accordingly, on-chip binning ncreases full well capacity, and allows greater
accumulation of charge before saturation, by sacrificing image spatial resolution. For
cxample, if a 2 by 2 binning is used on a 2K by 2K pixel CCD with a rated 100K ¢- full well

capacity, the acquired mmage will be 1K-by-1K in size with a total foll well capacity of 400K

C-.

[6279] The output node capacity of a CCD camera also influences the saturation
level. Output node capacity may refer to the total capacity of the off-chip storage or
clectronic nodes that are used for reading-out the accurulated charge from the detector pixels
of the sensor array. In some embodiments, the output node has higher capacity thao the full
well capacity of the CCD when no on-chip binning is used {¢.g., the un-binned full well
capacity). At high on-chip binning levels {¢.g., 4 by 4 binning), the output nodc capacity can
be lower than the full well capacity. As with the full well capacity, if the amount of charge

accumulated in an acquired image exceeds the output node capacity, saturation occurs.

[0284] Due to the serial nature of read-out in CCDs, saturation that occurs as a result
of accumulated charge exceeding either the full well capacity or the output node capacity will
produce blooming artifacts, which often take the form of vertical streaks in an acquired
tmage. The potential for bloommg artifacts to occur as a result of saturation is a significant
difference between CMOS tmagers and CCD cameras. As a result, performing HDR imaging

in CCPs is non-trivial, and more challenging than with CMOS images since bloonung

artifacts must be avoided in the long exposuare tmages of HDR image sots.

16281} Saturation can also occur if the charge accumulated in an acguired image
surpasses the A/D digitization upper limit of the CCD camera. The upper and lower limits of
A/ digitization are determined based on the gain setting of the CCD camera and the total

digitization bits allowed by the CCP camera. The gain setting of the CCD camera may be
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represented as a number of electrons per digital unit {e.g.. e-/digital units; ez, ¢/DN). The
total digitization bits allowed by a particular CCID camera vanes from camera to camera. For

example, various CCDs, such as 14-bit, 16-bit, and 32-bit CCD cameras may be used.

6282} For example, 1n a 16-bit camera, the non-zero digital pixel values of an
acquired mmage cannot fall outside the range of 110 655335 (2716}, Depending on the amount
of charge accumulated by vartous detector pixels, and the gain setting of the CCD camera, an
amount charge accumulated by certain detector pixels may correspond to a digitized signal
level outside this range. Such pixels are thus saturated. For example, for a gain sctting of 2
¢-/DN, then any charge read-out above 131070 e- or below 2 ¢~ would be cutside the
digitization range and hence outside the dynamic range. Notably, however, saturation that
occurs in this manner — by exceeding the A/D digitization upper himit does produce blooming
artifacts. Accordingly, if accumulated charge exceeds the A/D digitization upper limit, but ig
below the output node and full well capacity of the CCD camera, saturation will oecur

without causing blooming artifacts.

[6283] In some embodiments, the systems and methods descnbed herein include
using a HDR tmaging approach wherein the CCD image acquisition settings, in particular,
the on-chip binning, are adjusted such that sataration in the long exposare images of HDR
wmage sets results from A/D digitization, and not from the amount of accumulated charge
exceeding cither of (i) the full well capacity of the CCD and (1) the output node capacity of
the CCD. That is, as described above, three saturation limits exast for a CCD camera. First, a
fuil well capacity saturation hiout of the CCD camera 15 determined by the full well capacity
of the CCD camera as well as an on-~chip binning setting. Sccond, an output node capacity
saturation it is determined by the cutput node capacity of the CCD camera. Third, an A/D
digitization saturation it i3, as described above, determined by the A/D digitization upper
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fimit for the CCD camera, as well as the gain setting. When CCD image acquisifion setfings
are adjusted such that saturation results from exceeding the A/D digitization saturation himit,
and neither the full well capacity saturation limit nor the output node capacity saturation
bimnt, blooming artifacts are avoided and artifact free HDR tmaging can be achieved with

CCD camera.

[0284] FIG. 8 shows an example process 880 for avoiding blooming artifacts when
performing HDR imaging with a CCD camera. One or more object(s) to be imaged are
illuminated at one or more illumination location{(s) 810, One or more HDR image sei(s) are
acquired by detecting emitied light from the one or more object(s) as a result of itHumination
at the one or more Hlumination location{s). Such HDR mmage set(s} correspond to scts of
emission image, such as fluorescent images. HDR image sets may also be acquired by
detecting itlamination light that is transmitted through or reflected by the one or more objects
following 1llumination at the one or more tHumination location(s}. For example, in
fluorescence optical tomography imaging applications, excitation hght used to excite
Huorescence from the one or more objocts is often detected 1o acquire excitation images, 1n
addition to excitation images that are acquired by detecting emitted fluorescent light. Each
HDR image set 13 acquired 820 by acquiring a short exposure image 8260a and a long
exposure image 8320b. As described above, the long exposure image is acquired by adjusting
an on~chip binning for the CCD camera such that the full well capacity saturation Hmit based
on the adjusted on-chip binning level exceeds the A/D digitization saturation himit 828b. In
this manner, blooming artifacts 1o the long exposure image arc avoided by sclectively
saturating the saturated image pixels by exposing the CCD detector pixels for long enough to
exceed the A/D digitization saturation lmit, but not the full well capacity saturation limit
{¢.g.. and also not exceeding an output node capacity saturation himit of the CCD camera).
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16285] This approach for acquiring long and short exposure images to form an HDR
image set can be repeated for as many HDR mmage sets as are required 838, One or more
HDR image sei(s) can be acquired 848 in this manner. Once HDR image sets are acquired,
the HDR image sets can be stored and/or accessed for display and/or further processing, such

as for use in creating 3D tomographic reconstructions 856

Cai_ Optical Tomographic Imagine
06286} In some embodiments, the systems and methods descnbed herein can be used
to facilitate optical tomographic imaging of small animals. For example, the approaches for
synchromizing illumination of one or more objeci(s) (¢.g., subject(s); ¢.g., small animals) with
a global exposure phase of a CCI camera can be used to increase the speed at which the
muitiple images that are used in tomographic reconstruction techniques to obtain
tomographic images can be acqaired. For example, in flaorescence optical tomography
applications, the one or more object(s) are illuminated at a plurality of illununation locations,
and for each dlumination location, a corresponding emission image and, optionally, a
corresponding excitation image can be acquired using the approaches descnbed herein. In
some embodiments, the systems and methods described herein are used in combination with
the galvanometer optical scanning approach of U.S. Application No. 15/654,442 and
described above with respect to FIG. 1 and FIG. 2. In the galvanometer optical scanning
approach, in some embodiments, emission and, optionally, excitation images can be acquired
using the synchronized iilumination approaches described herein for cach excitation location
in the scan region 116 to which the galvanometer optical scanner directs the beam of
excitation light. In some embodiments, when a multiplexed approach, as described above

and in detarl m U S, Application No. 15/654,442, 15 used, emission and, optionally excitation

t
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images can be acquired using the synchronized illemination approaches described herein for
cach set of excitation locations to which the galvanometer optical scanner directs the beam of
excitation hight,

16287} The rapid itmage acquisition capabilities provided by the systems and methods
described herem are particularly relevant for imaging over a wide field of view, for example
to image multiple small animals. Tmaging over a wide field of view requires the use of large
format CCD cameras that are capable of acquired images of the full field of view at adequate
resohition. For example, in some embodiments, the ficld of view of the CCD camera is
greater than or approximately equal to 100 mm (e.g., from 100 to 200 mm} along a first
and/or second dimension. In some embodiments, large format CCD cameras used to image
such large fields of view comprise at least 256 by 256 detector pixels, and have sensor arrays
that measure greater than or approximately equoal to 1/2 mch along a first and/or second
dimension. In some embodiments, CCD cameras having 1000 by 1000 (1K by 1K) detector
pixels arc used. In some embodiments, CCD cameras having 2000 by 2000 (2K by 2K}
detector pixels are used. In some embodiments, CCD cameras having sensor arrays
measuring greater than or approximately equal to 1 inch along a first and/or second
dimension.

[62588] For such farge format CCD cameras, shutter delay and read-out times are
significant, due to the large sensor array size and number of detector pixels it comprises. The
ability to overcome limitations on minimal global exposure times imposed by CCD shutter
delay and read-out times provided by the systems and methods descrnbed herein is thus
significant. For example, in some embodiments, the approaches described herein allow each
mmage of a tomographic scan to be acquired 1n a few tens of milliseconds  In some

embodiments, as shown in the Examples below, 100 images or more {¢.g., 50 emission
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images and 50 excitation images) are acquired in a tomographic scan, at least some of which
are acquired in a time less than or approxamately equal to 200 ms (e g., less than or
approximately equal to 150 ms; ¢.g., less than or approximately equal to 120 ms).

{6289} FIG. 9 shows an example process 988 for performing fluorescence optical
tomography with a CCD camera, using the svnchronized illumination approaches described
herein. Une or more object(s} to be imaged are lununated at a plurality of illumination
locations with excitation light for exciting fluorescence {¢.g., within, or at the surface of the
one or mors ohject{s)) 918, A plurality of emission images are acquired by detecting emitted
Huorescent light from the one or more objects using the CCD camera and the svnchronized
tlumination approaches described herein 920, As described above, cach emission image
corresponds to a particular illumination location or a particular set of multiple ilumination
locations {¢.g., as in the multiplexed approach described above) and s obtained by detecting
fluorescent hight enutted from the one or more object(s) as a result of illumination at the
corresponding particular tlumination or set of illumination locations. In some embodiments,
excitation tmages for cach particolar iHumination location or set of tllumination locations are
also acquired by detecting excitation light that 1s transmitted through (e.g., as in a trans-
tHumination geometry) or reflected by {¢.g., as in an ¢pi-Ulumination geometry) the one or
more objects. Data corresponding to the plurality of acquired images {¢.g., emission and,
optionally, excitation tmages) 1s received and/or accessed by a processor of a computing
device 930, and used to create one or more 3D tomographic images of the one or more

object(s) 244
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C.ai Other Imaging Applications

[(290] In some embodiments, the iHlunination syachronization approaches described
herein can be used in a varniety of other imaging applications, in general n any application
where an illununation source of Hight can be synchronized with a CCP camera’s global
exposure phase to achieve fast CCD-based imaging. Such applications include, but are not
hinnted to as microscopy, spectroscopy, and the like. The approaches described herein are of
particular relevant to biological imaging applications, such as in-vivo imaging of small

animals, where rapid image acquisition is timportant.

D, Examples
3291} Examples 1, 2, and 3 are computational examples that provide example
analysis of imaging speeds for fluorescence optical tomographic imaging of three mice using
the optical systems that employ a galvanometer optical scanner to rapidly scan a beam of
exeitation hight in order to illummate a plarality of locations on the three mice. As discussed
above, the galvanometer optical scanner based approach is described m detail m U.S.
Application No. 15/654,442. The Examples compute the total time required to obtain
tomographic images of the three mice, including the time required o acquire fluorescence
and excitation images used n creating the fomographic images via tomographic
reconstruction. The computational time of the tomographic reconstruction process is
excluded from the analysis. The computational analysis is performed using parameters of
example (real) CCD and sCMOS cameras. Examples | and 2 compare tomographic imaging
speeds for CCD and sCMOS cameras using global exposure times for the CCD camera that
are determined by the above described CCD shutter delay and read-out time limits.

Accordingly, these examples correspond to systems that do not implement the synchromized
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illemination approaches described herein. Example 3 compares tomographic imaging speeds
for two CCD cameras using global exposure times that are below the above described shutter
delay and read-time binits, and, accordingly are represcntative of systems utilizing the
synchronized ilhumination approaches described herein.

