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MICROSCOPY IMAGING DEVICE WITH ADVANCED IMAGING PROPERTIES

Related Documents

This patent document claims benefit under 35 U.S.C. § 119 to U.S.
Provisional Patent Application Serial No. 161/377,591, entitled "Microscopy
Imaging Device with Advanced Imaging Properties" and filed on August 27, 2010;
this patent document and the Appendices filed in the underlying provisional
application, including the references cited therein, are fully incorporated herein by

reference.

Overview of Certain Embodiments

Aspects of the present disclosure relate generally to microscopy imaging
devices, for example, miniature epifluorescence imaging devices.

Optical microscopes are often designed as instruments of substantial size
and expense. The role of imaging in biomedicine has grown, and miniaturized
integration of the light microscope facilitates the advancement of many new
applications. For instance, mass-producible, tiny microscopes, can be useful for
imaging of cells in freely behaving animals, and particularly in the brain, for which
is useful for understanding how cellular dynamics relate to animal behavior.

Although not limited thereto, aspects of the present disclosure relate to
miniature (<2 g), integrated fluorescence microscopes made from mass-
producible parts, including a semiconductor light source and image sensor,
allowing imaging across -0.5 mm? areas. Such devices can be configured for
high-speed observation of cellular dynamics with sufficient image quality and/or
resolution that such observation is useful for viewing dynamics of the brains of
active mice at frame acquisition rates up to 100 Hz. The use of a miniature
microscope can be useful for a variety of different applications (e.g., tracking
Ca2+-spiking concurrently in up to >200 Purkinje neurons extending over 9
cerebellar microzones).

Aspects of the present disclosure are directed toward epifluorescence
microscopes. The microscope includes an image capture circuit with an array of
optical sensors. An optical arrangement is configured to direct excitation light of

less than about 1 mW that is at least 0.5 mm? encompassed within a field of view
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which comprises a target object and to direct epi-fluorescence emission caused
by the excitation light to the array of optical sensors. The optical arrangement and
array of optical sensors are each sufficiently close to the target object to provide
at least 2.5 ym resolution for an image of the field of view.

Certain embodiments of the present disclosure are directed to an
epifluorescence microscope that has an optical light source configured to produce
excitation light from an energy source that provides less than 6 mW wherein the
excitation light is directed over an area that is at least 0.5 mm? encompassed
within a field of view which comprises a target object. The microscope includes an
imaging circuit including a sensor array and an objective lens configured to
operate sufficiently close to the optical light source, the image sensor array and to
the target object to provide at least 2.5 yum image resolution image of the field of
view that is at least 0.5 mm?Z.

Other embodiments of the present disclosure relate to epifluorescence
microscopes that occupy less than a cubic inch. Such a microscope includes an
optical excitation arrangement configured to direct light toward a field of view
containing an imaging target. An imaging circuit including optical sensor array is
configured to generate image data from fluorescence caused by an interaction
between the directed light and the imaging target. An optical arrangement is
configured to direct the fluorescence to the optical sensor array with sufficient
intensity and focus for the image data to depict over 0.20 mm? and a resolution of
at least 3 um. In other embodiments the intensity and focus for the image data is
sufficient to depict at least 2.5 um image resolution for the field of view that is at
least 0.5 mm?3.

Consistent with other embodiments of the present disclosure, an imaging
device includes a portable housing that is less than a cubic inch in size. The
portable housing contains several elements including an excitation source
configured to provide excitation light. A structure is also included, the structure
being configured to provide an optical pathway having a first end and a second
end. The structure includes an objective lens at the first end of the optical
pathway; one or more excitation elements that are configured and arranged to

direct the excitation light to the objective lens; and one or more emission
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elements that are configured and arranged to provide a focal plane at the second
end of the optical pathway from epifluorescent emission light received from the
objective lens. An imaging circuit includes array of optical sensors positioned at
the focal plane and configured and arranged to capture an image of the target
object from the epifluorescent emission light, the image having sufficient field of
view to capture multiple individual capillary blood vessels and sufficient resolution
to distinguish the individual capillary blood vessels from one another.

Certain aspects of the present disclosure are exemplified in a number of
illustrated implementations and applications, some of which are shown in the

figures and characterized
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in the claims section that follows. The above overview is not intended to describe each

illustrated embodiment or every implementation of the present disclosure.

Brief Description of the Drawings

Aspects of the present disclosure may be more completely understood in
consideration of the detailed description of various embodiments of the present disclosure
that follows in connection with the accompanying drawings, in which:

FIG. 1 depicts a block diagram of an epifluorescence microscope device, consistent
with an embodiment of the present disclosure;

FIG. 2 depicts a block diagram of an epifluorescence microscope device with an
external optical source, consistent with an embodiment of the present disclosure;

FIG. 3 shows a cross-section of a miniature fluorescence microscope, consistent
with an embodiment of the present disclosure;

FIG. 4 depicts an objective lens and ray propagation therein, consistent with an
embodiment of the present disclosure;

FIG. 5 depicts is an optical ray trace diagram of an imaging pathway with two lens
elements and an additional spectral-filtering components, consistent with an embodiment of
the present disclosure; and

FIG. 6 depicts a block diagram for a microscope system, consistent with an
embodiment of the present disclosure.

While the present disclosure is amenable to various modifications and alternative
forms, specifics thereof have been shown by way of example in the drawings and will be
described in further detail. It should be understood, however, that the intention is not to
limit the disclosure to the particular embodiments described. On the contrary, the intention
is to cover all modifications, equivalents, and alternatives falling within the spirit and scope

of the present disclosure.

Detailed Description
The present disclosure is believed to be applicable to a variety of different types of

devices and processes, and the present disclosure has been found to be particularly suited
for epifluorescent imaging applications. While the present disclosure is not necessarily
limited to such applications, various aspects of the present disclosure may be appreciated

through a discussion of various examples using this context.
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Consistent with certain example embodiments of the present disclosure,
epifluorescent imaging is facilitated through the use of a microscope device and system.
For instance, particular aspects of the device and/or system allow the use of ultra low levels
for excitation light, which are used to generate epi-fluorescence in a target object or cell.
Some aspects allow for imaging of a large field of view with a high resolution. Still further
aspects are directed toward the high-speed capture of images, which can be viewed in reai-
time or near real-time. While these points of facilitation are not limiting, they are relevant
to a number of different embodiments of the present disclosure.

A particular aspect relates to the proximity between an optical source of excitation
light and the target object or cell for imaging. For epifluorescent imaging, the interaction
between the excitation light and the target object causes the generation of imaging
fluorescence. The excitation light is directed toward the target object and has a
specific wavelength configured for absorption by fluorophores, fluorescent markers or
fluorescent probes. The fluorophores then emit light at different (e.g., longer) wavelengths.
The amount of absorbed light is related to the amount of excitation light delivered to the
target object. In this manner, the amount of fluorescence generated is correlated to the
amount of excitation light. Although various light delivery mechanisms can help reduce the
attenuation of light as it travels through a medium, the attenuation of light will increase as
distance of travel through a medium increases. Also, when using air and other mediums,
the composition of the medium and other dispersive attributes can play significant roles in
the delivery and/or attenuation of the light, whereas the reduction of the optical path length
(mainly resulting in the reduction of travel of light through air) does next to nothing to
decreasing attenuation. The design of the microscope device and system allows for the
placement of the optical source of the excitation light in close proximity to the target object,
thereby facilitating the use of a short optical path. This is particularly useful for facilitating
the use of an optical source of low power and/or capturing images using low-levels of light.

Various fluorescence sources can be used consistent with one or more embodiments
discussed herein. The mention of a particular source of fluorescence does not necessarily
preclude use of other sources of fluorescence (e.g., genetically-encoded fluorescent
proteins, such as GFP, GCaMP, and variants thereof).

Other aspects of the present disclosure relate to the integration of optics, filters, and
camera into a single housing, which can be particularly useful for the elimination of the

fiber-bundle and all of its associated limitations.
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Yet other aspects relate to the proximity of a target object or cell relative to an image
sensor for capturing image data from epifluorescent light. Image resolution and imaging
times are related to the amount of epifluorescent light that can be collected and detected by
an image sensor. Attenuation of the epifluorescent light due to properties of the optical path
between the target object and the image sensor can be undesirable. Careful design of the
microscope device and system allows for placement of the image sensor in close proximity
to the target object, thereby facilitating the use of a short optical path.

Also in accordance with the present disclosure, the proximity of an objective lens of
a microscope device is set relative to a target object, during imaging of the target object.
Large distances between an objective lens and the target object can have a detrimental effect
on the amount of the excitation light received at the target object as well as the amount of
fluorescence received at and collected by the objective lens. Accordingly, setting the
proximity of the object lens relative to the target object can be advantageous.

Embodiments of the present disclosure relate to a microscope device and system that
captures image data for a relatively large field of view, the image data providing high
resolution of a target object. One such embodiment of the present disclosure includes an
image capture circuit, with an array of sensor elements or pixels, which is provided to image
the field of view. The sensor elements detect epi-fluorescence for different portions of the
field of view. The sensor elements can be configured with sufficient sensitivity and
proximity to the target object to facilitate image capture and generation.

Other embodiments of the present disclosure relate to the length of exposure times
for image capture. As fluorophores are excited, they can begin to lose their ability to
fluoresce, which is sometimes referred to as photobleaching. Moreover, epi-fluorescence
imaging involves the absorption of the excitation light by the target object. Some of this
absorbed light is converted into heat. This generated heat can place limits on the exposure
time, e.g., the heating of biological material/cells can cause cell damage and even death.
The exposure time, however, can be increased if the intensity of excitation light is
decreased. The intensity of the excitation light can be reduced if, for example, the optical
coupling between the target object and the image sensor is improved. Phototoxic effects
can be more damaging than localized heating. Aspects of the present disclosure lessen or
eliminate these effects which adversely impact image capture and related processing of the
data.

Particular embodiments of the present disclosure relate to the adjustment of

excitation light intensity in conjunction with the adjustment of exposure time to improve
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image quality, image for a particular goal (e.g., image capture rate, resolution, field of view
size or imaging depth).

According to other aspects of the present disclosure, relatively low optical zooms are
used in connection with high-resolution imaging of a field of view for target objects of
small size. Constraints on the optical zoom required for a particular level of imaging can be
lessened through the careful design and application of a microscope device and system
consistent with various aspects discussed herein.

Embodiments of the present disclosure relate to the real-time imaging of target
objects using a microscope device and/or system consistent with aspects discussed herein.
In certain of these embodiments, the imaging rate is increased by reducing the field of view
while holding a constant resolution, the image capture time is reduced by reducing the
exposure time and/or the frame rate achievable for such real-time imaging is correlated to
size of the full field of view as well as the desired image resolution. Another factor
optionally implemented therewith includes the type and responsiveness of the image sensor
that is used. Still other factors relate to the ability to transmit and process the image data for
display, should it be desirable to view the images in real-time.

Still other embodiments of the present disclosure relate to the facilitation of in vivo
or in vitro epifluorescent imaging. For instance, in vivo imaging of a live subject can be
particularly useful for correlating external stimuli and other factors with the captured
images. This correlation can be used, for example, as a diagnostic/research tool by
associating properties of the captured images with the external stimuli. Real-time imaging
at high frame rates can further provide such correlation as a function of time.

An embodiment of the present disclosure is directed toward a microscope device
and/or system having a modular design that facilitates detaching and reattaching various
components of the microscope device. The detachment and reattachment can be used to
replace the modular components with new and/or different modular components. For
instance, the light source can be replaced with a new light source having the same or
different optical and electrical properties. The array of optical sensors and/or the optical
direction elements (e.g., mirrors, filters and lenses) can also be removed and replaced. If
desired, the optical sensor can also be removed and replaced.