(6292} Example 4 demounstrates the HDR imaging approach for avoiding blooming

artifacts with a CCD camera, as descnibed in section .1 above.

Example |
3293} Example 1 13 a computational model that compares the times required to
obtain a tomographic image of three mice using (1) an iKon-LR large format CCD camera
and (i1} a Zvia 5.5 sCMOS camera. The computational analvsis assumes that each mouse is
scanned at 50 points at an object-lane resolution of approximately 300 microns {um). The
CCD global exposure times are limited by the CCD shutter delav, which 1s 40 ms.
Accordingly, a global exposure time of 400 ms 1s used for the CCD camera. The rate of the
CCD read-out 1s 5 MHz, The computation assumes HDR tmaging is required. Forthe
sCMOS camera, global exposure times of 300 ms and 30 ms are used for the long and short
duration HDR images, respectively.
16294} Table 1 shows the results of the computational model. Table 1 shows the total
time for obtaining tomographic images of the three mice to be approximately 194 s for the
CCD camera and approximately 71 s for the sCMOS camera. This difference in imaging
speed results from the long — approximately 400 ms — global exposure time used by the CCD
camera, which is due to the shutter delay imit (e g., the global exposure time of the CCD 18

10 times the shutter delay time).
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TABLE 1: COMPUTATIONAL MODEL RESULTS FOR EXAMPLE 1

CCD - ikon-LR sCMOS - Zyvia 5.5
Bescription Time | Units Bescription Time | Units
Load 3 mice 20 sec Load 3 mice 24 seC
Set Imaging Egpt Motor 5 sec Set Imaging Eqpt Motor 5 sec
Positions (Shelf, Lens, F/A4, Positions (Shelf, Lens, F/4,
Em Filter), Turn on light Em Filter), Turm on light
Capturc White Light 1.00 | scc Captore White Light Image, | 1.00 | sec
Image, read-out included read-out included
Calculate Scan Pomts ~ 3 sec Calculate Scan Points 3 e¢
Previously Calibrated Previously Calibrated
databasc database
RO Sclection (user ROT Selection {user
dependent, doesn’t count) dependent, doesn’t count)
Set Imaging Eqpt Motor 3 sec S¢t Imaging Eqpt Motor 3 sec
Positions for Em Imaging Positions for Em Imaging
{Em Wheel, F/#), Laser On {(Em Wheel, F/4#), Laser On
Em Images Em Images
# points / mouse estimate 30 # points / mouse estimate 50
HExposure time cstimate per | 0.133 | see Exposure time estimate per | 0.110 | sec
mouse Nouse
Exposure time estimate per | .40 | sec Exposure time cstimate per | 6.33 | sec
3 mice (single image) 3 mice (single image)
Shutter Delay (Beginning | 0.04 | sec
and End}
Readout delav per wmage... | 8.27 Readout delay perimage... | 0.03 | sec
(Binning implhication, CCD {Binning tmplication, CCD
or CMOS) or CMOS)
Auto Exposure Method? 1.2 X Auto Exposure Mcethod? 1.2 X
{(How many exposure times factor {(How many exposure times factor
required per poit?) required per point?)
Total Em Time 426 | sec Total Em Time 238 isec
Set Imaging Ept Motor 3 sec Set Imaging Ept Motor 3 se¢
Positions for Ex Imaging Positions for Ex Iimaging
{Ex Whecl, F/#).Laser Pwr {Ex Wheel, F/#), Laser Pwr
Ex mmages Ex images
# points per moue 50 # pomts per moue estimate? | 50
cstimate?
HExposure time estimate per | 0,133 | See Exposure time estimate per | 0.110 | sec
mouse Nouse
Exposure time estimate per | 0.40 | Sec Exposure time cstimate per | 6.33
3 mice (single image) 3 mice (single image)
Readout delay per image 027 | Sec Readout delav per image 0.03
Shutter Delay 0.04 Sec
Auto Exposure Method? 1.2 X Auto Exposure Method? 1.2 X
(How many exposure timgs factor {(How many exposure times factor
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required per pomt?) required per point?)
Total Ex Time 42.6 Total Ex Time 238
HDR considerations 85.3
Set Surface Scan Ept 5 Sec Set Surface Scan Ept 5 ses
Surface Scan (Spectrum 3 Sec Surface Scan {Spectrum 3 sec
used as reference) used as reference)
Data Process (happeningw | O Data Process (happening w | 0
Scan or after the fact) Scan or after the fact)
Output Enage (no animal 194 sec Output Image (no animal 71 8ec
handiing handling
Example 2
3295] Example 2 13 a computational model that compares the times required to

obtain a tomographic image of three mice using (1) an SophiaB large format CCD camera and
(i) a Zvia 5.5 sCMOS camera. As in Example 1, the computational analvsis assumes that
cach mouse is scanned at 50 points at an object-lane resolution of approximately 300 microns
{um). The SophiaB CCD 1s a CCD camera that offers relatively fast read-out {16MHz in
companson with SMHz for the iKon-LR CCD camera of Example 1), Nevertheless, the
SophiaB CCD camera still perfonms read-out non-simultanecusly, and uses a CCD shutter.
Accordingly, the CCD camera of Example 2 stuill uses a relatively lengthy global exposure
time of 400 ms, which 1s ten times longer than its CCD shutter delay time (40 ms), as
required by the CCD shutter delay limit.  As with Example 1, the computation assumes HDR
mmaging is required. For the sCMOS camera, global exposure times of 300 ms and 30 ms are
used for the long and short duration HDR images, respectively.

3296} Table 2 shows the results of the computational model. Table 2 shows the total
time for obtaining tomographic images of the three mice to be approximately 139 s for the
CCD camera and approximately 71 s for the sSCMOS camera. The example shows that even

with a CCD camera that has a short read-out phase, the Hmitation on imaging speed that
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camera, 18 significant, and 1maging with the CCD camera takes approximately twice as long

as with the sCMOS camera.

TABLE 2: COMPUTATIONAL MODEL RESULTS FOR EXAMPLE 2

CCD - Sephia B

sCMOS - Zyla 8.5

Description Time | Units Description Time | Units
Load 3 mice 20 8ec Load 3 mice 20 seg
Set Imaging Eqpt Motor 5 seC Set Imaging Eqpt Motor 5 seC
Positions (Shelf, Lens, F/#, Positions (Shelf, Lens, F/#,

Em Filter), Tum on light Em Filter), Tum on light

Captuore White Light 100 |sec Capturc White Light 100 | sec
Image. read-out mcluded Image, read-out included

Calculate Scan Points - 3 sec Calculate Scan Points — 3 sec
Previously Calibrated Previously Calibrated

database database

ROI Selection {user ROI Selection (user

dependent, doesn’t count) dependent, docsn’t count)

Set Imaging Egpt Motor 3 sec Set Imaging Egpt Motor 3 sec
Positions for Em Imaging Positions for Em Imaging

{(Em Wheel, F/#), Laser On {Em Wheel, F/#), Laser On

Em Images Em Images

# points / mouse estimate 30 # points / mousc estimate 50
Exposure time estimate per | 0.133 | sec Exposure ime estimate per | 0.110 | sec
NMouse mouse

HExposure time estimate per | 040 | sec Exposure ime estimate per | 0.33 | sec
3 mice {single image) 3 mice {(single image)

Shutter Delay (Beginning | 0.04 | scc

angd Ead)

Readout delay per image... | 0.05 Readout delay perimage... | 0.03 | scc
{Binning implication, CCD (Bmning mphcation, CCD

or CMOS) or CMOS)

Auto Exposure Method? 1.2 X Auto Exposure Method? 1.2 X
{(How many exposure times factor (How many exposure times factor
required per point?) required per point?)

Total Em Time 291 | Sec Total Em Time 238 |sec
Set Imaging Ept Motor 3 sec Set Imaging Ept Motor 3 sec
Positions for Ex Iimaging Positions for Ex Imaging

{Ex Wheel, Fi#), Laser Pwr {Ex Wheel, F/#).Laser Pwr

Ex images Ex images

# points per moug estimate? | 50 # points per moug estimate? | 50
Exposure time estimate per | 0.133 | Sec Exposure ime estimate per | 0.110 | sec
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DIGUSEe mouse
Exposure time cstimate per | 040 | Sec Exposure time estimate per | 0.33
3 mice {single image) 3 mice {(single image)
Readout delay per image 0.05 1 Sec Readout delay per image 0.03
Shutier Delay 0.04 | Sec
Auto Exposure Method? 12 X Auto Exposure Method? 12 X
(How many exposurg times factor {(How many exposure times factor
required per pont?) required per point?)
Total Ex Time 29.1 Total Ex Time 23.8
HDR considerations 382
Set Surface Scan Ept 5 Sec Set Surface Scan Ept 3 seC
Surface Scan (Spectrum 3 Sec Surface Scan {Spectrum 3 seC
used as reference) used as reference)
Data Process (happeningw | O Data Process (happening w | 0
Scan or after the fact) Scan or afier the fact)
Cutput Image (no animal 139 sec Cutput Image (no animal 71 sec
handiing handling

Example 3
[06297] Example 3 is a computational model that compares the times required to

obtain a tomographic image of three mice using the two CCD cameras of Examples 1 and 2,
but with global exposure times as low as 30 ms, as can be achieved using the synchronized
thumination approaches descnibed herem. The two CCD cameras are (i) the SophiaB large
format CCD camera and (it} the iKon-LR CCD camera. As in Examples 1 and 2, the
computational analysis assumes that each mouse 1s scanned at 50 pomts at an object-lane
resolution of approximately 300 microns (uum}). The read-out rate for the SophiaB CCD isa s
16MHz, as in Example 2, and the read-out rate of the iKon-LR CUD camera is S MHz, as in
Example 1. As with Examples 1 and 2, the computation assumes HDR imaging is required.
Accordingly, global exposure times of 300 ms and 30 ms are used for the long and short
duration HDR images, respectively.

[3298] Table 3 shows the results of the computational model. Table 3 shows the total
time for obtaining tomographic images of the three mice to be approximately 83 s for the

SophiaB CCD camera and approximately 137 s for the iKon-LR CCD camera. The example
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shows that significant improvements in imaging speed can be obtained using the short global

exposure times provided by the systems and methods described herein.

TABLE 3: COMPUTATIONAL MODEL RESULTS FOR EXAMPLE 3

Sophia B iKon-LR
Bescription Time | Units Description Time | Units
Load 3 mice 20 56¢ Load 3 mice 2 sec
Set Imaging Eqgpt Motor 5 sec Set Imaging Egpt Motor 5 8ec
Positions (Shelf, Lens, F/4, Positions (Shelf, Lens, F/A#,
Em Filter), Tum on hght Em Filter), Twrn on light
Capture White Light 100 |sec Capture White Light 100 |sec
Image, read-out included Image, read-out inclhuded
Calculate Scan Potnts ~ 3 e¢ Calculate Scan Pomts ~ 3 sec
Previously Calibrated Previously Calibrated
database database
ROI Selection {user RO Selection (user
dependent, doesn’t count) dependent, docsn’t count)
S¢t Imaging Egpt Motor 3 sec Set Imaging Eqpt Motor 3 8€C
Positions for Em Imaging Positions for Em Imaging
{Em Wheel, F/#), Laser On {(Em Wheel, F/#), Laser On
Em Images Em Image
# points / mouse estimate 30 # pomnts / mouse estimate 50
Exposure time estimate per | 0.110 | sec Exposure time estimate per | 0.110 | sec
MOouse mouse
Exposure time cstimate per | 6.33 | sec Exposure time estimate per | $.33 | sec
3 micg (single tmage) 3 mice {single image)
Shutter Delay (Beginning | 0.04 | sec Shutter Delay (Beginning | .04
and End) and End)
Readout delay per image... | 0.05 Readout delay permmage... | 027 | sec
(Binming implication, CCD (Binning immplication, CCD
or CMOS) or CMOS)
Auto Exposare Method? 1.2 X Auto Exposure Method? 12 X
{(How many exposure times factor {(How many exposure times factor
required per point?) required per pomnt?)
Total Em Time 3.0 | Sec Total Em Time 371 1sec
Set Imaging Ept Motor 3 se¢ Set Imaging Ept Motor 3 sec
Positions for Ex Imaging Positions for Ex Imaging
{(Ex Wheel, F/#) Laser Pwr {Ex Wheel, F/#).Laser Pwr
Ex images Ex imases
# pownts per moue estimate? | 50 # points per moue estimate? | 50
Exposure time estimate per | 0.116 | Sec Exposure time estimate per | .110 | sec
mouse Mouse
Exposure time estimate per | 033 | Sec Exposure time ostimate per | 0.33
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3 mice (single image)

3 mice {single image)

Readout delay per image 005 | Sec Readout delay per image 0627
Shutter Delay 0.04 | Sec Shutter Delay 0.04

Auto Exposure Method? 1.2 X Auto Exposure Method? 1.2 X
{(How many exposure times factor {(How many exposure times factor
required per point?) required per pomnt?)

Total Ex Time 30.0 Total Ex Time 57.1

HDR considerationg HDR considerations

Set Surface Scan Ept 5 Sec Set Surface Scan Ept 5 36C
Surface Scan (Spectrum 3 Sec Surface Scan (Spectrum 3 8¢
used as reference) used as reference)

Data Process (happening w | O Data Process (happening w | 0

Scan or after the fact) Scan or after the fact)

Output bnage (no animal 83 sec Output fmage (no animal 137 sec

handling

handling

[0299]

Example 4 illastrates various CCD camera settings that can be adjusted to

improve the dynamic range in HDR imaging and used in accordance with the HDR mmaging

approach described herein to avoid blooming artifacts in CCD HDR imaging. Example 4

also shows acquired HDR image sets that demonstrate the approach for avoiding blooming

artifacts.

[0300]

Table 4 shows specifications and dynamic ranges for an iKon-LR CCD

camera for standard and HDR modes and a range of gain settings and binning levels, As

shown in the table, the dynamic range improvement offered by HDR imaging is substantial

when on-chip binning is used. In the table, the standard dynamic range 1s the A/D

digitization saturation limit over the read noise (representing the noise floor) and the HDR

dynamic range is the lower of {1} the output node capacity saturation Hmit or (1) the full well

capacity saturation himit over the read noise.
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TABLE 4: DYNAMIC RANGE OF AN iKon-LR CCD UNDER STANDARD AND

HDR IMAGING MODES

Gam {Bin BN | Gan | RN Saturation Saturation | Standard | HDR
Setting (DN} | (e~ {e-} | Counts (DN} | e- Dynamic | dynamic

/DN Range range

{bit) (bit}

1 i 356 |38 13.53 | 39893 1515934 1345 1343

] 8 354 |38 13.45 | 64000 243200 i4.14 1486

2 i 619 |19 11.76 | 62450 118655 13.30 13.52

2 8 6503 | 1.9 11.46 | 61500 116850 13.32 15.09

3 i 1221109 10.99 | 59000 533100 12.24 1362

3 8 1198109 10.79 | 56500 50850 12.20 15.18
[0301] FIG. 10 shows a short exposure tmage {500 ms exposure) and a long exposure

tmage (5 s exposure} of a HDR wtmage set, along with a displayed HDR image (HDR). The
displaved HDR image represents a combination of the short and long exposure images. The
long and short exposure images were acquired expenimentally by detecting laser hight
(illomination light) transmitted through a tissuc-muimicking phantom in a trans-itlumination
geometry. As shown, the HDR image captures both (1) the high-inteosity signal distribution
in the middle of the phantom and also (it} the low-intensity signal distribution in the bottom
and top portions of the phantom, and also the surrounding regions. 3 shows the results of the
computational model. The high-intensity signal variations are captured in the low exposure
tmage of the HDR image set, while the low-intensity signal variations are captured in the
long duration exposure image. The exposure fime, 5 s, of the fong exposure image was

adjusted to avoid blooming artifacts. In particular, the exposure time of the long exposure
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image was adjusted such that the A/D digttization saturation limit was exceeded {as shown,
for a majority of the image pixels), but neither (1) the full well capacity saturation hinut nor

(i1} the output node capacity saturation limit of the CCD camera were exceeded.

£, Tomographic Imaging via Beam Scanning

3302} In some embodiments, by allowing a beam of excitation light to be scanned
through a plurality of focations within a scan region while maintaining small spot sizes, the

approaches described above provide for rapid tomographic imaging over a wide figld of view.

[6303] FIG. 11 shows an example process 1100 for imaging one or more subjects
positioned across the object plane using the beam scanming approaches described herem. In
some crmbodiments, in a first step 1110, a beam of cxeitation hight is scanned across the scan
region 116 as described above with regard to FIG. 1A and FIG. 1B, The beam of excitation
light may be appropriately shaped using any of the beam shaping approaches described in the
previous sections in order to mamtain a desired spot size across the scan region 116,

6304] As the beam of excitation light is directed to a particular excitation location
within the scan region, it Hhuminates a given subject positioned in the path of the beam of
exeitation hight at a corresponding tHumination location on the surface of the subject. As
discussed previously, light incident on the surface of the subject ditfuscs within the subject,

and excites fluorescent species within the subject, causing emission of fluorescent light.

[3305] In some embodiments, as the beam of ¢xcitation light is directed from
excitation location to excitation location across the scan region, one or more detectors detect
fluorescent light emitted from within a given subject, as a result of excitation of fluorescent
species within the subject (1120). The one or more detectors may be aligned in an epi-

iHhumination geometry or in a transillumination geometry.
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FIG. 1A and FIG. 1B illustrate an example of the transillumination geometry, showing a
detector 120 positioned at an opposiie side of the object plane from the scanning optical
galvanometer. Fluorescent light is typically emitted in various directions, and the portion of
the emitted fluorescent light 1183, 118b, 118¢ from cach of three subjects 114a, 114b, 114¢

that 1s detected by the detector is illustrated.

[0306] In some embodiments, the one or more detectors detect fluorescent hight as the
ong or more subjects are illuminated. In some embodiments, a focal plane arrav (FPA)
comprising a plurality of pixels that is aligned to image the entire scan region is used.
Examples of FPA detectors include CCD cameras, CMOS cameras, and other detectors
comprising a plurality of pixels. Fluorescent light incident on FPA detectors 1s detected by
the plurality of pixels, such that a fluorescence cmission tmage that represents the intensity
distribution of the flucrescent light incident across the detector area can be recorded. In some
embodiments, a bundle of fibers can be arranged to function similar to a FPA detector, and
used to record a 213 emission image. Fibers of the bundle can be aligned such that their
proximal (input) ends collect emitted fluorescent light at a plurality of locations. Each fiber
can be aligned {e.g., attached} at is opposite, distal, end to a corresponding single element
detector, which detects light that is collected by the fiber proximal end and guided along the
length of the fiber to illuminate the active arca of the detector. In this manner, each fiber of
the bundle functions sinularly to a pixel of an FPA detector, and the bundle, along with the
multiple single element detectors, used to record an emission image.

[G307] In some embodiments, as the beam of excitation light is scanned, a plurality of

fluorescence emission images are recorded by the one or more detectors {e.g., using an FPA .

¢.g.. using multiple detectors of a fiber bundle).
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[3308] In some embodiments, a fluorescence emission mmage is recorded for each
discrete excitation location. Each fluorescence emission image recorded in this manner thus
is associated with a distinct excitation location and represents fluorescent light emitted in
response o illuminating one or the ong or more subjects by directing the beam of excitation

light to the associated exeitation location.

[6349] In some embodiments, data corresponding to the detected Hluorescent light 1s
reccived and/or accessed (1130) by a processor of a computing device and used {o obtain
{c.g., compute) one or more tomographic images of the one or more subjects {1140). For
cxample, tomographic images may be computed (¢.g., via tomographic reconstruction
techniques} using the fluorescence emission images recorded for each of the discrete
cxeitation locations. In particular, in some embodiments, a tomographic image for each of

ong or more subjects positioned across the scan region can be obtained.

16314 For example, wherein multiple subjects are imaged, each subject can be
associated with a portion of the fluorescence emission images. In particular, when multiple
subjects are positioned across the scan region, each subject can be associated with a ditferent
portion of the exeitation locations within the scan region. For example, if three subjects are
imaged, a first subiect is posttioned such that it is tlluminated when the beam of excitation
light is directed to each of a first portion of the plurality of excitation locations. Accordingly,
the first subject 1s associated with the first portion of excitation locations. The second subject
is similarly associated with a second portion of the excitation locations, and the third subject

similarly associated with a third portion of the exeitation locations.

[6311] Accordingly, for a given subject, the fluorescence emission images that are
recorded for excitation locations associated with the subject can be identified, and used as

input to tomographic reconstruction techniques in order to obtain a tomographic image of the
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given subject. This process can be repeated for cach subject positioned across the scan

region.

¥, Computer Systen and Network Architecture

3312} As shown in FIG. 6, an implementation of a network environment 6068 for use
in providing systems and methods for rapid imaging with a CCD camera by synchronizing
tHhumination with the image acquisition sequence of the CCD camera described herein is
shown and described. In brief overview, referring now to FIG. 6, a block diagram of an
exemplary cloud computing environment 606 is shown and described. The cloud computing
environment 680 may inchide one or more resource providers 682a, 602k, 602¢ {(collectively,
602). Each resource provider 602 may include computing resources. In some
tmplementations, computing resources may include any bardware and/or software used to
process data. For example, computing resources may imchide hardware and/or software
capable of executing algorithms, computer programs, and/or computer applications. In some
implementations, cxemplary computing resources may include application servers and/or
databases with storage and retrigval capabilitics. Each resource provider 682 may be
connected to any other resource provider 602 in the cloud computing environment 66¢. In
some implementations, the resource providers 602 may be connected over a computer
network 608, Hach resource provider 662 may be connected to one or more computing
device 684a, 604h, 604c (collectively, 684), over the computer network 608,

{6313} The cloud computing environment 600 may inchide a resource manager 606.
The resource manager 606 may be connected to the resource providers 662 and the
computing devices 604 over the computer network 608, In some implementations, the
resource manager 686 may facilitate the provision of computing resources by one or more
resource providers 602 to one or more computing devices 644, The resource manager 606
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may receive a request for a computing resource from a particular computing device 684, The
resource manager 606 may identify one or more resource providers 602 capable of providing
the computing resource requested by the computing device 604, The resource manager 606
may select a resource provider 682 to provide the computing resource. The rescurce manager
666 may facilitate a connection between the resource provider 682 and a particular
computing device 604, In some implementations, the resource manager 606 may establish a
connection between a particular resource provider 682 and a particular computing device
&34 In some implementations, the resource manager 686 may redirect a particular
computing device 604 to a particular resource provider 682 with the requested computing
resource.