In certain other embodiments consistent with the instant disclosure, one or more of
the imaging devices includes a synchronization circuit for interfacing to an external optical-
data processing (recording and/or configuring) system. The synchronization circuit

includes logic circuitry (e.g., a programmable or semi-programmable chip (microcontroller
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or ASIC) that is configured and arranged to communicate a frame reference/active signal.
In a typical application, a frame active signal would provide synchronization information,
e.g., as defined in an IEEE communications standard, for and with the data communicated
between the imaging device and the external system. Such an optical-data
recording/configuring system can be used to install software, configure set-up parameters
for experiments and procedures, provide visual feedback during such experiments and
procedures, and record the optical data for manipulation and further study.

In yet further embodiments, the instant disclosure is directed to methods of using the
image devices which are described herein. Certain of the devices include a base plate acting
a foundational structure which provides support/stability and also allows for microscope
(re)alignment. These methods include the steps of attaching and reattaching the
epifluorescence microscope to the base plate for allowing the microscope alignment to be
precise. Such precision should be sufficient for repeated imaging of a common imaging
location, e.g., during chronic experiments.

Turning now to the figures, FIG. 1 depicts a block diagram of an epifluorescence
microscope device, consistent with an embodiment of the present disclosure. The
epifluorescence microscope device 100 includes a number of components within the
dimensions 120 and 122. Not shown is a further dimension, which extends perpendicular to
the dimensions 120 and 122.  Although not necessarily limited thereto, each of these
dimensions can be less than an inch. Consistent with other embodiments, the dimensions
are slightly larger, e.g., on the order of a few centimeters.

The epifluorescence microscope device 100 includes an optical source 102. This
optical source 102 generates excitation light 104. In a particular implementation, the optical
source 102 is a light-emitting-diode (LED) or an organic light-emitting-diode (OLED). The
excitation light 104 is directed by an optical arrangement 124 to a target object 114, for
imaging thereof. The optical arrangement can include one or more of objective lens 112,
(dichroic) mirror 110 and excitation filter 108 and an emission filter (not depicted).
Epifluorescent light 116 from the target object 114 is directed from/by the objective lens to
an image capture circuit 118. The epifluorescence microscope device 100 is configured to
direct light from and capture image data for a field of view 126.

In various embodiments of the present disclosure, the microscope device 100 can
also include one or more of an image-focusing optical element (e.g., an achromatic lens)
and an emission filter. These and other elements can help control optical properties of the

microscope device 100.
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Consistent with one embodiment, the depicted elements are each integrated into a
relatively small area, e.g., within a single housing having dimensions 120, 122. Such
integration of the various components can be particularly useful for reducing the length the
optical pathway from the optical source 102 to the target object 114 and back to the image
capture circuit 118. The reduction of this optical pathway can be part of the configuration
parameters that facilitate a number of different properties and capabilities of the microscope
device 100. For example, in certain embodiments the microscope can provide images with
a resolution to 1 um for an imaging field of view of up to 1 mm” in area.

A particular example embodiment is configured with an array of optical sensors 118.
An optical arrangement 124 is configured to direct excitation light 104 of less than about
1 mW (various embodiments provide for a higher excitation power, e.g., 100 mW) to a
target object 114 in a field of view 126 of that is at least 0.5 mm? and to direct epi-
fluorescence emission 116 caused by the excitation light 104 to the array of optical sensors
118. In various embodiments, the field of view 126 can be at least 1 mm?. The optical
arrangement 124 and array of optical sensors 118 each configured sufficiently close to the
target object 114 to provide at least 2.5 um resolution for an image of the field of view 126.
In other embodiments, the optical arrangement 124 and array of optical sensors 118 can be
configured to provide at least 1 um resolution. In certain embodiments, the excitation
optical power at the specimen is variable and can be in the range of 100 pW-100 mW,
depending upon the particular configuration and imaging constraints.

Consistent with an embodiment of the present disclosure, the optical source 102 can
deliver light of up to 37 lumens or 6 mW. It is not, however, necessarily a requirement that
the optical source 102 provide light of such intensity. Moreover, the amount of light
received by the target object is less than (relative to an attenuation factor) the amount of
light provided by the optical source 102. For instance, the attenuation of one embodiment
results in 6 mW at the light source corresponding to 1 mW excitation power delivered at the
target object. Similarly, to deliver 100 mW of excitation power at the specimen the light
source can be configured to provide up to 600 mW.

Although FIG. 1 depicts the various components as being within the dimensions
120, 122, other embodiments are possible. For instance, FIG. 2 depicts a block diagram of
an epifluorescence microscope device with an external optical source, consistent with an
embodiment of the present disclosure. The epifluorescence microscope device 200 includes
an external optical source 214. This external optical source 214 is coupled to an optical

arrangement 250 that includes a number of components within the dimensions 216 and 218.
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Not shown is a further dimension, which extends perpendicular to the dimensions 216 and
218. Although not necessarily limited thereto, each of these dimensions can be less than a
cubic inch. Consistent with other embodiments, the dimensions are on the order of a few
centimeters.

Consistent with one embodiment of the present disclosure, the external optical
source 214 is coupled to the optical arrangement 250 via a fiber optic cable 212. Excitation
light from the external optical source 214 and the fiber optic cable 212 pass through
(optional) excitation filter 208. A (dichroic) mirror 204 and objective lens 206 direct the
excitation light to the target object 210. In particular, the excitation light is directed toward
field of view 220. The excitation light causes fluorophores in the target object 210 to
fluoresce with epifluorescent light. This epifluorescent light is directed by (dichroic) mirror
204 and objective lens 206 to optical sensor 202.

In various embodiments of the present disclosure, the microscope device 200 can
also include one or more of an image-focusing optical element (e.g., an achromatic lens)
and an emission filter in the imaging pathway. These and other elements (not shown Fig. 1)
can help control optical properties of the microscope device 200.

Although the optical source 214 is not located in close proximity to the optical
arrangement 250, the amount of excitation light that is delivered to the target object 210 can
still be set at a low level due to the proximity between the target object 210, the objective
lens 206 and/or the optical sensor 202. In particular, this close proximity can be particularly
useful for providing efficient optical coupling between the target object and the optical
sensor. Thus, the epi-fluorescence can be of a lower intensity relative to the image
properties. Moreover, a lower level of excitation intensity at the target object 210 can allow
for longer exposure to the excitation light before photobleaching, heating or other adverse
affects become a factor.

The following discussion provides details of an experimental embodiment.
Although the experimental embodiment provides examples and details regarding various
parameters and results, these aspects are not necessarily limiting to the various other
embodiments of the present disclosure. The experimental embodiment was configured and
arranged to provide a small epi-fluorescence microscope. The microscope included a
specially-integrated arrangement that included the light source, optics, filters, and camera
into a single housing.

The level of integration and the resulting size scale for the miniature fluorescence

microscopes can be configured for use in a multitude of applications. A particularly
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challenging application relates to in vivo brain imaging, e.g., in a mouse or similar
organism. In at least one such application, the microscope is designed to be mounted on the
head of a mouse for in vivo brain imaging during awake behavior. In order to be configured
for this and other applications, the microscope was designed with stringent physical size and
mass requirements, e.g., so as to be easily borne by the mouse during awake and active
behavior. For instance, given that an aduit mouse is approximately 25 g in mass, the
microscope was designed to be 3 g or less. Other design considerations revolved around the
image quality, reliability and speed.

One embodiment was configured for imaging of high-speed, cellular-level brain
imaging. The cost and simplicity of large-scale manufacturing was another factor in the
design of the fluorescent microscope. Particular embodiments were configured and
designed as an integrated device that was mass-producible at low costs due (e.g., scalable
and amenable to mass-production).

FIG. 3 shows a cross-section of a miniature fluorescence microscope that was
designed consistent with such considerations and other embodiments of the present
disclosure. The vertical arrows denote the excitation (down arrow) and emission (up arrow)
pathways. A single housing 300 contains the light source 314 and image capture circuit
302, as well as a fluorescence filter set (emission filter 306 and excitation filter 316) and
micro-optics (collector lens 312, dichroic mirror 310, achromatic lens 308, objective lens
318 and focusing mechanism 304). This integration of the light source and camera with the
filter set and microscope optics facilitates high-resolution image capture in various
applications, such as in vivo imaging.

Consistent with one embodiment, a solid-state light-emitting-diode (LED), which is
small, amenable to integration with collection optics, and mass-producible at low costs, is
used for the excitation light source. A Complementary-Metal-Oxide-Semiconductor
(CMOS) image sensor is used for the camera.

In a particular experimental embodiment of the present disclosure, the LED light
source shown in FIG. 3 can be implemented using a blue LED 314 mounted on a custom
6 mm X 6 mm printed circuit board (PCB), which also includes a heatsink. A drum micro-
lens 312 is used to collect illumination, which then passes through a 4 mm X 4 mm
excitation filter 316, deflects off a dichroic mirror 310, and enters the imaging pathway. A
gradient refractive index (GRIN) objective micro-lens 318 focuses illumination onto the
sample. Fluorescence emissions from the sample return through the objective 318, the

dichroic 310, a 4 mm X 4 mm emission filter 306, and an achromatic doublet tube lens 308
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that focuses the image onto the CMOS image sensor 302 (640 X 480 pixels), mounted on a
8.4 mm X 8.4 mm PCB with power and signal conditioning electronics. The LED light
source, CMOS camera, and the optical components are integrated into a microscope
housing 300 with a modular design that permits individual components, such as the
excitation LED and CMOS camera chip, to be replaced for different application needs.
Moreover, a memory circuit can be integrated to store image data. The modular aspect
allows the memory circuit to be removed and replaced without removing the microscope
from the imaging target (e.g., the microscope could remain affixed to an organism). Thus,
captured images are stored locally and then retrieved by removal of the memory circuit,
which can be configured to interface with an external device, such as a laptop computer.

In example embodiments, the microscope housing is fabricated using
Polyetheretherketone (PEEK) and has built-in mechanical image focusing capabilities
permitting focusing to sub-micron accuracy by adjustment of the camera position. Other
materials (e.g., bio-compatible and solvent-resistant materials) can also be used consistent
with various desired applications. The microscope can be plugged into a computer via
external data acquisition PCBs, with a standard USB interface, providing real-time image
acquisition, display, and camera and light source control.

Embodiments of the present disclosure are directed toward the design and control
over an imaging pathway and design of an epifluorescence microscope. The imaging
pathway includes an objective lens along with other optical conditioning and directing
components. The additional components can include, for example, spectral-filtering
components and/or an achromatic doublet imaging tube lens.

FIG. 4 depicts an objective lens and ray propagation therein, consistent with an
embodiment of the present disclosure. In a particular embodiment, the objective lens 402 is
a GRIN objective lens. The GRIN objective lens is a cylindrical lens with a radially-
decreasing refractive index profile that results in rays 406, originating from target object
404, propagating in a sinusoidal path, as shown in FIG. 4. A GRIN lens can be particularly
useful due to the small form factor and ease-of-integration with other microoptics and/or for
reducing optical path length relative other types of objective lenses.

In one experimental embodiment of the present disclosure, the GRIN objective lens
used to collect fluorescence emission from the specimen is 2 mm in diameter with a pitch
length of 0.245. A pitch length of 1 corresponds to one full sinusoidal path of ray
propagation; thus a pitch length of 0.245 results in light rays that are close to being

considered collimated light rays, as shown in FIG. 4. The objective numerical aperture (NA)
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is 0.45. Collected fluorescence emission is passed through the dichroic mirror and the
miniature emission filter, and the fluorescence image is then focused by an achromatic lens,
with a focal length of 15 mm, onto the CMOS image sensor.