{6314} FIG. 7 shows an example of a computing device 768 and a mobile computing
device 730 that can be used to implement the techniques described in this disclosure. The
computing device 700 is intended to represent various forms of digital computers, such as
laptops, desktops, workstations, personal digital assistants, servers, blade servers,
mainframes, and other appropriate computers. The mobile computing device 738 is intended
to represent various forms of mobile devices, such as personal digital assistants, cellular
telephones, smart-phones, and other simiar computing devices. The components shown
here, their connections and relationships, and their functions, are meant to be examples only,
and are not meant to be imiting,

[06315] The computing device 700 mcludes a processor 782, a memory 704, a storage
device 786, a high-speed interface 708 connecting to the memory 784 and muldtiple high-
speed expansion ports 710, and a low-speed interface 712 connecting i a low-speed
expansion port 714 and the storage device 706. Each of the processor 782, the memory 764,

the storage device 706, the high-speed interface 708, the high-speed expansion ports 719, and
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the low-speed tmierface 712, are nterconnected using varicus busses, and may be mounted on
a common motherboard or 1n other manners as appropriate. The processor 702 can process
nstructions for cxecution within the computing device 766, including instructions stored in
the memory 784 or on the storage device 706 to display graphical information for a GUl on
an external input/output device, such as a display 716 coupled to the high-speed mterface
768. In other implementations, multiple processors and/or multiple buses may be used, as
appropriate, along with multiple memorics and types of memory. Also, multiple computing
devices may be connected, with cach device providing portions of the necessary operations
(e.g., as a server bank, a group of blade servers, or a multi-processor system).  Thus, as the
term 15 used herein, where a plurality of functions are described as being performed by “a
processor”, this encompasses embodiments wherein the plurality of functions are performed
by any number of processors (one or more} of any namber of computing devices (one or
more). Furthermore, where a function 1s described as being performed by “a processor”, this
encompasses embodiments wherein the function 1s performed by any number of processors
{one or more) of any number of computing devices {one or morg) (e.g., 1n a distnbuted
computing system).

6316} The memory 704 stores information within the computing deviee 780, In
some implementations, the memory 704 is a volatile memory unit or units. In some
mmplementations, the memory 704 is a non-volatile memory unit or anits. The memory 734
may also be another form of computer-readable medium, such as a magnetic or optical disk.
[6317] The storage device 786 is capable of providing mass storage for the computing
device 780, In some implementations, the storage device 7086 may be or contain a computer-
readable medium, such as a floppy disk device, a hard disk device, an optical disk device, or

a tape device, a flash memory or other similar solid state memorv device, or an array of
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devices, including devices in a storage area network or other configurations. Instructions can
be stored m an information carrier. The mstructions, when executed by one or more
processing devices (for example, processor 782}, perform one or more methods, such as those
described above. The instructions can also be stored by ong or more storage devices such as
computer- or machine-readable mediums (for example, the memory 704, the storage device
706, or memory on the processor 702).

16318} The bigh-speed interface 768 manages bandwidth-mtensive operations for the
computing device 78, while the low-speed interface 712 manages lower bandwidth-
intensive operations. Such allocation of functions is an example only. In some
tmplementations, the high-speed interface 708 is coupled to the memory 704, the display 716
{c.g., through a graphics processor or accelerator), and to the high-speed expansion ports 710,
which may accept various expansion cards {not shown). In the implementation, the low-
speed interface 712 1s coupled to the storage device 706 and the low-speed expansion port
714. The low-speed cxpansion port 714, which may include various communication ports
(e.g., USB, Blustooth®, Ethemet, wircless Ethermnet} may be coupled to one or more
nput/output devices, such as a kevboard, a pomnting device, a scanner, or a networking device
such as a switch or router, ¢.g., through a network adapter.

{6319} The computing device 780 may be implemented in a number of different
forms, as shown in the figure. For example, it may be implemented as a standard server 720,
or multiple times 1 a group of such servers. o addition, it may be implemented in a personal
computer such as a laptop computer 722, It may also be implemented as part of a rack server
system 724. Alternatively, components from the computing device 708 may be combined
with other components in a mobile device (not shown), such as a mobile computing device

758, Each of such devices may contain one or more of the computing device 780 and the
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mobile computing device 758, and an entire system: may be made up of multiple computing
devices communicating with each other.

6320} The mobile computing device 750 includes a processor 752, a memory 764, an
input/output device such as a display 754, a communication mterface 766, and a transceiver
768, among other components. The mobile computing device 758 may also be provided with
a storage device, such as a micro-drive or other device, to provide additional storage. Each of
the processor 782, the memory 764, the display 754, the communication interface 766, and
the transceiver 768, are interconnected using various buses, and several of the components
may be mounted on a common motherboard or in other manners as appropriate.

6321} The processor 782 can execute instructions within the mobile computing
device 750, including instructions stored in the memory 764. The processor 752 may be
tmplemented as a chipset of chips that include separate and multiple analog and digital
processors. The processor 752 may provide, for example, for coordimation of the other
components of the mobile computing device 756, such as control of user interfaces,
applications run by the mobile computing device 738, and wireless communication by the
mobile computing device 750,

[3322] The processor 752 may communicate with a user through a control interface
758 and a display interface 756 coupled to the display 754, The display 754 may be, for
example, a TFT (Thin-Film-Transistor Liguid Crystal Display) display or an OLED {(Organic
Laght Ematting Diode) display, or other appropriate display technology. The display mterface
756 mav comprise appropriate circuitry for driving the displav 754 to present graphical and
other mformation to a user. The control interface 758 may receive commands from a user
and convert them for submission to the processor 732, In addition, an external mierface 762

may provide communication with the processor 752, so as to enable near arca communication
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of the mobile computing device 756 with other devices. The external interface 762 may
provide, for example, for wired communication in some implementations, or for wircless
compunication in other implementations, and mukltiple intertaces may also be used.

16323} The memory 764 stores information within the mobile computing device 750.
The memory 764 can be mnplemented as one or more of a computer-readable medium or
media, a volatile memory umit or units, or a non-volatile memory umit or units. An expansion
memory 774 may also be provided and connecied to the mobile computing device 756
through an expansion interface 772, which may include, for example, a SIMM (Single In
Line Memory Module) card miterface. The expansion memory 774 may provide extra storage
space for the mobile computing device 758, or may also store applications or other
information for the mobie computing device 758, Specifically, the expansion memory 774
may include tastructions to carry owl or supplement the processes described above, and may
include secure information also. Thus, for example, the expansion memory 374 may be
provide as a secunity module for the mobile computing device 750, and may be programmed
with instructions that permit secure use of the mobile computing device 786, In addition,
secure applications mav be provided via the SIMM cards, along with additional information,
such as placing identifying information on the SIMM card 1n a non-backable manner.

6324} The memory may include, for cxample, flash memory and/or NVRAM
memory {non-volatile random access memory), as discussed below. In some
mmplementations, structions are stored in an mformation carrier. that the instructions, when
gxecuted by one or more processing devices (for example, processor 752}, perform one or
more methods, such as those described above. The mstructions can also be stored by one or
more storage devices, such as one or more computer- or machine-readable mediums (for

cxample, the memory 764, the expansion memory 774, or memory on the processor 7582). In
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some implementations, the wnstructions can be received in a propagated signal, for example,
over the transceiver 768 or the external interface 762,

[G325] The mobile computing device 750 may conumunicate wirclessly through the
communication interface 766, which may include digital signal processing circuitry where
necessary. The communication interface 766 may provide for commumications under various
modes or protocols, such as GSM voice calls (Global System tor Mobile commumications),
SMS (Short Message Serviee), EMS (HEohanced Messaging Service), or MMS messaging
(Multimedia Messaging Service}, CDMA (code division mudtiple access), TDMA (fime
division multiple access), PDC (Personal Digital Cellular), WCDMA (Widehand Code
Division Multiple Access), CDMAZ000, or GPRS (General Packet Radio Service), among
others. Such communication may occur, for example, through the transceiver 768 using a
radio-frequency. In addition, short-range communication may occur, such as using a
Bluetooth®, Wi-Fi™ or other such transceiver {not shown}. In addition, a GPS {Global
Positioning System) receiver module 778 may provide additional navigation- and location-
related wireless data to the mobile computing device 750, which may be used as appropriate
by applications running on the mobile computing device 750,

[63326] The mobile computing device 750 may also communicate audibly using an
audio codec 768, which may receive spoken mformation from a user and convert it to usable
digital mformation. The audio codec 768 may likewise generate audible sound for a user,
such as through a speaker, ¢.g., in a bandset of the mobile computing device 758, Such sound
may include sound from voice telephone calls, may include recorded sound {e.g., voice
messages, music files, etc.y and may also include sound generated by applications operating

on the mobile computing device 750,
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16327} The mobile computing device 758 may be wmplemented in a mumber of
different forms, as shown in the figure. For example, it may be implemented as a cellular
telephone 780, It may also be implemented as part of a smart-phone 782, personal digital
assistant, or other sumilar mobile device.

[6328] Various implementations of the systems and techniques described here can be
realized n digntal electronic circuitry, integrated circuitry, specially designed ASICs
(application specific integrated circuits), computer hardware, fitmware, software, and/or
combinations thereof. These various implementations can include implementation in one or
more computer programs that are executable and/or mterpretable on a programmable system
including at least one programmable processor, which may be special or gencral purpose,
coupled to receive data and instructions from, and to transmit data and instructions to, a
storage system, at least one input device, and at least one output device.

3325} These computer programs {also known as programs, software, software
applications or code) include machine instructions for a programmable processor, and can be
implemented in a high-level procedural and/or object-oriented programming language, and/or
in assernbly/machine language. As used herein, the terms machime-readable medium and
computer~readable medium refer to any computer program product, apparatus and/or device
{c.g., magnetic discs, optical disks, memory, Programmable Logic Devices (PLDs)) used to
provide machine instructions and/or data fo a programmable processor, including a machine-
readable medium that receives maching instructions as a machime-readable signal. The torm
machine-readable signal may refer to any signal used to provide machine instructions and/or
data to a programmable processor.

3330} To provide for interaction with a user, the systems and techniques described

here can be implemented on a computer having a display device {c.g., a CRT (cathode ray
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tube) or LCD Ciguid crystal display) monitor) for displaying information to the userand a
kevboard and a pomting device {¢.g., a mouse or a trackball) by which the user can provide
input to the computer. Other kinds of devices can be used to provide for interaction with a
user as well; for example, feedback provided to the user can be any form of sensory feedback
{¢.g., visual feedback, auditory feedback, or tactile feedback); and input from the user can be
recetved m any form, including acoustic, speech, or tactile input.

106331} The systems and technigues described here can be implemented in a
computing system that includes a back end component {¢.g., as a data server), or that includes
a middleware component (¢.g., an application server), or that includes a front end component
{c.z., a client computer having a graphical user interface or a Web browser through which a
user can interact with an implementation of the systems and techniques described here), or
any combination of such back end, muddleware, or front end components. The components
of the system can be imterconnected by any form or mediom of digital data communication
{c.g., a communication network). Examaples of communication networks include a local arca
network (LAN), a wide arca network (WAN), and the Intemet.

6332} The computing system can include clients and servers. A client and server are
gencrally remote from cach other and typically mteract through a convnunication network.
The relationship of client and server arises by virtue of computer programs nunaing on the
respective computers and having a client-server relationship to each other.

3333} In some implementations, any modules described herein can be separated,
combined or incorporated into single or combined modules. Any modules depicted in the
figures are not mtecnded to it the systems described herein to the software architectures

shown therein.
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[3334] Elements of different tmplementations described herein may be combined to
form other implementations not specifically set forth above. Elements may be left out of the
processes, computer programs, databases, ete. described herein without adversely affecting
their operation. In addition, the logic flows depicted 1n the figures do not require the
particular order shown, or sequential order, to achigve desirable results. Various separate
clements may be combined mto one or more individual elements to perform the functions
described herein. In view of the structure, functions and apparatus of the systems and
methods described here, in some implementations.

3335} Throughout the description, where apparatus and svstems are described as
having, including, or comprising specific components, or where processes and methods are
described as having, including, or comprising specific steps, it is conternplated that,
additionally, there are apparatus, and systems of the present disclosure that consist essentially
of, or consist of, the recited components, and that there are processes and methods according
1o the present disclosure that consist essentially of, or consist of, the recited processing steps.
3336} It should be understood that the order of steps or order for performing certain
action is immaterial so long as the embodiments described herein remain operable.
Moreover, two or more steps or actions may be conducted simultancously.

16337} While embodiments described heremhave been particularly shown and
described with reference to specific preferred embodiments, it should be understood by those
skilled in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the embodiments described herein as defined by the

appended claims,
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‘What is claimed is:

1. A method for synchromizing ilamination of one or more object(s) o be imaged with a
global exposuore phase of a CCD camera for rapid image acquisition by the CCD camera, the
method comprising;

{(a) directing a beam of iHumination light emitted from an output of an
itlemination source 1o a source galvanometer mirror, wherein the scurce galvanometer mirror
is operable to rotate through a plurality of angles;

{b) automatically adjusting the source galvanometer mirror for alignment at a
plurality of rotation angles comprising a first rotation angle and a second rotation angle,
wherein, at the first rotation angle, the source galvanometer mirror 1s aligned to reflect the
beam of ilumination light to direct it to one or more object(s) to be imaged thereby
itluminating the one or more object{s}, and at the sccond rotation angle, the source
galvanometer mirror is aligned to reflect the beam of humination light to divect it away from
the one or more object(s} to be imaged such that the one or more object(s) is/are not
tlluminated; and

{c) acguiring ong or more images with the CCD camera, wherein:

the CCD camera is aligned and operable to (1) detect light emitted from the
one or more object(s) as a result of illumination of the one or more object(s) by the
beam of tHumination light and/or {11} detect illumination light transmitted through or
reflected by the one or more object(s), and
acquiring each of the one or more images comprises:
(A}  respousive to a first trigger signal mdicating a start of a global

exposure phase of the CCD camera, rotating the source galvanometer mirror to
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the first rotational angle such that during the global exposure phase of the
CCD camera the one or more object(s) 1s/are tllumunated with the beam of
ilomination light; and

(B)Y  responsive o a second trigger signal indicating an end of the
global exposure phase of the CCD camera, rotating the galvanometer mirror fo
the second rotational angle such that when the CCD camera is not in the global
exposure phase, the one or more object(s) is/are not iHluminated with the beam
of thumination light,

thereby synchronizing illomination of the one or more object(s) with
the global exposure phase of the CCD camera for rapid image acquisition by

the CCD camera.

2. The method of claim I, wherein a duration of the global exposure phase of the CCD
camera for cach of the one or more acquired images 15 less than or approximately equal 1o

400 ms.

3 The method of cither of claims 1 or 2, wherein a duration of the global exposure

phase of the CCD camera is less than 10 times a shutter delay time of the CCD camera.

4. The method of any one of claims 1 to 3, wherein a duration of the global exposure

phase of the CCD camera is less than 10 times a read-out time of the CCD camera.

5. The method of anv one of claims 1 to 4, wherein the CCD camera comprises at [east

256 by 256 detector pixels.
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6. The method of anv one of claims 1 to 5, wherein a size of a sensor array of the CCD
camera is greater than or approxamately equal to 1/2 inch along at least a first and/or a second

dimension.

7. The method of any one of claims 1 to 6, wherein a field of view of the CCD camera is
greater than or approximately equal to 100 mom along at lcast a first and/or a second

dimension.

8. The method of any one of claims 1 to 7, wherein an output power of the illamination

source is greater than or approximately equal to 100 mW.

9. The method of any one of claims 1 to §, wherem a settling time of the illumination

source is greater than or approximatelyv equal to 1 second.

10, The method of any one of claims 1 to 9, wherein a light level at a sensor array of the
CCD camera when the CCD camera is not in a global exposurc phase 1s less than or

approximately equal to a noise floor of the CCD camera.

11, The method of any onc of claims 1, wherein acquiring cach of the ong or more images
in step (¢} comprises providing, by a first processor of a computing device, an image
acquisition signal to the CCD camera to initiate the global exposure phase of the CCD

camera.
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12. The method of claim 1, wherein:

automatically adjusting the source galvanometer mirror in step (b) comprises
providing, by a source galvanometer controlier module, a rotational signal to the source
galvanometer mirror wherein variation of a value of the rotational signal varies the rotational
angle of the source galvanometer mirror, such that when the rotational signal has a first
rotational signal value the source galvanometer mirror is rotated to the first rotational angle
and when the rotational signal has a sccond rotational signal value the source galvanometer
mirror i rotated 1o the second rotational angle;

at substep (A} of step {¢), the source galvanometer controller module receives the first
trigger signal and, responsive to receipt of the first trigger signal, adjusts the value of the
rotational signal to the first rotational signal value, thereby rotating the source galvanometer
mirror to the first rotational angle; and

at substep (B} of step (¢}, the source galvanometer controller module receives the
second trigger signal and, responsive to receipt of the second trigger signal, adjusts the value
of the rotational signal to the second rotational signal value, thereby rotating the source

galvanometer mirror to the second rotational angie.

13. The method of claim 12, wherein:
automancally adpusting the source galvanometer mirror in step {b) comprises:
receiving, by the source galvanometer controlier module, a CCD output signal
from the CCD camera; and
adjusting, by the source galvanometer controller module, the value of the
rotational signal based on a value of the received CCD output signal;

the first trigger signal corresponds to a first vanation in the CCD output signal; and
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the second trigeer signal corresponds to a second vanation in the CUD output signal.

14, The method of any one of claims 1 1o 13, wherein the source galvanometer mirror and
the tllumination source are housed within a source housing and wherein the source
galvanometer mirror is aligned such that: (i} at the first rotational angle, the beam of
itlumination light is reflected by the source galvanometer mirror, through an exit port of the
source housing and (i1} at the second rotational angle, the beam of Humination light is

directed to a beam dump within the source housing,.

15, The method of any one of claims 1 to 14, wherein the tlumination source, the source
galvanometer mirror, the one or more object{s}), and the CTD camera arc housed within an
optical system housing that s substantially opague to ambient hight, thereby hnmiting the

amount of ambient hight incident on a sensor array of the CCD camera.

16, The method of any one of claims | to 15, comprising:

automaticaliv opening and closing a laser shutter positioned in a path of the beam of
tHumination light from the illumination source to the one or more object(s), wherein when the
lager shutter is open, the beam of illuminating hight is allowed to pass through the laser
shutter, and when the laser shutter is closed, the beam of llumination hight is blocked by the
faser shutter;

at substep (A} of step (¢}, responsive 1o the first trigger signal indicating the start of
the global exposure phase of the CCD camera, opening the laser shutter at substantially the

same time when rofating the source galvanometer mirvor to the first rotational angle; and
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at substep (B) of step (¢}, responsive to the second trigger signal indicating the end of
the global exposure phase of the CCD camera, closing the laser shutter at substantially the

same time when rotating the source galvanometer mirror to the second rotational angle.

17. The method of claim 16, wherein:

automaticaliv opening and closing the laser shutter comprises providing, by a source
laser shutter controller module, a laser shutter signal to the laser shutter, wherein variation of
a value of the laser shutter signal causes opening and/or closing of the laser shutter, such that
when the laser shotter signal has a first laser shutter signal value the laser shutter is open and
when the laser shutter signal has a second laser shutter signal value the laser shutter 1s closed;

at substep (A) of step (¢}, the laser shutter controller module receives the first trigger
signal and, responsive to receipt of the first trigger signal, adiusts the value of the laser
shutter signal to the first laser shutter signal value, thereby opening the laser shutter; and

at substep (B) of step (¢). the laser shutter controlier module receives the second
trigger signal and, responsive to receipt of the second trigger signal, adjusts the value of the

laser shutter signal to the second laser shutter signal value, thereby closing the laser shutter.

18.  The method of claim 17, wherein automatically opening and closing the laser shuiter
comprises:

recetving, by the laser shutter controller module, the CCD output signal from the
CCD camera; and

adjusting, by the laser shutter controller module, the value of the laser shutter signal

based on the value of the received CCD output signal.
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19.  The method of any one of claims 16 to 18, wherein:

the source galvanometer mirror and illumination source are housed within a source
housing and wherein the source galvanometer mirror is aligned such that: (3} at the first
rotational angie. the beam of iflumination light is reflected by the galvanometer mirror,
through an exit port of the source housing and (i1} at the second rotational angle, the beam of
itlumination light is directed to a beam dump within the source housing: and

the laser shutter is positioned at the exit port such that when the laser shutter is closed
the beam of ifhumination light is prevented from passing through the exit port.
20, The method of anv one of claims 1 to 19, wherein acquiring the one or more images
in step (¢} comprises acquiring one or more high dynamic range (HDR) image sets, cach
HDR image set corresponding to a specific ilhimimation location or a set of one or more
ithumination locations on the one or more object{s) and comprising a short exposure image
and a long exposure image, wherein, for cach HDIR image sct:

the short exposure image is acquired by detecting emitted light and/or illumination
light transmitied through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD,

the long cxposure image 1s acquired by detecting emitted light and/or ilumination
hight transmitted through or reflected by the one or more object(s) during a long duration
global exposure phase of the CCD, the long duration global exposure phase of the CCD
lasting longer than the short duration global exposure phase, and

both the short exposure image and long exposure image of the given HDR image set
are acquired by detecting emitted hight and/or iHumimation light transmitted through or

reflected by the object as a result of dlumination of the one or more object(s) by the beam of
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ithumination light at a same specific ilumination location or set of illumination locations to

which the HDR image set corresponds.

21, The method of any one of claims 1 to 20, comprising:

directing the beam of illamination light to a plurality of illamination locations on the
ong or more object{(s};

at step (¢}, acquiring a plurality of images with the CCD camera, cach mmage
corrgsponding to a particular set of one or more dhumination locations of the plurality of
ilemunation locations and representing (i) detected enutted light from the ong or more
obicct{s) as a result of Ulumination of the one or more object(s) at the comresponding
particolar set of one or more iHlununation location{s) and/or (1t} detected tHumination light
transmitted through or reflected by the one or more object(s) following llumination of the
ong or more object(s} at the corresponding set of one or more tlumunation location(s);

receiving and/or accessing, by a processor of a computing device, data corresponding
to the plarality of acquered mmages; and

creating, by the processor, one or more tomographic image(s) of the one or more

object(s) using the data corresponding to the plurality of acquired images.

22, The method of claim 21, comprising using a galvanometer optical scanner to direct

the beanm of illumination light to the plurality of illumination locations on the one or more

object(s}.
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23, 'the method of cither of claims 21 or 22 wherein the plurality of acquired images
comprises at least 100 wmages, all of which are acquired 1n at time less than or approximately

cqual to 200 ms.

24, A method for synchronizing illumination of one or more object(s) with a global
exposure phase ot a CCD camera for rapid image acquisition by the CCD camera, the method
comprising:

{a) directing a beam of iHumination light emitted from an output of an
illemnation source through a laser shutter, to the one or more object(s) to be imaged;

{b) automatically opening and closing the laser shutter, such that when the laser
shutter is open, the beam of Humination light allowed to pass through the laser shutter,
thereby illuminating the one or more object(s), and when the laser shutter 15 closed, it blocks
the beam of illumination light, thereby preventing the one or more object{s} from being
iluminated with the beam of lumination Light; and

{c} acqriring ong or more images with the CCD camera, wheremn:

the CCD camera is aligned and operable to detect (i} light emitted from the
one or more object{s) as a result of tllumination of the one or more object{s) by the
beam of itHumination light and/or (i1} detect illumination light transmitted through or
reflected by the one or more object(s), and

acquiring each of the onc or more images comprises:

(A}  responsive to a first trigger signal indicating a start of the
global exposure phase of the CCD camera, opening the laser shutter such that
during the global exposure phase of the CCD camera the one or more object(s)

is/are illuminated with the beam of tHumination light; and
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(By  responsive to a second trigger signal indicating an end of the
global exposure phase of the CCD camera, closing the laser shutter such that
when the CCD camera is not in the global exposure phase the one or more
object{s) is/are not illuminated with the beam of illumination light,

thereby synchronizing tllumination of the one or more object(s} with
the global exposure phase of the CCD camera for rapid image acquisition by

the CCD camera.