FIG. 5 depicts is an optical ray trace diagram of an imaging pathway with the two
lens elements and the additional spectral-filtering components, consistent with an
embodiment of the present disclosure. The rays show how points in the spécimen plane are
imaged onto the CMOS camera. Light rays (502, 504, 506, 508, 510) are traced from five
distinct point sources in the specimen plane to imaged points on the CMOS camera. The
design of the imaging pathway and the optical ray trace simulations were performed using
software modeling. The light rays emanating from target object 512 pass through the GRIN
objective lens 514. The GRIN objective lens 514 collimates the light rays. The light rays
are then directed by dichroic mirror 516 toward achromatic lens 518. Emission filter 520
filters out undesired light wavelengths, such as reflected excitation light. The light rays
then strike sensor array/camera 522, where they are recorded and used to generate an image
of the target object 512.

The optical magnification provided by the imaging pathway and optical elements
can be configured accordingly to the desired application. Moreover, the need for optical
magnification can be offset by the proximity of the objective lens to the target object as well
as the proximity between the target object, objective lens and the image capture circuit,
resulting in embodiments where low optical magnifications (1-4x) can permit imaging large
specimen fields-of-view greater than 1 mm? while still providing high spatial resolution of
at least 1 pm.

Consistent with experiments and related embodiments, the microscope optical
magnification range is between 4.5-5.5x. The working distance, that is, the distance from
the near surface of the objective to the point in the specimen plane that is in focus, is about
150-200 pm or about 50-250 pm (these dimensions can depend on the exact positioning of
the focal plane). The performance of an optical design can be evaluated by its resolving
capabilities, and one measure of this is the full-width-half-maximum (FWHM) of the optical
point-spread function. The on-axis, lateral spatial resolution of the imaging pathway
computed in this manner was approximately 1.2 um, degrading to approximately 1.6 um at
the periphery of the field-of-view. This measurement, however, is not necessarily limiting
as that the spatial resolution achievable is also a function of various factors including, but

not limited to, the camera pixel size.
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Aspects of the present disclosure relate to properties of the illumination pathway
between the target object, the excitation source and the image sensors. For instance, careful
design of the illumination pathway can provide efficient and uniform excitation of the
specimen under observation. The coupling of the excitation light source to the illumination
pathway can be useful for providing sufficient and well-controlled illumination to excite the
specimen. In one experimental implementation, a blue LED with the spectral peak of
illumination at around 470 nm was used as the excitation light source. The LED was
mounted on a 6 mm X 6 mm PCB that was equipped with a heat sink. The heat sink helps to
keep the LED junction temperature stable during operation.

LED illumination output is (first order) linear as compared with drive current only
over a local area (the actual transfer function is a curve). However, the output exhibits
temperature dependence. The experimental results showed that drive currents of 20 — 30
mA were sufficient to deliver the required illumination power at the specimen. This drive
current was approximately one fiftieth (1/50) of the maximum rating for the drive current of
the LED (e.g., maximum drive current is 1A and typical drive currents are 20 mA). For a
given drive current, the LED junction generally reached an equilibrium temperature in
approximately 60 s after LED turn-on, and the LED illumination output stabilized. In
certain embodiments, the LED light output can be stabilized in real-time over temperature
variations via intrinsic or external temperature measurement coupled with a feed-forward or
feedback system. For instance, data received from a temperature sensor (e.g., temperature
sensitive resistor or temperature sensing diode) and/or current sensor can be used to control
the amount of electrical power provided to the LED. In certain embodiments, a control
circuit for providing such control can be calibrated during manufacturing or at a point
thereafter.

Consistent with an experimental embodiment, the LED illumination is collected by a
drum lens, passed through a miniature fluorescence excitation filter, and then reflected off a
dichroic mirror that directs the illumination into the GRIN objective lens and to the
specimen. The system was designed for collection and delivery of light to the specimen to
achieve spatially uniform, homogenous illumination at an average optical power density
across the specimen field-of-view. This can be accomplished by approximating Kohler
illumination. In Kohler illumination, the light source and the specimen planes are on
separate sets of conjugate planes, ensuring that the light source is not imaged onto the
specimen, and vielding even illumination of the specimen at an average optical power

density.
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According to an experimental embodiment, the fluorescence fiiter set is configured
to separate the excitation illumination from the fluorescence emission. The filter set
includes three parts: the excitation filter, dichroic mirror, and emission filter. The spectral
profiles of the filters and dichroic were configured to allow blue excitation and green
emission. These spectral profiles are amenable to imaging a broad palette of synthetic
fluorescent probes, such as fluorescein and its reactive derivatives, as well as genetically-
encoded fluorescent proteins, such as the green fluorescent protein (GFP). For a particular
experimental implementation, the specific spectral characteristics and dimensions of the
filter set were as follows. The excitation filter was a bandpass filter with a spectrum of
480/40 nm and a dimension of 4 mm X 4 mm X 1.05 mm, the emission filter was also a
bandpass filter with a spectrum of 535/50 nm and a similar dimension of 4 mm X 4 mm X
1.05 mm, and the dichroic mirror had a long pass spectral profile, passing wavelengths
above 506 nm, and with a dimension of 4 mm X 4.8 mm X 1.05 mm. In other
embodiments, the filter set can be configured to permit multiple wavelength excitation for
excitation and imaging of multiple fluorescent markers with different excitation/emission
spectra.

Embodiments of the present disclosure are directed toward the use of a CMOS
image sensor. CMOS image sensors are digital imaging sensors that are designed and
fabricated in CMOS. This can be particularly useful for providing image sensors that can
be mass-produced at low costs. Moreover, the use of CMOS technology can be useful for
providing a solution that operates at both low power and at high speed. The CMOS image
sensors can be implemented with digital pixels, where conversion from photons to bits is
done directly at the pixel level with a per-pixel analog-to-digital converter and dynamic
memory. This can be particularly useful for high speed imaging applications and the
implementation of still and video rate imaging applications that benefit from high-speed
capture, such as dynamic range enhancement.

In a particular implementation a CMOS image sensor was used that had a resolution
of 640 X 480 pixels, each pixel having dimensions of 5.6 um X 5.6 um. The CMOS image
sensor was packaged in a 5.6 mm X 5.8 mm chip-scale package. The sensor output was in a
serialized digital low-voltage differential signaling (LVDS) format. Such a LVDS format is
particularly useful for facilitating the interfacing with a minimum number of interconnects,
which can be an important consideration for minimizing the number of wires attached to the

microscope.
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Experimental characterizations, shown in table I, of the sensor are briefly described
as follows. Pixel read noise was estimated by calculating the standard deviation of pixel
intensity in 1000 image frames, acquired in full darkness and with sufficiently brief
exposure such that the noise contribution from dark current shot noise was insignificant.
Dark current, and dark signal non-uniformity (DSNU), the variation in dark current across
the array of pixels due to device mismatches, were estimated by capturing 1000 frames in
the dark with sufficiently long exposure times, and then averaging the frames into a single
image, with the objective of ideally averaging out temporal noise. Dark current and dark
signal nonuniformity were then found from the mean and standard deviation of the pixels in
the averaged image. With these experimentally-characterized sensor specifications, and
other known electronic properties of the sensor, the CMOS image sensor was analytically

modeled to estimate imaging fidelity for a range of incident photon flux densities.

Table 1

Package size 5.6 X 5.8 mm’
Array size 640 X 480 pixels
Pixel size 5.6 X.5.6 um°
Frame rate 36 fps/Hz

Pixel read noise 10e

Dark current (room temp.) 900 e’/s

Dark signal non-uniformity 30e7/s

Full well capacity 52,000 e

The experimental results are illustrative and not meant to be limiting. For instance,
the frame rate/image capture speed of Table 1 (36Hz) is to be understood in the context of
the specific experimental parameters. For instance, the captured field of view (FOV) was at

2 or even more. Smaller FOVs would allow

least 0.5 mm?, although it could be up to I mm
for higher frame rates (e.g., 370 um 370 pm at 100 Hz).

One application consistent with embodiments of the present disclosure relates to
in vivo mouse brain imaging experiments. Since photon flux densities incident on the
sensor plane for typical in vivo mouse brain imaging experiments are on the order of 10"
photons/cm?/sec, which corresponds to 20,000 electrons/pixel/sec, the CMOS image sensor
operates in the photon shot noise limited regime for in vivo mouse brain imaging
experiments. Thus, the CMOS image sensor’s pixel read noise and dark current numbers,

relevant considerations for applications where imaging is performed in low-light conditions,

have a negligible impact on imaging fidelity. Along with an estimated sensor dynamic
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range of 60 dB, which is believed to be more than sufficient for capturing the range of
signal intensities observed in in vivo brain imaging datasets, the imaging performance
metrics of the CMOS image sensor were shown to be well-suited to serving the application
needs.

Embodiments of the present disclosure relate to communication of image data,
control signals and/or power to the microscope device. For many applications, the
intrusiveness of the microscope is a relevant consideration. This aspect can be adversely
affected by the number of wires used to provide the communication and/or power to the
microscope device. Accordingly, various aspects of the present disclosure are directed
toward reducing the number of wires between the microscope and an external system,
which can provide control and/or image storage and processing functions. Consistent with a
particular experimental implementation, a two-wire I12C interface is used to communicate
control information with the microscope device. The I2C interface defines the wires as
SCLK and SDATA and communicates using a serial interface, thereby providing a low wire
count solution. In certain embodiments, an additional rotational element (e.g.,
commutator) can be used to facilitate movement and to lessen or eliminate torsional strain
on the connection wires. Various other protocols and communication solutions are possible.

Consistent with a particular embodiment of the present disclosure, the input power
supply is stepped-down and regulated by a low-dropout voltage regulator (LDO) before
being delivered to the image sensor. An input clock signal (162 MHz) is transmitted to and
restored by a clock buffer before being sent to the image sensor. The received clock signal
is then used to internally generate a 27 MHz master clock signal. The image data output of
the sensor is in a 10-bit digitized format and transmitted over a two-wire serial LVDS
protocol. The present disclosure, however, is not necessarily limited to any particular
communication protocol or power providing mechanism.

FIG. 6 depicts a block diagram for a microscope system, consistent with an
embodiment of the present disclosure. Two of the electronically active components of the
microscope 600 include the optical excitation source 602 and the sensor array 604. In
certain embodiments, the microscope 600 receives power and control signals from an
external interface module 650. This allows various circuits and components (e.g., power
supply, memory storage and/or image processing) to be located remote from the
microscope. Interface module 650 can be designed to function as a stand-alone component

or for connection with another device, such as a computer.
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In certain embodiments, interface module 650 is configured to provide microscope
data acquisition and control and is external to the microscope imaging device. In another
embodiments, interface module 650 (with or without input/output (I/O) interface 616) can
be integrated with the microscope device 600, e.g., for applications where the weight/size
does not preclude such integration.

According to one embodiment of the present disclosure, the interface module 650
includes an input/output (I/0) interface 606 (a transmitter/receiver/transceiver circuit). This
I/0 interface 606 can be used to provide power, control and to transmit image data to and
from the microscope 600. For instance, power can be provided from one or more power
regulators 610; control signals can be provided from a control interface 614; driver signals
608 for powering the optical excitation source 602; and image data can be communicated to
an (image) data processing unit or circuit 612. Accordingly, microscope 600 can also be
configured with one or more transmitter/receiver/transceiver circuits to allow for
communication with the interface module 650.

In one embodiment of the present disclosure, I/0O interface 606 is connected to the
microscope 600 using wired connections. The wired connections can transmit power and
communication signals using any number of different protocols. Particular applications
(e.g., in vivo imaging of active organisms) benefit from the wired connection being light,
flexible and otherwise amenable to movement by the object of the imaging. Thus, certain
embodiments implement communication protocols and solutions with low pin/wire counts.

Consistent with other embodiments of the present disclosure, I/0 interface 606 is
designed to use wireless communications. Wireless control of the microscopy imaging
device and wireless data transfer can be particularly useful when several moving imaging
objects are being imaged in parallel in sufficiently close proximity to each other. In one,
non-limiting, instance, I/O interface 606 can use magnetic field induction, such as near-field
communications derived from ISO/IEC 14443. Near-field communications also allow for
power to be provided to the microscope wirelessly, e.g., through inductive coupling. Other
wireless communication protocols and solutions are also possible.

Consistent with various embodiments, the interface module 650 is designed with an
input/output (I/O) interface 616 that interfaces with another device, such as a laptop/desktop
computer. This I/O interface 616 could also include a display screen for presenting images
captured from microscope 600. Consistent with certain embodiments, I/O interface 616 can
be integrated as part of the interface module 650 or a separate component (e.g., connected

via wired or wireless communication links).
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The various examples discussed herein for the I/O interfaces 606 and 616 are not
limiting. The I/O interfaces can be custom designed or implemented consistent with
existing communication protocols.

In certain embodiments, memory 618 can be used to store image data and/or
software instructions for execution by data processing unit or circuit 612, which can be
implemented using specialized processor (e.g., field programmable gate arrays) or general
purpose microprocessors configured to execute the specialized software instructions. The
memory 618 can include circuits providing non-volatile memory (e.g., flash) and/or volatile
memory (e.g., volatile random access memory (RAM)).

A specific embodiment of the present disclosure is implemented using two printed
circuit boards (PCBs) that are contained within the microscope 600. The first PCB 602
includes a light emitting diode (LED). The second PCB 604 includes a complementary
metal-oxide semiconductor (CMOS) imaging/camera chip. These PCBs are both connected
to a custom external system 650 via nine thin and flexible wires (2 wires to the LED PCB
602 and 7 to the camera PCB 604) that are encased in a single polyvinyl chloride (PVC)
sheath of outer diameter 1.5 mm. The external system 650 interfaces with a computer via a
general-purpose USB imaging data acquisition adapter. This configuration can be
particularly useful for enabling real-time microscope control and data acquisition as well as
immediate display of images.

An Inter-Integrated Circuit (I2C) serial communication interface is provided using
an [2C controller 614. The I2C interface can be used to control the operation and function
of the (CMOS) imaging/camera chip that is part of PCB 604. The image data output from
the imaging/camera chip is serialized and transmitted according to a digital low-voltage
differential swing (LVDS) format.

Consistent with the various embodiments discussed herein, experimental
fluorescence microscopes can be fabricated, assembled, and tested. The microscope
fabrication, assembly, and testing processes can be implemented in a distributed and
streamlined in nature. Camera and LED PCBs can be fabricated separately, while lenses
and filters are produced or procured independently. The microscope housing can be
fabricated as a kit of individual parts to facilitate manufacturing thereof.

With or without imaging optics, the camera PCB can be tested for power, camera
control, and the presence of valid output data. Testing of the LED PCB can include the
driving of the LED while illumination output is monitored. Once fully assembled, the

microscope housing is designed to maintain the optical parts in alignment with the LED and
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camera PCBs. The microscope housing was made of black Polyetheretherketone (PEEK),
which is lightweight, chemically resistant, stiff, and machinable. Although the black
housing absorbed the majority of stray light, a thin layer of black felt or other absorbent
material can be affixed (e.g., glued) in locations prone to light reflection. A threaded
interface between the part of the housing holding the camera PCB and the microscope body
is configured to provide fine adjustment of the spacing between the two for setting the
specimen plane that is in focus in the acquired image. The modular nature of the
microscope design permits removing and interchanging various parts as required, for
example, camera and LED PCBs and the filter and dichroic set.

Experimental microscopes manufactured consistent with this method were tested for
a variety of features. Table 2 depicts various specifications for the experimentally-
fabricated miniature fluorescence microscope used for in vivo imaging of a brain for an

active mouse and without image alignment.

Table 2

Dimensions 8.4 X 13 X 22 mm’
Mass 2g

Resolution 2.5 um
Field-of-view 0.48 mm’

Photon flux 3 X 10" ph/cm’/s
SNR 37dB

Imaging duration 40 — 50 mins

Simulated microscope resolution, based on the modulation transfer function (MTF)
of the microscope, was determined to be 2.3 pm. Measured microscope resolution, as stated
in Table 2 above, was empirically estimated to be approximately 2.5 pm. Microscope
resolution was measured by imaging a Siemens Star resolution test pattern.

In order to test the resolution capabilities of the experimental microscope, a sharp
edge, a slanted bar, was used as the synthetic scene and imaged with the virtual microscope.
The average edge response, or line spread function, was then derived at different cross-
sections of the digital image of the slanted bar and the MTF was then calculated. The
results support that the Nyquist rate, as determined by the camera pixel pitch, was found to
be 89 cycles/mm. This corresponds to a 2.2 um feature size in the specimen plane. The
MTF10, that is, the resolution at which the contrast degrades to 10% of the ideal contrast

was shown to be 2.3 pum.
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A number of variations are possible from the expressly-discussed embodiments of
the present disclosure. For instance, the microscope can be configured to include a local
power supply, such as a battery. In other instances, an array of microscopes can be arranged
to capture respective images of target objects.

Particular embodiments relate to in vivo imaging of an organism. Various
embodiments discussed hereafter relate to the imaging of cerebellar vermis to study
microcirculation concurrently with locomotive, and other mouse behaviors, by mounting of
an integrated microscope on the cranium. Notwithstanding, the present disclosure is not so
limited and can be applied to variety of different fields and applications.

In particular experimental embodiments relating to in vivo imaging, brain imaging,
with the miniature microscope fixed over the mouse brain (in multiple experiments), was
implemented once for a mouse exhibiting vigorous locomotor activity. The microscope was
attached while the mouse was anesthetized and imaging commenced about 15-60 min after
removal from the anesthesia. Using the cranially-attached microscope, multiple video clips
of mouse behavior and the correlated microcirculation in the vermis can be captured for
various behaviors. For instance, the mouse walking about the behavioral arena represents a
first behavior, while the mouse running on an exercise wheel represents a second behavior.
In an experimental implementation, microcirculation was recorded using the integrated
microscope that captured images at 100 Hz following an intravenous injection of FITC-
dextran. This fluorescent dye labeled the blood plasma, allowing erythrocytes to be seen in
dark relief. Individual erythrocytes were witnessed flowing through the capillaries. To
reduce the possibility of photo-induced alterations in physiology, the duration and mean
power of continuous illumination was limited to <5 min and <600 uW for each imaging
session. At least 2 min were allowed to elapse between imaging sessions, and the total
imaging duration over the course of an experiment was generally around 45 min. Frame
acquisition rates were around 100 Hz for the cerebellar vasculature and microcirculation
imaging experiments, and 30-46 Hz for Calcium imaging studies.

Although several in vivo applications are discussed herein, the devices and methods
of the present disclosure can be used for other imaging solutions, such as morphology
determinations, drug screening and other applications.

Consistent with one embodiment, the use of integrated microscopes discussed herein
facilitates the identification of phenotypes for various organisms. This is facilitated by the
high-resolution imaging that can be used to identify distinguishing characteristics. For

instance, phenotypes can be identified for wild-type and erbb3 mutant zebrafish with
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fluorescence immunolabeling of myelin basic protein with Alexa-488. The spinal cords and
posterior lateral nerve can be imaged and used to distinguish in wild-type fish. In erbb3 fish
Schwann cells fail to develop the posterior lateral nerve.

Consistent with another embodiment, the use of integrated microscopes facilitates
accurate cell counting assays in well plates. For instance, a base concentration (CO = 4.0 x
105 cells/mL) of live MCF7 human breast cancer cells labeled with carboxyfluorescein can
be diluted, with 8 sample wells for each of 6 concentrations. Optionally, an automated
algorithm can be used to provide for fast and efficient counting of cells in the images.

Consistent with one embodiment, the automated algorithm uses successive stages of
analysis within a custom cell counting algorithm. A logic circuit such as a (computer)
processor circuit (e.g., including a memory circuit/medium for providing the process
instructions) performs contrast equalization on (raw) fluorescence image of live MCF7
human breast cancer cells labeled with carboxyfluorescein. The processor circuit next
converts the resulting image to binary format, to which an initial segmentation is performed.
Single cells are then identified and counted. Iterative rounds of morphological filtering
allow segmentation of the clusters of multiple cells that remained after the initial
segmentation into individual cells.

Embodiments of the present disclosure are directed toward using a microscopy
imaging device as part of a larger optical system. For instance, a microscopy imaging
device can be embedded in vivo to facilitate long-term, chronic imaging. This can be
facilitated by providing mobile power sources and control/processing circuitry. These and
other elements can be integrated within the housing of the microscopy imaging device or
connected externally (e.g., using a wired connection to a control unit located elsewhere on
the subject). In another instance, a microscopy imaging device can be used in connection
with specialized optical devices, for example, to facilitate in vivo endoscopy or to monitor
the subject during surgical procedures.

The various embodiments described above and shown in the figures are provided by
way of illustration only and should not be construed to limit the disclosure. Based on the
above discussion and illustrations, those skilled in the art will readily recognize that various
modifications and changes may be made to the present disclosure without strictly following
the exemplary embodiments and applications illustrated and described herein. For instance,
applications other than in vivo imaging may be amenable to implementation using similar
approaches. In addition, one or more of the above example embodiments and

implementations may be implemented with a variety of approaches, including digital and/or
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analog circuitry and/or software-based approaches. These approaches are impiemented in
connection with various example embodiments of the present disclosure. Such
modifications and changes do not depart from the true scope of the present disclosure,
including that set forth in the following claims.

As discussed above, specific applications and background details relative to the
present disclosure are discussed above, in the description below and throughout the
references cited herein. The embodiments in the Appendices may be implemented in
connection with one or more of the above-described embodiments and implementations, as
well as with those shown in the figures and described below. Reference may be made to the
Appendices filed in the underlying provisional application, which are fully incorporated

herein by reference.
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APPENDIX A

CMOS camera
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Figure 3.1. Computer-aided-design (CAD) drawing of a cross-section of the
miniature fluorescence microscope.