25, 'The method of claim 24, wherein a doration of the global exposure phase of the CCD
camera for cach of the one or more acquired 1mages is less than or approximately equal to

400 ms.

26.  The method of either of claims 24 or 25, wherein a duration of the global exposure

phase of the CCID camera is less than 10 times a shutter delay time of the CCD camera.

27, The method of any one of claims 24 to 26, wherein a duration ot the global exposure

phase of the CCD camera is fess than 10 times a read-out time of the CCD camera.

28.  The method of any one of claims 24 to 27, wheremn the CCD camera comprises at

least 256 by 256 detector pixels.

29, The method of any one of claims 24 to 28, wherein a size of a sensor array of the
CCD camera is greater than or approximately equal to 1/2 mch along at least a first and/or a

second dimension.
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30. The method of any one of claims 24 to 29, wherein a field of view of the CCD camera
is greater than or approximately cqual to 100 mum along at least a first and/or a second

dimension.

3L The method of any one of claims 24 to 30, wheremn an output power of the

ihumination source is greater than or approximately equal to 100 mW.

32.  'The method of any one of claims 24 to 31, wherein a settling time of the illamination

source is greater than or approximately equal to 1 second.

33.  The method of any one of claims 24 to 32, wherein a light level at a sensor array of
the CCD camera when the CCD camera 18 not 1n a global exposure phase 1s less than or

approximately cqual to a noise floor of the CC camera.

34,  The method of any one of claims 24 to 33, wherein acquiring ¢ach of the one or more
tmages in step {¢) comprises providing, by a first processor of a computing device, an image
acquisttion signal to the CCD camera to initiate the global exposure phase of the CCD

camerd.

35, 'The method of any one of claims 24 to 34, wheren:
automatically opening and closing the laser shutter in step (b) comprises providing, by
a laser shutier controller module, a laser shutter signal to the laser shutter wherein variation of

a value of the laser shutter signal opens and closes the laser shutier, such that when the laser
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shutter signal has a first laser shutter signal value the laser shutter is open and when the laser
shutter signal has a second laser shutter signal value the laser shutter 1s closed,

at substep (A) of step (¢}, the laser shutter controller module receives the first trigger
signal and, responsive 1o receipt of the first trigger signal, adjusts the value of the laser
shutter signal to the first laser shutter signal value, thereby opening the laser shutter; and

at substep (B} of step (¢}, the laser shutter controller module recetves the second
trigger signal and, responsive to receipt of the second trigger signal, adjusts the value of the

laser shutter signal to the second laser shutter signal value, thereby closing the laser shutter.

36. The method of claim 35 wherein:
automatically opening and closing the laser shutter in step (b} comprises:
receiving, by the laser shatter controller module, a CCD output signal from the
COD camera; and
adjusting, by the laser shutter controlier module, the value of the laser shutier
signal based on a value of the received CCD output signal;
the first trigger signal corresponds to a first vanation n the CCD output signal; and

the second trigger signal corresponds to a second varniation in the CCD output signal.

37.  The method of any one of claims 24 to 36, wherein the humination source is housed
within a source housing, the beam of ilunmunation light is directed to an exat port of the source
housing, and the laser shutter is positioned at the exit port such that when the laser shutter is

closed the beam of dlumination light is prevented from passing throwugh the exit port.
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38,  The method of any one of claims 24 to 37, wherein the ilumination source, the laser
shutter, the one or more object(s), and the CCD camera are housed within an optical system
housing that is substantially opague to ambient light, thereby hnuting the amount of ambient

light incident on a sensor array of the CCP camera.

39, The method of any one of claims 24 to 38, comprising:

automatically adjusting a source galvanometer murror that is positioned in a path of
the beam of illumination light from the illunmination source for alignment at a plarality of
rotation angles comprising a first rotation angle and a second rotation angle, wherein, at the
first rotation angle, the source galvanometer mirror is aligned to reflect the beam of
iHumination light to direct it to one or more object{s) to be imaged thereby tluminating the
ong or more object{s}, and at the second rotation angle, the source galvanometer mirror is
aligned to reflect the beam of illumunation hight to direct it away from the one or more
object(s} to be imaged such that the one or more object(s) 1s/are not illuminated;

at substep (A} of step (¢), responsive to the first trigger signal indicating the start of
the global exposure phase of the CCD camera, rotating the source galvanometer mirror to the
first rotational angle at substantially the same time when opening the laser shutier; and

at substep (B) of step {c}, responsive to the second trigger signal ndicating the end of
the global exposure phase of the CCD camera, rotating the source galvanometer mirror to the

second rotational angle at substantially the same time when closing the laser shutter,

40. The method of claim 39, wherein:
automatically adjusting the source galvanometer mirror comprises providing, by a

source galvanometer controller module, a rotational signal to the source galvanometer mirror
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wherein vanation of g value rotational signal varies the rotational angle of the source
galvanometer mirror, such that when the rotational signal has a fivst rotational signal value
the source galvanometer mirror is rotated to the first rotational angle and when the rotational
signal has a second rotational signal vahue the source galvanometer mireor is rotated to the
second rotational angle;

at substep (A) of step (¢}, the source galvanometer controller module receives the first
trigger signal and, responsive to receipt of the first trigger signal, adjusts the value of the
rotational signal to the first rotational signal value, thereby rotating the scurce galvanometer
mirror to the first rotational angle; and

at substep (B) of step (¢}, the source galvanometer controller module receives the
second trigger signal and, responsive to receipt of the second trigger signal, adjusts the value
of the rotational signal to the second rotational signal value, thereby rotating the source

galvanometer mirror to the second rotational angle.

41, The method of claim 40, wherein automatically adjusting the source galvanometer
MITTOT COMPTISES:

receiving, by the source galvanometer controller module, a CCD output signal from
the CCD camera; and

adjasting, by the source galvanometer controller module, the value of the rotational

signal based on a value of the received CCD output signal.

42, The method of any one of claims 39 to 41, wherein:
the source galvanometer mirror and illumination source are housed within a source

housing and wherein the source galvanometer mirror is aligned such that: (i) at the first
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rotational angle, the beam of itlumination light is reflected by the galvanometer mirror,
through an exit port of the source housing and (11} at the second rotational angle, the beam of
tHumination light is directed to a beam dunp within the source housing; and

the laser shutter 1s positioned at the exit port such that when the laser shutter is closed

the beam of illamunation light is prevented from passing through the exit port.

43, The method of any one of claims 24 o 42, wherein acquiring the one or more images
in step {¢} comprises acquinng one or more high dynanic range (HDR) image sets, each
HDR image set corresponding to a specific illamination location or set of one or more
tllumination locations on the one or more object{s) and comprising a short exposure image
and a long exposure image, wherein, for a given HDR image set:

the short exposure image 1s acquired by detecting emitted light and/or llumination
light transmitted through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD,

the long exposure image is acquired by detecting emitted light and/or itHumination
light transmitied through or reflected by the one or more objeci(s} during a long duration
global exposure phase of the CCD, the long duration global exposure phase of the CCD
lasting longer than the short duration global exposure phase, and

both the short exposure image and long exposure image of the given HDR image set
are acquired by detecting emitted hight and/or illumination light transmitted through or
reflected by the object as a result of illumination of the one or more object(s) by the beam of
iumination light at a same specific illumination location or set of ilummation locations to

which the HDR image set corresponds.
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44. The method of any one of claims 24 to 43, comprising:

dirccting the beam of illumunation hight to a plurality of illumination locations on the
one or more object(s);

at step {c}. acquiring a plurality of images with the CCD camera, cach image
corresponding to a particular set of one or more illamination locations of the plurahity of
ithumination locations and representing (1) detected emitted light from the one or more
object{s} as a result of ilumination of the onc or more object{s} at the corresponding
particular set of one or more thumination location(s) and/or {11} detected ihumination light
transmitted through or reflected by the one or more object(s) following illumination of the
one or morc object(s) at the corresponding particular set of one or more ilumination
location(s),

recerving and/or accessing, by a processor of a computing device, data corresponding
to the plurality of acquired images; and

creating, by the processor, one or more tomographic image(s) of the one or more

obiect(s} using the data corresponding to the plurality of acquired images.

45, The method of claim 44, comprising using a galvanometer optical scanner to direct
the beam of itlumination light to the plurality of illumination locations on the one or more

object{s}.

46, The method of cither of claims 44 or 43, wherein the plurality of acquired images

comprises at feast 100 images, all of which are acquired in at time less than or approximately

equal to 200 ms.
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47. A system for synchronizing illumination of one or more objeci(s) to be imaged with a
global exposure phase of a CCD camera for rapid image acquisition by the CCD camera, the
SYSICIn COmprising:

{a) an tlumination source aligned and operable to emit a beam of illumination
light from its oatput and direct the beam of tlhumination light to a source galvanometer
MIFToT;

(b} a source galvanometer murror operable to rotate through a plurality of angles
and aligned to; (i) at a first rotational angle, reflect the beam of ilhumination light to direct 1t
to the one or more objeci(s), and (1) at a second rotation angle, reflect the beam of
thumination light to direct 1t away from the one or more objoct(s}, such that when the source
galvanometer mirror is rotated to the first rotational angle, the ong or more object{s) is/are
thuminated with the beam of ilumination light and when the source galvanometer mirror is
rotated fo the second rotational angle, the one or more objeci(s) 1s/are not illuminated with the
heam of tlumination light; and

{c} a CCD camera aligned and operable to acquire ong or more images of the one
or more object(s}, bv (1) detecting hight emitied from the one or more object(s) as a result of
tHumination of the one or more object(s) by the beam of ilumination hight and/or (1)
detecting itlamination light transmitted through or reflected by the one or more object{s);

{d} a source galvanometer controller module operable to:

(A}  responsive to a first frigger signal mdicating a start of the
global exposure phase of the CCD camera, cause rotation of the source
galvanometer mirror to the first rotational angle such that during the global
exposure stage of the CCD camera the one or more object(s) is/are illuminated

with the beam of illununation light; and
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(By  responsive to a second trigger signal indicating an end of the
global exposure phase of the CCD camera, canse rotation of the source
galvanometer mitror to the second rotational angle such that when the CCD
camera is not in the global exposure phase the one or more object{s) is/arc not
iltominated with the beam of illumination hight;

{c) a processor; and
) a memory having instructions stored thercon, wherein the instructions, when
executed by the processor, cause the processor to:

recetve and/or access data corresponding 1o one or more iImages
acquired by the CCD camera; and

obtain one or more tomographic image(s) of the one or morg object(s}

using the data corresponding to the acquired images.
48, The system of claim 47, wherein a duration of the global exposure phase of the CCD
camera for each of the one or more acquired images 1s less than or approximately equal to

400 ms.

49 The system of either of ¢laims 47 or 48, wherein a duration of the global exposure

phase of the CCD camera is less than 10 times a shutter delay time of the CCD camera.

50.  'The system of any one of claims 47 to 49, wherein a duration of the global exposure

phase of the CCD camera s less than 10 times a read-out time of the CCP camera.
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51.  'The system of any one of claims 47 to 50, wherein the CCD camera comprises at least

256 by 256 detector pixels.

52.  The system of any one of claims 47 to 51, wherein a size of a sensor array of the CCD
camera is greater than or approxamately equal to 1/2 inch along at least a first and/or a second

dimension.

53.  'the system of any one of claims 47 to 52, wherein a field of view of the CCID camera
is greater than or approximately cqual to 100 mm along at least a first and/or a second

dunension.

54, The system of any one of claims 47 to 53, wherein an output power of the
Y 3 ; !

ithumination source 1s greater than or approximately equal to 100 mW.

535, 'The system of any one of claims 47 to 54, wherein a settling time of the illumination

source 1s greater than or approximately equal to 1 second.

56.  The system of any one of claims 47 10 55, wherein a light level at a sensor array of the
CCD camera when the CCD camera is not in a global exposure phase is less than or

approximately cqual to a noise floor of the CC camera.
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57.  'the system of any one of claims 47 to 56, wherein the CCD camera is operable to
acquire each of the one or more images by receiving an tmage acquisition signal to initiate its

global exposure phasce.

58.  The system of any one of claims 47 to 57, wherein the source galvanometer controller
module is operable 1o

provide a rotational signal to the source galvanometer mirror, whercin variation of a
value of the rotational signal vanes the rotational angle of the scurce galvanometer mirror,
such that when the rotational signal has a first rotational signal value the source galvanometer
nutror is rotated to the first rotational angle and when the rotational signal has a second
rotational signal value the source galvanometer mirror is rotated to the second rotational
angle;

recerve the first tngger signal and, responsive to receipt of the first trigger signal,
adjust the value of the rotational signal to the first rotational signal value, thereby causing
rotation of the source galvanometer mirror to the first rotational angle; and

receive the second trigger signal and, responsive to receipt of the second trigger
signal, adjust the value of the rotational signal to the second rotational signal value, therchy

causing rotation of the source galvanometer mirror to the second rotational angle.

59, 'The systemn of claim 58, wheren:
the source galvanometer controlier model is operable to:
recetve a CCE output signal from the CCD camera; and
adjust the value of the rotational signal based on a value of the received CCD

output signal;
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the first trigger signal corresponds to a first variation 1 the CCD output signal; and

the second trigger signal corresponds to a second vanation in the CCD output signal.

60.  The system of any one of claims 47 to 59, comprising a source housing within which
the source galvanometer mirror and thimmnation source are housed, and wherein the soarce
galvanometer murror i1s aligned such that: (i} at the first rotational angile, the beam of
iHumination light is reflected by the source galvanometer mirror, through an exit port of the
source housing and (it} at the second rotational angle, the beam of Humination hight is

directed to a beam dump within the source housing.

6l The system of any one of claims 47 to 60, comprising an optical system housing
within which the llumination source, the source galvanometer mirror, the one or more
object(s}, and the CCD camera are housed, wherein the optical system housing 1s
substantially opaque to ambient light, thereby limiting the amount of ambicnt light incident

on a sensor array of the CCD camera.

62.  The system of any one of claims 47 to 61, comprising:

a laser shutter positioned in a path of the beam of ilumination light from the
thsmination source to the one or more object(s), wherein the laser shutter is gperable to
automatically open and close, such that when the laser shutter is open, the beam of
itlumination light allowed to pass through the laser shutter, thereby illuminating the one or
more object(s), and when the laser shutter 1s closed, it blocks the beam of ilumination hight,
thereby preventing the one or more object(s) from being illuminated with the beam of

thumination light; and
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a laser shutter controller module operable to:
responsive to the fivst trigger signal indicating the start of the global exposure
phase of the CCD camera, cause opening the laser shutter at substantially the same
time when rotating the source galvanometer mirror to the first rotational angle; and
responsive to the second trigger signal indicating the end of the global
exposure phase of the CCD camera, cause closing the laser shutter at substantially the
same time when rotating the source galvanometer nurror to the second rotational

angle.

63, The system of claim 62, wherein the laser shuticr controller module is operable to:

automatically open and close the laser shutter by providing a laser shutter signal to the
laser shutter, wheretn variation of a value of the laser shatter signal cavses opening and/or
closing of the laser shutier, such that when the laser shutter signal has a first laser shutter
signal value the laser shutter is open and when the laser shutter signal has a sccond laser
shutter signal value the laser shutter s closed;

receive the first tigger signal and, responsive 1o receipt of the first trigger signal,
adjust the value of the laser shutter signal to the first lascr shutter signal value, thereby
opening the laser shutter; and

receive the second trigger signal and, responsive to receipt of the second trigger
signal, adjust the value of the laser shutter signal to the second laser shutter signal value,

thereby closing the laser shutter.

64.  The system of claim 63, wherein the laser shutier controller module 1s operable to:

receive a CCD output signal from the CCD camera; and
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adjust the value of the laser shutter signal based on the value of the received CCD

output signal.

65.  The system of any one of claims 62 to 64, comprising a source housing within which
the source galvanometer mirror and tlhumination source are housed, and wherein:

the source galvanometer mirror 1s aligned such that: (1) at the first rotational angle, the
heam of iHumination light is reflected by the galvanometer muror, through an exit port of the
source housing and (it} at the second rotational angle, the beam of Humination hight is
directed to a beam dump within the source housing, and

the faser shutter is positioned at the exit port such that when the laser shutter is closed

the beam of itlamination light is prevented from passing through the exit port,

66.  The system of any one of claims 47 to 65, wherein the CCD camera 18 operable to
acquire ong or more high dyoamic range (HDR) tmage sets, cach HDR image set
corresponding to a specific llumination location or set of one or more illumination locations
on the one or more object(s) and comprising a short exposure image and a long exposure
tmage, wherein, for cach HDR image set:

the short exposure image 18 acquired by detecting emitted light and/or ilumination
hight transmitted through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD,

the long exposure image is acquired by detecting emitted hight and/or iHumination
light transmitted through or reflected by the one or more object{s) during a long duration
global exposure phase of the CCD, the long duration global exposure phase of the CCD

lasting longer than the shoit duration global exposure phase, and
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both the short exposure image and long exposure image of the given HDR image sat
are acquired by detecting emitted hight and/or iHumimation light transmitted through or
reflected by the object as a result of dlumination of the one or more object(s) by the beam of
thhumination light at a same specific illumination location or set of illumination locations to

which the HDR image set corresponds.

67.  'The system of any one of claims 47 to 66, comprising a galvanometer optical scanner
positioned in a path of the beam of iHununation light from source galvanometer mirror to the
one or more object(s) and operable to direct the beam of llumination light to a plurality of
tHumination locations on the one or more object(s), and wherein the one or more acquired
tmages comprises a plurality of images, cach corresponding {o a particolar set of one or more
tthumination locations of the plurality of ithmmmation locations and representing (1) detected
emitted hight from the one or more object(s) as a result of illumination of the one or more
object(s}) at the corresponding particular set of one or more itlumination location{s) and/or (3t)
detected dlumination light transmtted through or reflected by the one or more object(s)
following 1llumination of the one or more object(s) at the corresponding particular set of one

or more illununation location(s).

68. The system of claim 67, wheretn the plurality of acquuired images comprises at least

100 images, all of which are acquired i at time less than or approximately equal to 200 ms.

69. A system for synchronizing illamination of one or more object{s} to be imaged with a
global exposure phase of a CCD camera for rapid image acquisition by a CCD camera, the

SYSICIn COmprising:
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{a) an tumination source aligned and operable to enit a beam of dlumination
light from its output and direct the beam of illumination light through a laser shutter, to the
one or more object(s);

{b) the laser shatter, whergin the laser shutter is operable to automatically open
and close, such that when the laser shutter 1s open, the beam of illummation light allowed to
pass through the laser shutter, thereby illuminating the one or more object(s}, and when the
laser shutter 15 closed, it blocks the beam of tllumination hight, thereby preventing the onc or
more object(s) from being illuminated with the beam of illumination hight;

{c} a CCD camera aligned and operable to acquire ong or more images of the one
or more object(s}, bv (1) detecting emitied light from the one or more object(s) as a result of
iHlumination of the ong or more object{s} by the beam of Hhimmation light and/or (14}
detecting itlamination light transmitted through or reflected by the one or more object(s);

{d} a laser shutter controller module operable to:

(A}  rosponsive to a first trigger signal indicating a start of the
global exposure phase of the CCD camera, casse opening of the laser shutter
such that during the global exposure phase of the CUD camera the one or more
object(s) 1s/are illuminated with the beam of illumination light; and

(B)Y  responsive o a second trigger signal indicating an end of the
global exposure phase of the CCD camera, cause closing of the laser shutter
such that when the CCD camera is not in the global cxposure phase, the onc or
more object{s) is/are not dluminated with the beam of itllununation light;

{e) a processor; and

() a memory having instructions stored thereon, wherein the instructions, when

executed by the processor, cause the processor to:
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receive and/or access data corresponding 1o one O MIOIC NAges
acquired by the CCD camera; and
obtain one or more tomographic image(s) of the one or more object(s)

using the data corresponding to the acquired images.

70.  The system of claim 69, wherein a duration of the global exposure phase of the CCD
camera for cach of the one or more acquired images 15 less than or approximately equal 1o

400 ms.

71 The svstem of cither of claims 69 or 70, wherein a duration of the global exposure

phase of the CCD camera is less than 10 times a shutter delay time of the CCD camera.

72, The system of any one of claims 69 to 71, wherein a duration of the global exposure

phase of the CCD camera is less than 10 times a read-out time of the CCD camera.

73, The system of any one of claims 69 to 72, wherein the CCD camera comprises at least

256 by 256 detector pixels.

74.  The system of any one of claims 69 to 73, wherein a size of a sensor array of the CCD

camera 18 greater than or approximately equal to 1/2 inch along at least a first and/or a second

dimension.
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75.  'The system of any one of claims 69 to 74, wherein a field of view of the CCID camera
is greater than or approxamately equal to 100 mm along at least a first and/or a second

dunension.

76.  The system of any one of claims 69 to 75, wherein an output power of the

ithumination source 1s greater than or approximately equal to 100 mW.

77.  'The system of any one of claims 69 to 76, wherein a settiing time of the lumination

source 18 greater than or approximately equal to 1 second.

78.  The system of any one of claims 69 to 77, wherein a light level at a sensor array of the
CCD camera when the CCD camera is not in a global exposure phase is less than or

approximately equal to a noise floor of the CCD camera.

79.  'The system of any one of claims 69 to 78, wherein the CCD camera is operable to
acquire each of the one or more images by receiving an tmage acquisition signal to initiate its

global exposure phasce.

80.  The system of any one of claims 69 to 79, wherein the laser shutter controller module
1s operable to:

provide a laser shutter signal to the laser shutter, wherein variation of a value of the
laser shutter signal opens and closes the laser shutter, such that when the laser shutter signal
has a first laser shutter signal value the laser shutter 1s open and when the laser shutter signal

has a second laser shutter signal value the laser shutier is closed;
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recetve the first trigger signal and, responsive fo receipt of the first trigger signal,
adjust the value of the laser shutter signal to the first laser shutter signal value, thereby
opening the laser shutter; and

recetve the second trigger signal and, responsive to receipt of the second trigger
signal, adjust the value of the laser shutter signal to the second laser shutter signal value,

thereby closing the laser shutter.

81.  The system of claim 80, wherein:
the laser shutter controller model 1s operable to:
receive a CCD output signal from the CCD camera; and
adjust the value of the laser shutter signal based on a value of the received
CCD output signal;
the first trigger signal corresponds to a first vanation m the CCD output signal; and

the second trigger signal corresponds to a sccond vanation in the CCD output signal.

§2.  The system of any one of claims 69 to 81, comprising a source housing within which
the illumination source is housed, and wherein the beam of illununation light is directed to an
exit port of the source housing, and the laser shutier is positioned at the exat port such that
when the laser shutter is closed the beam of tllumination light 15 prevented from passing

through the exit port.

83.  The system of any one of claims 69 to 82, comprising an optical system housing
within which the iltlumination source, the laser shutter, the one or more object(s}, and the

CCD camera are housed, wherein the optical svstem housing 1s substantially opaque to
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ambient light, thereby limiting the amount of ambient light incident on a sensor arrav of the

CCD camera.