Figure 3.1 above shows a cross-section of the miniature fluorescence
microscope that was designed embodying the design philosophy and guiding
principles outline above. The characteristic epi-fluorescence architecture at the core of
modern fluorescence microscopes has been retained, as is evident from the blue and
green arrows that denote the excitation and emission pathways, respectively, except -
for the notable fact that the light source and camera — benchtop components in a

conventional fluorescence microscope — are now integrated with a miniature

INCORPORATED BY REFERENCE (RULE 20.6)



WO 2012/027586 PCT/US2011/049180
24

fluorescence filter set and micro-optics into a single device. Key to facilitating
“miniaturization by integration” is being able to integrate the light source and camera
with the filter set and microscope optics. Leveraging advances in semiconductor
electronics has permitted such integration, and in doing so, has enabled the realization
of the design goal that was articulated. A solid-state light-emitting-diode (LED) —
small, amenable to integration with collection optics, and mass-producible at low costs
— is used for the excitation light source. A Complementary-Metal-Oxide-
Semiconductor (CMOS) image sensor is used for the camera. CMOS image sensors
have advanced considerably in recent years, driven by needs in mobile imaging, and
the use of such an image sensor capitalizes on the several benefits that have been
brought about by their ubiquitous use in cellular phone cameras — miniature form
factor, amenability to integration with electronics, and availability in large numbers at
low cost — all well-suited to the design and development of the miniature fluorescence
microscope _

The LED light source shown in Figure 3.1 is a blue LED mounted on a custom
6 mm X 6 mm printed circuit board (PCB) with a heatsink. A drum micro-lens is used
to collect illumination, which then passes through a 4 mm X 4 mm excitation filter,
deflects off a dichroic mirror, and enters the imaging pathway. A gradient refractive
index (GRIN) objective micro-lens focuses illumination onto the sample. Fluorescence
emissions from the sample return through the objective, the dichroic, a 4 mm X 4 mm
emission filter, and an achromatic doublet tube lens that focuses the image onto the
CMOS image sensor (640 x 480 pixels), mounted on a custom 8.4 mm X 8.4 mm PCB
with power and signal conditioning electronics. The LED light source, CMOS camera,
and all optical components are integrated into a microscope housing with an inherently
modular design that permits individual components, such as the excitation LED and
CMOS camera chip, to be replaced for different application needs. The microscope
housing is fabricated in Polyetheretherketone (PEEK) and has built-in mechanical
image focusing capabilities permitting focusing to sub-micron accuracy by adjustment
of the camera position. The microscope can be plugged into a computer via external

data acquisition PCBs, with a standard USB interface, providing real-time image
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In the following sub-sections, the design of the constituent microscope

modules and components are discussed in detail with relevant performance metrics.

3.1.1

The imaging pathway is typically at the heart of any microscope design, and it
is perhaps natural to begin with the design of this particular module of the microscope.
As was alluded to earlier, the imaging pathway (without the spectral-filtering
components) is comprised of two lens elements — a GRIN objective lens and an
achromatic doublet imaging tube lens. GRIN lenses are cylindrical lenses with a
radially-decreasing refractive index profile that results in rays propagating in a
sinusoidal path, as shown in Figure 3.2 below. The choice of a GRIN lens as the
objective exploits its miniature form factor and ease-of-integration with other micro-
optics — attributes that were harnessed in fiber-optic telecommunications and that
initially drove the development of such lenses — and its endoscope-like geometry for

access to deep imaging targets

specimen

Figure 3.2. Ray propagation in a Gradient Refractive Index (GRIN) lens.

The specific GRIN objective lens used to collect fluorescence emission from
the specimen is 2 mm in diameter with a pitch length of 0.245. A pitch length of 1
corresponds to one full sinusoidal path of ray propagation; thus a pitch length of 0.245

results in collimated light rays as shown in Figure 3.2. The objective numerical
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aperture (NA) is 0.45. Collected fluorescence emission is passed through the dichroic
mirror and the miniature emission filter, and the fluorescence image is then focused by
an achromatic lens, with a focal length of 15 mm, onto the CMOS image sensor.
Figure 3.3 below is an optical raytrace diagram of the entire imaging pathway
with the two lens elements and the additional spectral-filtering components. The
colored groups of rays show how points in the specimen plane are imaged onto the
CMOS camera. Rays are traced from five distinct point sources in the specimen plane
to imaged points on the CMOS camera. The design of the imaging pathway and all

optical raytrace simulations were performed using ZEMAX software |

-
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Figure 3.3. Optical raytrace schematic of the microscope imaging pathway.

The microscope magnification ranges between 4.5-5.5x, and the working
distance, that is, the distance from the back surface of the objective to the point in the
specimen plane that is in focus, is about 150-200 pm, depending on the exact
positioning of the focal plane. The performance of an optical design is often evaluated
by its resolving capabilities, and one measure of this is the full-width-half-maximum
(FWHM) of the optical point-spread function. The on-axis, lateral spatiél resolution of

the imaging pathway computed in this manner is approximately 1.2 um, degrading to
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approximately 1.6 um at the periphery of the field-of-view. However, it should be

noted that the spatial resolution achievable is also a function of the camera pixel size.

3.1.2

Proper design of the illumination pathway is critical to ensuring efficient and
uniform excitation of the specimen under observation. The excitation light source
itself is perhaps the most integral component of the illumination pathway, determining
whether sufficient and well-controlled illumination to excite the specimen can be
provided. As mentioned previously, a blue LED with the spectral peak of illumination
at around 470 nm was used as the excitation light source. Figure 3.4 below shows a
rendition of the LED and Figure 3.5 shows its measured speciral profile. The LED was
mounted on a custom 6 mm X 6 mm PCB that was equipped with a heat sink. The
purpose of the heat sink is to aim to keep the LED junction temperature stable during
operation. LED illumination output is, to a first order, linear with drive current,
however, exhibits a strong temperature dependence. Drive currents of 20 — 30 mA
were sufficient to deliver the required illumination power at the specimen,
approximately a tenth of the maximum drive current that the LED was rated for.
Typically, for a given drive cutrent, the LED junction reached an equilibrium

temperature in approximately 60 s after LED turn-on and the LED illumination output

stabilized.

Figure 3.4. Light-emitting-diode (LED) excitation light source
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Figure 3.5. Measured LED illumination output spectral profile.

LED illumination is collected by a drum lens, passed through a miniature
fluorescence excitation filter, and then reflected off a dichroic mirror that directs the
illumination into the GRIN objective lens and to the specimen. The goal in the design
of the LED illumination collection and delivery to the specimen was to approximate
Kohler illumination at the specimen, that is, to achieve spatially uniform, homogenous

illumination at an average optical power density across the specimen field-of-view. .
in Kohler illumination the light source and

the specimen planes are on separate sets of conjugate planes, ensuring that the light
source is not imaged onto the specimen, and yielding even illumination of the

specimen at an average optical power density.

3.1.3

The fluorescence filter set is the core component of the epi-fluorescence
architecture, separating the excitation illumination from the fluorescence emission,
and comprising of three parts: the excitation filter, dichroic mirror, and emission filter.
A standard fluorescence filter set comprising of these three parts was used for the
microscope, except for the fact that the filter set used was a miniature version of that

used in a conventional benchtop fluorescence microscope. The spectral profiles of the
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filters and dichroic were chosen to allow blue excitation and green emission — a
common set of spectral profiles that is amenable to imaging a broad palette of
synthetic fluorescent probes, such as fluorescein and its reactive derivatives, as well as
genetically-encoded fluorescent proteins, such as the green fluorescent protein (GFP).
The specitic spectral characieristics and dimensions of the filter set are as follow

excitation filter is a bandpass filter with a spectrum of 480/40 nm and a dimension of 4

1%
o

t

mm X 4 mm X 1.05 mm, the emission filter is also a bandpass filter with a spectrum of
535/50 nm and a similar dimension of 4 mm X 4 mm X 1.05 mm, and the dichroic .
mirror has a longpass spectral profile, passing wavelengths above 506 nm, and with a

dimension of 4 mm X 4.8 mm % 1.05 mm.

3.1.4

The use of a CMOS image sensor for the camera is a key, enabling means
towards achieving the articulated design goal and realizing the miniature microscope.
CMOS image sensors are digital imaging sensors that are designed and fabricated in
CMOS - the technology commonly used in the design of most integrated circuits for a
large number of applications today. The transition from analog, film-based imaging to
digital electronic imaging was not brought about by CMOS digital image sensors
though. Charge-Coupled Device (CCD) technology was first used to demonstrate the
physical means of converting photons into electrons in arrays of pixels in silicon and
generating a digitized image of a scene — ushering in the era of digital imaging, and
indeed, recognized for its role in doing so with one-half of the 2009 Nobel Prize for
Physics awarded to two of the pioneers of CCD technology, Willard Boyle and
George Smith. The advent of CMOS imaging, however, was a significant milestone in
the evolution of digital imaging. In contrast to the specialized semiconductor foundries
that are required for fabricating CCD digital image sensors, CMOS digital image
sensors can be fabricated in conventional semiconductor foundries. As a result, CMOS
image sensors can be mass-produced at very low costs. Furthermore, the use of CMOS
technology provides an enabling platform with several inherent performance benefits.

Digital imaging sensors with low power and high speed can be realized, and additional
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circuits can be integrated at the pixel-level or chip-level to incorporate signal
processing capabilities and implement novel architectures for demanding application
needs. Exemplifying such capabilities was the design and development of CMOS
image sensors with digital pixels — where conversion from photons to bits is done

directly at ihe pixel ievel with a per-pixel analog-to-digital converter and dynamic

memory — enabling, for example, imaging at up to 10,000 frames/s for high speed
' imaging applications and the implementation of still and video rate imaging
applications that benefit from high-speed capture, such as dynamic range enhancement
[70]. High dynamic range imaging requirements are often encountered in infrared (IR)
imaging, and CMOS readout circuits and architectures for high dynamic range
imaging at high speeds, and with high signal fidelity, have been demonstrated |
CMOS image sensors have also had an impact on the life sciences, in one work used
to enable an integrated, low-cost de novo DNA sequencing platform CMOS
image sensors are being used today in a plethora of applications, and remarkably
sophisticated custom image sensors are being designed with capabilities that are likely
to engender even more applications. A recent work embodies the state-of-the-art in
CMOS image sensor device, circuit, and architecture, demonstrating imaging with a
novel multiple aperture architecture with submicron pixel structure
Although designing and fabricating custom CMOS image sensors, such as
those referenced above, affords the capability and flexibility to tailor the image sensor
to the target application, the proliferation of CMOS image sensors in mobile imaging
devices has created a thriving market of commercially-available CMOS image sensors
that are particularly attractive since they usually represent proven designs, and
consequently, a quicker route to validation and incorporation into an imaging system.
The low cost of production and low power consumption of CMOS image sensors have
made them ubiquitous in cellular phones and personal digital assistants (PDAs).
Mobile imaging needs continue to drive CMOS image sensor development, and
indeed, several of the ensuing advances, such as miniature form factor and amenability
to integration with other electronics on miniature PCBs, in addition to their availability

at low costs, are well-aligned to the design objectives of the miniature microscope.
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Based on these considerations, a commercially-available CMOS image sensor
was selected to form the centerpiece of the camera that would be integrated into the
miniature fluorescence microscope. The CMOS image sensor chosen has a resolution

of 640 x 480 pixels, each pixel having dimensions of 5.6 pm X 5.6 pm, and is

packaged in an especially miniature 5.6 mm X 5.8 mm chip-scaie package. The sensor
output is in a serialized digital low-voltage differential swing (LVDS) format,
facilitating interfacing with a minimum number of interconnects — an important
consideration that minimizes the number of wires attached to the microscope. Figure

3.6 below shows the packaged CMOS image sensor photographed next to a U.S. dime.

Figure 3.6. CMOS image sensor selected for integration with the microscope.

Miniature form factor and amenability to integration with other electronic
components are necessary but certainly not sufficient conditions in determining the
potential of using a commercially-available CMOS image sensor for the camera.
Characterization of imaging performance and evaluating application fit is also crucial.
Table 3.1 below lists the key specifications and characterization results pertinent to

imaging performance of the CMOS image sensor that was chosen.
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Table 3.1. CMOS image sensor specifications and imaging performance
characterization results.