84.  The system of any one of claims 69 to 83, comprising:

a source galvanometer mirror operable to rotate through a plurality of angles and
aligned to: (1) at a first rotational angle, reflect the beam of illumimation hight to direct it to the
one or more object{s), and (i1} at a second rotation angle, reflect the beam of illununation
light to direct it away from the one or more cbject(s}, such that when the source galvanometer
mirror is rotated to the first rotational angle, the one or more object(s} is/are iluminated with
the beam of ithlununation light and when the source galvanometer muror is rotated to the
second rotational angle, the one or more object{s) is/are not lluminated with the beam of
tlhumination light; and

a source galvanometer controlier module operable to:

responsive o the first trigger signal indicating the start of the global exposure
phase of the CCE camera, cause rotation of the source galvanometer mirror to the
first rotational angle at substantially the same time when opening the laser shutter;
and

responsive 1o the second trigger signal indicating the end of the global
exposure phase of the CCD camera, cause rotation of the source galvanometer mirror
to the second rotational angle at substantiallv the same time when closing the laser

shutter.

85, The system of claim 84, wheremn the source galvanometer controller module s

operable to:
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automatically open and close the laser shutter by providing a rotational signal to the
source galvanometer muirror, wherein variation ot a value rotational signal vanes the
rotational angle of the source galvanometer mirror, such that when the rotational signal has a
first rotational signal value the source galvanometer mirror is rotated to the first rotational
angle and when the rotational signal has a second rotational signal value the source
galvanometer mirror is rotated to the second rotational angle;

receive the first trigger signal and, responsive to receipt of the first trigger signal,
adjust the value of the rotational signal to the first rotational signal value, thereby rotating the
source galvanometer mirror to the first rotational angle; and

receive the second trigger signal and, responsive to receipt of the second trigger
signal, adjust the value of the rotational signal to the second rotational signal value, thereby

rotating the source galvanometer murror to the seccond rotational angle.

&6.  The systern of claim 85, wherein the source galvanometer controller module is
operable to:

receive a CCD output signal from the CCD camera; and

adjust the value of the rotational signal based on a value of the recetved CCD output

signal.

87.  The system of any one of claims %4 to 86, comprising a source housing within which
the source galvanometer mirror and iHumination source are housed, and whergin:
the source galvanometer mirror 18 aligned such that: (i) at the first rotational angle, the

beam of illumination hight 1s reflected by the galvanometer mirvor, through an exit port of the
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source housing and (it} at the second rotational angle, the beam of Humination hight is
directed to a beam dump within the source housing, and
the laser shutier 15 positioned at the exit port such that when the laser shutier is closed

the beam of itlamination light is prevented from passing through the exit port,

88.  The system of any one of claims 69 1o 87, wherein the CCD camera 1s operable to
acquire ong or more high dyoamic range (HDR) tmage sets, cach HDR image set
corresponding to a specific dlumination location or set of one or more iumination locations
on the one or more object(s) and comprising a short exposure image and a long exposure
tmage, wherein, for cach HDR image set:

the short exposure image 18 acquired by detecting emitted light and/or ilumination
hight transmitted through or reflected by the one or more object(s) during a short duration
global exposure phase of the CCD,

the long exposure tmage is acquired by detecting emitted light and/or illumination
light transmitted through or reflected by the one or more object{s) during a long duration
global exposure phase of the CCD, the long duration global exposure phase of the CCD
lasting longer than the shoit duration global exposure phase, and

both the short exposure image and long exposure image of the HDR image set are
acquired by detecting enitted hight and/or illumimation light transmitted through or reflected
by the object as a result of dlumination of the one or more object(s) by the beam of
itlumination light at a same specific ilumination location or set of illumination locations to

which the HDR image set corresponds.
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289 The system of any one of claims 69 to 88, comprising a galvanometer optical scanner
posttioned 1n a path of the beam of dlummnation light from the source galvanometer mirror to
the one or more object(s) and operable to direct the beam of illumination light to a plurality
of illamination locations on the one or more object{s), and wherein the one or more acquired
fmages comprises a plurality of images, cach corresponding to a particalar set of one or more
itlumination locations of the plurality of ilummation locations and representing (1) detected
cmitted hight from the one or morc object(s) as a result of dlumination of the one or nore
object(s}) at the corresponding particular set of one or more ilamination location{s} and/or (i1}
detected dlumination light transmitted through or reflected by the one or more object(s)
following illumination of the one or more object(s) at the corresponding particular set of one

or more illumination location(s).

80.  The systern of claim 89, wherein the plurality of acquired images comprises at least

100 1mages, all of which are acquired in at time less than or approximately equal to 200 1as.

o1, A method for avoiding blooming artifacts when acquinng one or more high dynamic
range (HDR) image sci(s) with a CCD camera, cach HDR image set comprising a shoit
exposure image and a long exposure tmage, the method comprising:

tluminating one or more object{s} at one or more illunination locations on the one or
more object{s); and

for cach HDR image set of the one or more HDR image set{s):

acguiring the short exposure image of the HDR mmage set by detecting (1)
enmitted hight and/or (it} itllumination light transmitted through or reflected by one or

more object(s) as a result of illununation of the one or more objects at a
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corresponding particular set of one or more tHumination location(s) of the ong or
more illumination Jocation(s), wheremn the emutted light and/or iffumination light
is/are detected during a short duration exposure phase of the CCD camera;
acquiring the long exposure image of the HDR image set by:
{(a} detecting emitted light and/or iHlumination hight transmitted
through or reflected by the one or more object(s) as a result of illumination of
the one or more object(s) at the corresponding particular set of one or more
dhumination location(s), wherein the emitted light and/or ilumination light
is/are detected dunng a long duration exposure phase of the CCD camera such
that the long exposurc image compriscs one or more saturated image pixels;
and
() adjusting an on-chip binning level of the CCD camera such that
cach image pixel of the long exposure image corresponds to a group of binne
detector pixcls, cach group of binned detector pixels having a full well
capacity greater than that of an individual detector pixel, such that a full well
capacity saturation limit of the CCD camera, based on the adjusted on-chip
binning level, is greater that an A/D digitization saturation limit for the CCD
camera; and

() adjusting a duration of the long duration exposure phase such
that one or more groups of binned detector pixels, each group corresponding
to a saturated image pixel of the one or more saturated image pixels, are
exposed for long encugh to accumulate sufficient charge to exceed (1} the A/D
digitization saturation linut, but neither (11} the full well capacity saturation

fimit nor (it1) an output node capacity saturation it of the CCD camera,
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thereby avoiding blooming artifacts.

92, The method of claim 91, comprising, for each HDR wmage set, acquiring (i) the short
exposure image and/or (it} the long exposure tmage of the HDR image set by synchronizing
tlhymination of the ong or more object{(s} with the global exposure phase of the CCD camera

using any one of the methods of claims 1 to 46,

93. A method for rapid 3D fluorescence tomographic imaging with a CCD camera by
synchronizing lamination of one or more object(s} to be imaged with a global exposure
phase of a CCD camera, the method comprising:

{a) ilfominating the one or more object{s) to be imaged with a beam of excitation
light at a plurality of illomination locations on the one or more object{s);

{b} acquiring, with the CCD camera, a plurahity of images, each acquired image
corresponding to a particular set of one or more of the illumination locations and obtained by
(1} detecting fluorescent light emitted from the one or more object(s} as a result of
illonunation by the beam of excitation light at the corresponding particular set of one or more
tllumination locations and/or (i1} detecting excitation light transmitted through or reflected by
the one or more object(s) following tllumination of the one or more cbject(s} by the beam of
exeitation hight at the corresponding particular set of one or more illamination locations,
wherein step {b) is performed by synchronizing illumination of the one or more object(s) with
the global exposure phase of the CCP camera such that, for each acquired image, (i) dunng
the global exposure phase of the CCD camera the one or more object{s) is/are iHuminated
with the beam of excitation light, and (i1) when the CCD camera is not in the global exposure

phase, the one or more object(s) is/are not illununated with the beam of excitation light;
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{c) receiving and/or accessing, by a processor of a computing device, data
corresponding to the plurality of acquired images; and
{d} creating, by the processor, one or more 31 tomographic image(s) of the ong or

more object{s) using the data corresponding to the phirality of acquired images.

94, The method of claim 93, wherein synchronizing ilunination of the one or more
object{s} with the global exposure phase of the CCD camera comprises switching on an
gxcitation source from which the beam of excitation Hght is emitted when the CCD camera is
in the global exposure phase and switching off the exeitation source when the CCD camera is

not i the global exposure phase.

85, The method of either of claims 93 or 94, wheremn synchronizing flumination of the
ong or more objeci{s} with the global exposure phase of the CCD camera comprises

performing any one of the methods of claims 1 1o 46,

96,  The method of any one of claims 93 to 95, wherein the plurality of acquired images
comprises a plurality of HDR image sets acquired using the method of either of claims 91 or

92.

97. A systom for rapid 3D fluorescence tomographic imaging with a CCD camera by
synchronizing llumination of one or more object(s} to be imaged with a global exposuare

phase of 3 CCD camera, the system comprising:
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{a) an excitation source aligned and operable to emit a beam of excitation light
from its output and direct the beam of excitation light to a plurality of illummation locations
on the one or more object(s) to be umaged;

{b}  the CCD camera, wherein the CUD camera is aligned and operable to acquire
a plurality of images each acquired mmage corresponding to a particular set of one or more
ithumination locations and each acquired image corresponding to a particular set of one or
more itllumination locations and obtained by (i) detecting fluorescent hight emitted from the
one or more object(s) as a result of illumination by the beam of excitation light at the
corresponding particular set of one or more tlhumination locations and/or (1t) detecting
excitation light transmitted through or reflected by the one or more object(s) following
tHumination of the one or more object(s) by the beam of excitation light at the corresponding
particular set of one or more itlumination locations;

{c) one or more controller modules, cach associated with one or more optical
system components, wherein cach controller module is operable to synchronize illumination
of the one or more object(s) with the global exposure phase of the CUD camera such that, for
cach acquired image, (1) dunng the giobal exposure phase of the CCD camera, the one or
more object(s) is/are illuminated with the beam of excitation light, and (11) when the CCD
camera is not in the global exposure phase, the one or more object{s} is/are not illominated
with the beam of excitation hight;

{d) a processor of a computing device; and

{e) a memory having instructions stored thereon, wherein the instructions, when
executed by the processor, cause the processor to:

receive and/or access data corresponding fo the plurality of acquired images;

and
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create one or more 3D tomographic image(s) of the one or more objoct{s}

using the data corresponding to the plurality of acquired images.

98,  The system of claim 97, wherein the one or more controiler modules comprises an
exeitation source controller modale for which the one or more associated optical system
components comprises the excitation source, and wherein the excitation source controtler
module is operable 1o synchronize illumination of the one or more object(s) with the global
exposure phase of the CCD camera by switching the excitation source on when the CCD

camera 1s in the global exposure phase and off when the CCD camera 15 not in the global

exposure phase.

89, The system of either of claims 97 or 98, wherein at least one of the one or more
controtier modules comprises a source galvanometer controller module and the one or more

associated optical system components comprises a source galvanometer mirror,

100, The system of any one of claims 97 to 99, wherein at least one of the one or more
controller moduies and associated optical systern components comprises a laser shutter
controller module and the one or more associated optical system components COMpPrises a

laser shuiter.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-23, 47-68

a method and a system where a galvano mirror illuminates
objects respectively away from the objects providing a

synchronized detection of a spatially resolved illuminated
image by a CCD;

2. claims: 24-46, 69-90

a method and a system where a laser shutter illumination is
synchronized with a CCD exposure providing a time

synchronized detection of a time resolved illuminated image
by a CCD;

3. claims: 91, 92

a method avoiding blooming with a CCD

4. claims: 93-100

a method providing a 3D fluorescence tomographic imaging
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