Package size 5.6 x 5.8 mm’
Array size 640 x 480 pixels
Pixel size 5.6 x 5.6 um®
Frame rate* 36 fps
Pixel read noise 10¢€

Dark current (room temp.) 900 e’/s
Dark signal non-uniformity 30e7/s

Full well capacity 52,000 ¢

*Higher frame rates possible over smaller windows-of-interest (e.g., 100 fps at 300 x 300 pixels)

Experimental characterization of the sensor to determine some of the above
listed results are briefly described as follows. Pixel read noise was estimated by
calculating the standard deviation of pixel intensity in 1000 image frames, acquired in
full darkness and with sufficiently brief exposure such that the noise contribution from
dark current shot noise was insignificant. Dark current, and dark signal non-uniformity
(DSNU), the variation in dark current across the array of pixels due to device.
mismatches, were estimated by capturing 1000 frames in the dark with sufficiently
long exposure times, and then averaging all the frames into a single image, with the
objective of ideally averaging out temporal noise. Dark current and dark signal non-
uniformity were then found from the mean and standard deviation of all pixels in the
averaged image. With these experimentally-characterized sensor specifications, and
other known electronic properties of the sensor, the CMOS image sensor was

analytically modeled to estimate imaging fidelity for a range of incident photon flux
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densities. The reader is referred to Appendix 1 for details on the analytical modeling.
Since photon flux densities incident on the sensor plane for typical in vivo mouse brain
imaging experiments are on the order of 10" photons/cmz/secl, which corresponds to
20,000 electrons/pixel/sec, the CMOS image sensor operates in the photon shot noise-
limited regime for in vivo mouse braii imaging experiments — the primary application
for the miniature fluorescence microscope. Thus, the CMOS image sensor’s pixel read
noise and dark current numbers, important considerations for applications where
imaging is performed in low-light conditions, have a negligible impact on imaging
fidelity. Appendix I provides estimates of the fidelity with which fluorescence
emission signals from the brain can be imaged — limited by the Poisson statistics of
signal shot noise — with the peak signal-to-noise-ratio (SNR) estimated to be 47 dB.
Along with an estimated sensor dynamic range of 60 dB, which is more than sufficient
for capturing the range of signal intensities observed in i» vivo brain imaging datasets,
the imaging performance metrics of the CMOS image sensor are well-suited to serving
the application needs. The importance of such sensor characterization, analytical
modeling, and evaluation of imaging performance in the context of targeted
applications cannot be emphasized enough since the particular choice of the CMOS
image sensor for ﬁse as the camera is a key design decision. While CMOS image
sensors, in general, indeed do facilitate “miniaturization by integration”, evaluating
whether the chosen sensor has the requisite imaging performance bejore fabrication of
the microscopes is critical — especially if such microscopes are to be mass-produced.
The CMOS image sensor was integrated on a custom 8.4 mm x 8.4 mm PCB
with power and signal conditioning circuits. The PCB itself is designed to be mounted
on top of the miniature microscope with its vertical position adjustable in order to
permit fine focusing by adjustments to the imaging plane. Figure 3.7 below shows a
schematic of the PCB with the CMOS image sensor and integrated circuit components

for power regulation and conditioning, and conditioning of the image sensor clock

signal.

! Determined empirically from measurements and imaging data acquired in previous
in vivo mouse brain imaging experiments using the fiber-bundle-based fiberscope.
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Figure 3.7. Schematic of PCB with CMOS image sensor and power and signal
conditioning integrated circuits.

The PCB has the minimum number of 1I/Os required for interfacing with the
CMOS image sensor and acquiring imaging data from the microscope. SCLK and
SDATA input connections are used to control the sensor over a two-wire IC interface.
Input power supply is stepped-down and regulated by a low-dropout voltage regulator
(LDO) before being delivered to the sensor. The input CLK signal (162 MHz) is
restored by the CLK buffer before being sent to the sensor, which uses it to internally
generate a 27 MHz master CLK signal. The output of the sensor, as described earlier,

is in a 10-bit digitized format and transmitted over a two-wire serial LVDS protocol.

3.2

Independently designing constituent microscope modules, such as the imaging
and illumination pathways, and characterizing and evaluating key microscope
components, such as the camera, allows for optimization and evaluation of the
respective parts of the microscope — but independent of each other and without the
kind of holistic design perspective that would assist in the evaluation of the

microscope as an integrated device. Akin to determining whether the imaging
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performance of the camera — that is, the CMOS image sensor — would be sufficient for
the application needs before fabrication of the microscope, it is not a leap of the
imagination to go a step further and ask how the microscope itself would perform as
an integrated device, before fabrication. One approach to answering this question is to
model the microscope. Such an approach alse enables adopting a modeling-based
microscope design methodology, analogous to that used in the design of integrated
circuits before mass fabrication. Not only does this permit optimization of microscope
performance during the design process, but it also allows simulating and evaluating

“plug-and-play” operation across such microscopes before mass fabrication.

3.2.1

Since imaging performance forms the basis of evaluation for any microscope,
and in the particular case of these miniature, integrated microscopes that lack an
eyepiece the captured digital image serves as the only means of specimen readout,
modeling the microscope as an imaging system pipeline from input, the specimen, to
final output, the captured digital image of the specimen, provides a framework to
implement the comprehensive modeling-based design methodology described above.
The process of imaging a specimen can be modeled and simulated, allowing for
evaluation of the microscope’s overall performance, and different parts of the
microscope can at the same time be co-designed and optimized in a holistic manner. In
particular, microscope imaging optics and camera co-design, with the objective of
optimizing overall device imaging performance, or a system merit function, can enable
the designer to explore trading-off complexity in the optics with sophistication in the
imaging ¢lectronics and processing For example, leveraging advances in
image sensors and image processing algorithms to compensate for deficiencies in the
imaging optics and correct for optical aberrations may permit the use of simple,
compact, and low cost imaging optics without the sacrificing of final image quality.

The following section describes the development of this image-based

microscope modeling framework and associated tool flow. The tool flow facilitates the
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construction of a “virtual” microscope that can be used to image synthetic specimen

scenes and permit image-based evaluation of the miniature, integrated microscope.

3.2.2

While commercial optics design tools such as ZEMAX and Code V
permit analytical optimization and evaluation of the microscope imaging optics, they
do not readily lend themselves to image-based analyses with user-defined multi-
spectral scenes, and by themselves, are decoupled from any subsequent steps required
to convert the optical image to a digital image. Thus any tool developed to model the
microscope as an imaging system pipeline, that is, as an integrated imaging device,
must, at a minimum, perform two steps. First, the user must be able to specify a model
of the specimen (synthetic scene) with known illumination characteristics as
determined by typical imaging conditions for the particular application, and given this
synthetic scene, the process of forming an optical image using the designed imaging
optics must be modeled. Second, the process of capturing this optical image using the
camera and generating a digital image must be modeled. Such a tool flow would thus
enable image-based evaluation of the integrated microscope design, providing
feedback to the designer and facilitating, for example, investigation of design trade-
offs in the imaging optics and sensor in an iterative manner until an optimized
integrated microscope device design has been achieved. The option to incorporate
custom post-acquisition image processing routines into the tool flow, either to correct
for deficiencies in the imaging system pipeline or to perform further image-based
processing, are also features that would enhance the utility and applicability of such a
modeling-based microscope design methodology and associated tool flow.

The tool flow developed to perform the above steps is built around a core set of
open-source MATLAB-based tools, the Image Systems Evaluation Toolbox (ISET),
previously developed with the objective of modeling a typical digital camera imaging
system pipeline and evaluating camera image quality ISET provides a platform
to specify a user-defined radiometric representation of a scene, a model of the imaging

optics, and a model of the digital image capture device, and can be used to simulate
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conversion of the scene to an irradiance optical image, and conversion of the optical
image to a digital image, using the optics model and camera model, respectively. The
integrated microscope modeling tool flow developed leverages this basic framework
for modeling an imaging systems pipeline, using the optics design tool (ZEMAX) to
creaie and specify a model of the imaging optics based on the ZEMAX optical
raytrace design, and VCAM, the virtual camera simnulator in ISET, to create a virtual
camera model based on the parameters obtained from the CMOS image sensor
characterization and specifications. Given the open-source nature of the development
environment, the platform is readily amenable to integrating any custom post-
processing algorithms based on the raw digital images. Figure 3.8 below illustrates

this comprehensive, image-based integrated microscope modeling tool flow.

Figure 3.8. Tool flow for image-based modeling of the miniature microscope.
*VCAM: Virtual Camera, digital camera simulator

The steps and processes involved in the tool flow are described in detail below.
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Step 1. Creating the scene

The first step in modeling the integrated microscope is creating a model of the
specimen, which becomes the input to the imaging system pipeline. Distance of the
specimen plane from the first lens surface and specimen field-of-view dimensions are
user inputs, and the nﬁmber of pixels used io represent the discretiz
be specified. Given knowledge of typical illumination intensities and spectral
properties (i.e., average photon fluxes and distribution of wavelengths), a radiometric
representation of the synthetic specimen target is then created where each pixel is
expressed in units of photons/sec/nm/sr/m>,

Standard optical targets are often a basis for evaluating general imaging
performance before simulating synthetic specimen scenes. As an example, the
normalized digital image of a USAF 1951 target or EIA 1956 resolution chart can be
used as an input scene with geometric dimensions and illumination characteristics
approximating specimen imaging conditions. In creating such a scene, the user would
provide the dimensions of the field-of-view and distance of the scene from the optics,
and number of pixels representing the scene FOV. Smaller number of pixels reduce
computation time, however, a minimum number of pixels is required such that the
discretization of the scene is fine enough for accurate computations that involve the
scene further downstream. The user would also have the option of defining the
distribution of photon fluxes over a spectrum of wavelengths, the radiometric
representation of the scene, which would serve to model scene illumination conditions.
In this manner, any normalized digital image that is a representation of the specimen

or imaging target can be converted into a multi-spectral radiometric scene with

defined geometric dimensions.

Step 2: Forming the optical image

The next step in the modeling process is forming an optical image of the multi-
spectral radiometric scene using the designed microscope optics. A model of the
microscope optics is generated and extracted from the optics design package (i.e.,

ZEMAX) and is essentially an equivalent lens representation of the imaging pathway.
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The model is comprised of three main components: 1) Equivalent paraxial optics
parameters for the pathway, e.g., effective focal length and magnification; 2)
Geometrical distortion and relative illumination parameters; and 3) Field point and

wavelength dependent Point Spread Functions (PSFs). The optical image is computed

es corresnonding to the above model components. An ideal,

in three consecutive s
unaberrated geometric image is first computed from the extracted paraxial optics
parameters. Geometrical distortion and relative illumination parameters, which
account for changes in the image shape and geometry and for the drop-off in
illurnination at off-axis points due to effects such as vignetting and pupil aberrations,
respectively, are extracted at each specified field point in the object plane and used in
a least-squares fit with an empirically-derived n™ order polynomial to generate a map
of these parameters across the entire field-of-view. An intermediate, distorted optical
image is created in this process. The final optical image is formed by convolving the
field point and wavelength dependent PSFs with this intermediate image. In an ideal
linear, shift-invariant imaging system, the PSF is the system impulse response
function, and as such, convolution of field points in the intermediate image with the
PSF results in a final, filtered optical image that captures the effects of diffraction and
optical non-idealities. However, most optical systems are not shift-invariant and thus
the final transformation assumes linear, rotationally-symmetric, and shift-variant
optics. The intermediate image is therefore split into several rotationally-symmetric
isoplanatic image sections corresponding to the number of field points specified, each
image section is convolved with local PSFs interpolated from the PSFs extracted at the
boundary field points of that image section, and the results then summed. These
operations are iterated over all wavelengths to transform the multispectral scene
radiance into a multispectral optical image irradiance (photons/sec/nm/m”) incident on
the camera plane.

Whereas the concept of integrating the ZEMAX optics design with the ISET
imaging system modeling platform allows leveraging of standard, well-developed
optics design packages for designing and modeling the microscope imaging optics, the

actual integration is non-trivial and some of the mechanistic details deserve mention.
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Extraction of the three main model components is done within the ZEMAX
environment and automated through a ZEMAX script (.ZPL). The script generates the
model parameters by simulating the particular lené configuration specified for a given
number of wavelengths and object plane field points (or paraxial image heights). The
first component of the model, extracting ihe paraxial image parameters for
computation of the ideal geometric image, is straightforward with standard .ZPL
programming functions. Extracting relative illumination and geometric distortion
parameters at each field point is also readily performed using .ZPL programming
functions. However, since generating a map of these parameters across the field-of-
view involves a least-squares fit at a later stage in the computation process, the
minimum number of field points that the user specifies in ZEMAX must be greater
than or equal to the order of the polynomial used in the least-squares fits. A greater
number of field points also helps in improving the accuracy of the final step in the
optical image formation process. Since PSFs are generated and extracted from
ZEMAX at each field point, and convolved with isoplanatic image sections
corresponding to the number of field points, specifying several field points results in
the generation of more “local” PSFs and finer isoplanatic image sections, providing a
better approximation of the shift-variant nature of the optical system. However, this
does come at the expense of an increase in computational time. The PSFs at each field
point are calculated using the Huygen’s PSF method in ZEMAX using PSF size and
grid spacing parameters determined by the extent of the PSF spread and the scene
pixel pitch spacing, respectively. The latter is especially important since the PSF
sampling and scene pixel pitch must be consistent (ideally, the scene pixel pitch after
magnification in the imaging plane must be smaller than or equal to the PSF sampling
density) for the 2D convolution between the PSFs and the corresponding isoplanatic
image sections to be accurate. All the optics model parameters extracted as above
from ZEMAX are output to a set of files which are then imported into the ISET
modeling platform where the conversion from scene to final optical image is

performed using the computational steps and procedures discussed earlier. Some of
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these considerations pertaining to integration of a custom optics design with the ISET

platform have also been discussed in

Step 3: Forming the digital image

The final step in modeling the integrated microscope is simulating capturc of
the optical image and its conversion to a digital image. A model of the digital imaging
device (i.e., camera) is required and such a rﬁodel can be constructed within the ISET
platform using known and experimentally-derived camera parameters such as pixel
and array size, pixel quantum efficiency, conversion gain, analog-to-digital (A/D)
converter specifications, and camera noise parameters. In order to simulate camera
capture and the digital image formation process, the conversion of incident photon
flux density to sensor signal must be accurately modeled. Photon flux density is first
converted into current density using pixel quantum efficiency, then integrated in space
over the pixel photodiode area and integrated in time given a user-specified camera
exposure time yielding a per sensor pixel signal count in electrons (charge) that is
ideally directly proportional to incident light intensity until saturation. The pixel
conversion gain is used to convert the collected charge to volts for readout, and the
resolution of the camera A/D and full scale range of the pixel is used to convert the
analog pixel intensities to digital pixel values, thereby completing the transformation
of the optical irradiance image to raw digital image. Figure 3.9 below summarizes the

sequence of steps.

Quantum Integration Conversion .
efficiency space/time gain Quantization
Photon flux density—> Current density — Charge — Voltage — Digital count
photons/cm?2,sec Alcm? Col \Y%

Figure 3.9. Conversion of photon flux density to a digital pixel value.

The digital image formation process described above is an ideal process.
Conversion of the optical image to a digital image is a non-ideal process and often a
significant source of additive noise in any imaging system. As such, it is both
instructive and important to model the noise at this stage in the microscope imaging

system pipeline. Noise modeling enables the rendering of realistic digital images,
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allows for estimation of imaging signal fidelity, and provides downstream post-
processing algorithms, such as deconvolution algorithms to correct for optical system
aberrations, with reliable inputs that serve as good tests of the efficacy and
performance of these algorithms in the presence of noise. An additive noise model,
incorporating the camera noise parameters and the presence of signal photon shot
noise, is therefore used to generate digital images with noise. The reader is referred to
Appendix I for details on the modeling of noise in the digital image formation process.

The tool flow described above was used to model the miniature microscope at
various stages of its design, providing design feedback and allowing optimization of
microscope imaging performance. The tool flow facilitated the adoption of a
modeling-based microscope design methodology, specifically aiding in the evaluation
and design optimization of the microscope imaging optics. Indeed, the imaging
pathway design presented in Section 3.1.1 is the result of converging on an optimized
design based on using the described tool flow for image-based modeling of different,
candidate optical designs with the chosen CMOS image sensor. Since the tool flow
developed assumes an illuminated scene, that is, creates a radiometric representation
of the specimen using known specimen illumination characteristics, the illumination
pathway is not modeled and thus its design remains independent. However, the
illumination pathway design can be easily prototyped to validate the specimen

illumination assumptions that are made.

3.2.3

This section provides simulation results from image-based modeling of the
microscope using the tool flow. Results of simulating synthetic scenes using a model
of the final miniature microscope design are presented to illustrate the steps in the tool
flow. While simulated optical and digital images from the “virtual” miniature
microscope assist in qualitatively evaluating overall microscope imaging performance,
the tool flow is also used to quantitatively evaluate imaging performance of the final

miniature microscope design, in terms of imaging fidelity and spatial resolution.
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Using the virtual microscope to image a USAF 1951 resolution target
To illustrate the tool flow, a standard USAF 1951 resolution test target is used
as the synthetic specimen scene. Figure 3.10 below shows the radiometric

representation of this scene — the result of the first step in the tool flow — with

iilumination such that the average photon flux density incident on the focal plane is

10" photons/cm*sec — typical of in vivo mouse brain imaging cxperiments.
Illumination is assumed to be monochromatic at a wavelength of 550 nm, within the

band of fluorescence emission wavelengths. Scene dimensions are 500 um X 500 pm.
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Figure 3.10. Radiometric representation of USAF 1951 synthetic scene.

The next step is modeling conversion of the radiometric scene to an optical
image irradiance using a model of the designed microscope imaging optics. Figure
3.11 below shows the result of this step — the second step in the tool flow — where
optical image formation is modeled using the imaging pathway design presented in
Section 3.1.1. As expected, the on-axis spatial resolution is sufficiently high to be able

to resolve lines on the order of 1-2 pm that are on the outer grid at the center of the
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resolution target (FWHM of the point-spread function is 1.2 pm, as reported in
Section 3.1.1). Optical aberrations are evident at the periphery of the field-of-view.

500 pm

Figure 3.11. Optical image irradiance of the USAF 1951 resolution target. Optical
image dimensions are approximately 2.5 mm X 2.5 mm, corresponding to an
optical magnification of 5x. The imaging optics model used is based on the design
of the imaging pathway presented in Section 3.1.1.

The final step in modeling imaging of the scene with the virtual microscope is
modeling conversion of the optical image irradiance to a digital image using a model
of the camera based on the CMOS image sensor that was chosen (Section 3.1.4).
Figure 3.12 below shows the result of this step assuming a 30 ms exposure time. Each
pixel in the digital image is a 10-bit digital number — the final result of the process of
sensing photons incident on the sensor, collecting charge proportional to the incident
number of photons, converting the charge collected per pixel to voltage, and then
digitizing the pixel voltage with a 10-bit analog-digital-converter. The average image
SNR is approximately 35 dB. Imaging fidelity is limited by photon shot noise, as
would be expected from the analytical sensor modeling results presented in Section

3.1.4. Of course, given that the process of modeling digital image formation in the tool
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flow is based on the same analytical model and sensor input parameters presented and
discussed in Section 3.1.4 and Appendix I, the average SNR of the simulated image is

also consistent with what would be expected from the analytical sensor modeling.

500 pm

Figure 3.12. Digitized image of USAF 1951 resolution target. Image is 3.6 mm x
2.7 mm, corresponding to the CMOS image sensor active area.

Using the virtual microscope to estimate microscope spatial resolution
One of the most important metrics for evaluating performance of any
microscope is its resolving power, that is, the achievable imaging spatial resolution.
As was alluded to previously in Section 3.1.1, the achievable imaging spatial
resolution of the miniature microscope is a function of both the imaging optics and the
camera — specifically, the pixel pitch of the CMOS image sensor. Although the
FWHM of the point-spread function of the microscope imaging optics is 1.2 um, since
the CMOS image sensor pixel pitch is 5.6 pum and the optical magnification is
approximately 5x, the achievable imaging spatial resolution is bounded by the Nyquist

frequency determined by the camera pixel pitch. Therefore, imaging spatial resolution
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is limited by the camera, and not the optics. Given that the FWHM of the optical
point-spread function no longer serves as a suitable metric for evaluating microscope
resolution, the resolving capabilities of the microscope have to be assessed by other

means. Although imaging resolution targets such as the USAF 1951 test target is

the Modulation Transfer Function (MTF) of the microscope

a
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nelpful, calculating
provides another means for quantifying microscope resolution. For an optical system,
the MTF is the magnitude of the Fourier Transform of the point-spread function and is
thus a filter in the frequency domain providing a measure of the degradation in
contrast over frequencies. For an integrated imaging system with imaging optics and a
camera, such as the miniature microscope, the MTF of the integrated imaging system
can be analogously calculated from the line spread function (LSF) at a particular
cross-section of a sharp edge that has been imaged through the system. Such a
microscope system MTF captures the effects of both the optical MTF and the sensor
MTF, and provides a measure of the resolving capabilities of the microscope and

imaging spatial resolution that can be achieved.
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Figure 3.13. Modulation transfer function (MTF) of the miniature microscope
calculated from a simulated image of a slanted bar.

Figure 3.13 above is a plot of the microscope MTF (compared with the MTF
of the imaging optics) calculated at the center of the field-of-view. A sharp edge — a
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slanted bar — was used as the synthetic scene and imaged with the virtual microscope.
The average edge response, or line spread function, was then derived at different
cross-sections of the digital image of the slanted bar and the MTF was then calculated,
as discussed above, with Figure 3.13 showing the MTF calculated from the LSF at the
center of the FOV. As is indicaicd on ihe plot, the Nyquist rate, as detcrmined by the
camera pixel pitch, is 89 cycles/mm, which corresponds to a 2.2 pim feature size in the
specimen plane. The MTF10, that is, the resolution at which the contrast degrades to
10% of the ideal conmtrast is 2.3 wm, which can be regarded as a measure of the
microscope’s expected resolving capability.

The image-based modeling framework and associated tool flow developed was
therefore valuable in not only facilitating and enabling the modeling-based design
methodology that was articulated and that is imperative in establishing a systematic
and methodical means of designing such integrated microscopes, but also allowed for
quantification of the expected microscope imaging performance. The simulations and
results provided by a model are of course dependent on the validity of the model.
Several sanity checks were performed during the course of development of the image-
based modeling framework and tool flow, for example, intentionally perturbing model
parameters and assessing their effects, but ultimately, the validity of the model is best

corroborated by comparing results obtained from the model to those obtained

experimentally, from the fabricated microscope
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3.3 Appendix I

This Appendix provides further details on modeling noise in a CMOS image
sensor and the analytical model that is referred to in Sections 3.1.4, 3.2.2, and 3.2.3.
The noise model developed here for the conversion from photon flux density to sensor
signal is an input-referred, additive noise model that incorporates both temporal noise,
which accounts for the variation in each sensor pixel signal over time, and fixed
pattern noise (FPN), which accounts for the spatial variation in signal across pixels in
the array (under temporally and spatially uniform illumination). Temporal noise arises
from various sources including signal and dark photon shot noise, sensor read noise,
and reset noise. FPN arises from inherent non-uniformities over pixels, due to device
and readout circuit mismatches, and has an offset component and a gain component,
the latter being signal-dependent. Image sensors often perform common on-chip noise
suppression techniques. One such technique is Correlated Double-Sampling (CDS)
where each pixel output is sampled twice, once right after pixel reset and a second
time after integration, and differenced before signal readout. Through this operation
CDS reduces reset noise and the offset component of FPN. Assuming CDS is always
performed and ignoring gain FPN (significant only under high illumination), the
image sensor per pixel additive noise model, with the pixel photocurrent as the input

signal, can be simplified as follows,

ldc: Qshot Qread stnu g

o L) = D—D—P——V,

Figure 3.14. CMOS image sensor signal and additive noise model.
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where,
i,, is pixel photocurrent and i,, is pixel dark currentin A

O(7) is the function representing conversion of total pixel current to total collected charge,

—
)
}
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0(i)=0Q,,, electrons,  fori> thm ’
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where g is electron charge, 7, is integration time (camera exposure), and 0, is well capacity

0,.; 1s the r.v. representing the noise charge due to integration (Poisson distributed shot noise)

. . . . 1. .
and is Gaussian with zero mean and variance — (7, + ;. )iy electrons’
q

0. 18 the r.v. representing the noise charge due to camera read noise (noise due to readout

circuits and quantization) and has zero mean and standard deviation o,,,,; electrons

O,... 1s the r.v. representing the noise charge due to Dark Signal Non-Uniformity (component of
offset FPN not canceled by CDS) and is ssumed to have zero mean and standard deviation

O =0, b 1 4 electrogs

g is the sensor conversion gain in V/electron.

Thus the total input-referred average noise power is given by,

1 1 2 2
2 — q(lph +ldc)+o_ 2 + q O-read

O, _— .
Tn tde 2
tim tint
Assuming the input signal is not varying during integration, the sensor Signal-to-Noise

Ratio (SNR) is then given by,

i 2

SNR= il .
7 y 2 2
q(lph+ld‘)+0. 2 +q Gread
i 2
Iim - tim

SNR can therefore be estimated using the above equation for any given input
signal photocurrent, corresponding to a particular incident photon flux, and specified

integration time, given knowledge of sensor read noise, dark current, and DSNU.
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4.1

CMOS camera

Filters .~

objective

5mm

Figure 4.1. A typical fabricated miniature fluorescence microscope with main
components labeled. The scale bar applies to main photograph and all insets.

Figure 4.1 above depicts a typical fabricated microscope fully-assembled with
all constituent components. The insets show, clockwise from top, the camera PCB
with the CMOS image sensor mounted on top, the LED PCB with mounted LED and
integrated heat sink, and the fluorescence filter and dichroic set.
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Figure 4.2. A fabricated, fully-assembled microscope photographed next to a U.S.
dime.

Figure 4.3. Several fabricated, fully-assembled microscopes photographed in the
palm of a hand.

Figure 4.2 and Figure 4.3 above are photographs of fabricated, fully-assembled

microscopes, providing a perspective on the level of miniaturization achieved.
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characterized imaging performance.

Miniature microscope

8.4 x 13 x 22 mm’

PCT/US2011/049180

Dimensions

Mass 2g
Resolution 2.5 pm
Field-of-view 0.48 mm”
Photon flux 3 x 10" ph/ecm?/s
SNR (same Pgxc) 37 dB SNR
Imaging duration 40 — 50 mins

Mouse motion Active behavior

Image alignment Not necessary

Table 4.1 above lists specifications of the miniature fluorescence microscopes,
characterized imaging performance of a typical fabricated microscope, and
comparisons to the performance of the fiber-bundle-based fiberscope

in the context of the in vivo mouse brain imaging application that the
miniature fluorescence microscopes were primarily designed for. The listed
specifications show that the design objectives have been met. The microscope is small
enough to be borne on the head of a mouse during active behavior. Imaging
performance is also sufficient for high-speed, cellular-level brain imaging, and indeed

many of the performance gains expected have been achieved (see Section 4.1.2).
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4.1.1

Comparing  specifications and experimentally-characterized imaging
performance of the fabricated microscope to what was expected from the design of the
microscope and simuiations of its imaging performance provides feedback on the
design process and corroboration of the validity of the image-based modeling

framework that was developed and used to simulate microscope imaging performance.

Resolution

Perhaps the most important performance metric worthy of comparison is
resolution. Simulated microscope resolution, based on the MTF of the microscope
(Section 3.2.3, Figure 3.13), was determined to be 2.3 pim. Measured microscope
resolution, as stated in Table 4.1 above, was empirically estimated to be approximately
2.5 pm. Microscope resolution was measured by imaging a Siemens Star resolution

test pattern,

Field-of-view

Field-of-view, determined by the CMOS image sensor array size and the
optical magnification, is also consistent with expectations, with the FOV reported in
Table 4.1 corresponding to the specimen FOV area imaged with an optical

magnification of 4.5x.

Imaging fidelity (SNR)

Earlier, it was mentioned that typical in vivo brain imaging signals are on the
order of 10'! photons/cm?/s, and that the expected imaging fidelity in terms of SNR
for signals of that magnitude was around 35 dB (analytical sensor modeling and
simulations, Section 3.1.4 and Section 3.2.3). Table 4.1 above reports SNR of 37 dB
for signals where the mean photon flux density incident on the sensor is approximately
3 x 10"! photons/cm?/s. The slightly lower than expected SNR (for a mean signal of 3
% 10" photons/cm?/s the analytical sensor modeling would predict an SNR of 39-40
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dB) can most likely be attributed to simplifications in the noise modeling, for example,

not incorporating the additional noise component due to gain FPN that is manifested at

high signal levels).

~=-Ta

from the above, it is heartening to conciude ibai imeasureinent resulis are

therefore, in general, found to agree with simulation results and expectations.

4.1.2"

Table 4.1 also compares the specifications and imaging performance of the
miniature fluorescence microscope with the fiber-bundle-based fiberscope.
Elimination of the fiber-bundle was expected to realize several performance benefits.

The expected areas of improvement are summarized below and the fulfillment of those

expectations is discussed.

Mouse motion
One of the principle drawbacks of the fiber-bundle was that it was rigid and
not very flexible, limiting the range of mouse behavior. With the miniature
microscope, the range of mouse behaviors observed is remarkably rich. Although there
is a bundle of wires encased in a polyvinyl chloride (PVC) sheath that connects the
microscope to the data acquisition and control setup, this cable carrying all electrical
signals is very thin (with an overall diameter of 1.5 mm) and flexible
As will be evident in the discussion of experimental results from in vivo
mouse brain imaging in the next section, one of the primary design goals from the
perspective of the neuroscience application — enabling free and active mouse behavior

during in vivo brain imaging — has certainly been achieved.

Image alignment

although a commutator attempts to provide

the mouse with more behavioral freedom by allowing the fiber-bundle to rotate as the

mouse moves, this results in a rotating field-of-view that necessitates computational
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realignment of the rotating set of raw imagés by offline image registration.
Furthermore, since the illumination field does not rotate with the image and is always
slightly non-uniform, a time-dependent illumination non-uniformity is present in the
computationally processed, rotationally-aligned images. With the miniature
microscope, since the entire microscope is mounted on the mouse, captured images are
always in the same frame of reference, and therefore such limitations no longer exist.
Furthermore, images are already digitized when transmitted over the electrical cable.
The field-of-view does not rotate, computational realignment of images is not

required, and illumination non-uniformities associated with a rotating FOV are absent.

Resolution

The fiber-bundle — a collection of single core, step-index optical fibers — is
pixilated, constraining the achievable spatial resolution. Although the measured
resolution of the miniature microscope is indeed better than that achieved with the
fiberscope, it is important to note that the resolution of the miniature microscope is
limited by the camera and has the potential for further scaling towards the optics-
limited resolution of 1.2 pm by simply leveraging advances in CMOS image sensor
technology and current trends in pixel scaling without any re-design of the
microscope imaging optics. Therefore, whereas the resolution of | the miniature
fluorescence microscope is scalable to 1.2 pm (and beyond with optical re-design
and/or resolution enhancement techniques), the resolution achievable with the

fiberscope remains inherently constrained by the pixilation of the fiber-bundle.

Field-of-view

The specimen field-of-view area that can be imaged with the miniature
microscope is 4-5x larger than what could be imaged with the fiberscope. Whereas for
the fiberscope the specimen FOV area that can be imaged is constrained by the fiber-
bundle diameter, the FOV area that can be imaged by the miniature microscope is

determined by the CMOS image sensor active area and optical magnification.
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Photon throughput

A major limitation of the fiberscope was the loss of emission photon
throughput due to the fiber-bundle. Empirical characterization of the photon flux
levels at various points in the system during typical brain imaging experiments had

revealed a total of about 5x loss in photon throughput from the end of the fiber-bundle

that was close to the specimen to th

elimination of the fiber-bundle, the expected improvement in photon throughput,

EMCCD camera With the

a

approximately 5x, has been achieved with the miniature microscope. Thus, as reported
in Table 4.1, with the same level of excitation power, the 5x improvement in emission
photon throughput results in an approximately 7 dB improvement in imaging fidelity
(SNR). Gains from improvement in emission photon throughput can also be realized
with reductions in excitation power, thereby permitting longer imaging durations.
Reduced excitation powers mitigate the effects of photobleaching and phototoxicity.
For example, an approximately 5X reduction in excitation power, yielding a still
satisfactory imaging fidelity of approximately 30 dB, allows for almost five times

longer imaging durations enabling the generation of much larger datasets.

From the above, it is evident that the miniature fluorescence microscope not
only possesses the requisite imaging performance for in vivo brain imaging, but indeed
performs unequivocally better in several aspects compared to the fiberscope,
previously the state-of-the-art in fluorescence microscopy for in vivo brain imaging in
freely behaving mice. The total mass of a microscope is less than two-thirds of the
mass budget of 3 g that had been specified — small enough to be borne by a mouse
during active behavior. The fabrication of a batch of fully-functional microscopes has
served to lend credence to the assertion that the design of the miniature microscope is
scalable to eventual mass-production. Therefore, the design goal that was articulated at
the outset — miniaturizing the benchtop fluorescence microscope by integrating the
light source, optics, filters, and camera into a single device — with the associated
objectives of eliminating the fiber-bundle, and thereby realizing several performance

gains, in addition to yielding an inherently scalable design, has been attained.
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4.2

While the goal of equipping neuroscientists with the technology that would
provide them with the enabling means to perform in vivo brain imaging, with
fluorescence microscopy, in a freely behaving mouse in their quest to correlate causal
cellular processes with animal behavior was the overarching inspiration for the
development of the miniature fluorescence microscopes, two specific experimental
paradigms were of particular scientific interest and served to validate the performance
of the microscopes. The first was the desire to image vasculature and microcirculation
in the cerebellum — the region of the brain that is involved in precisely coordinating
motor control and in motor learning — during free and active mouse motor behaviors.
Such a paradigm seeks to study hemodynamics at the cellular-level in order to better
understand the linkages between hemodynamics, brain activity, and behavior, and
towards research on cerebrovascular diseases. The second was the desire to image
Calcium dynamics in Purkinje neurons in the cerebellum, also as the mouse engaged
in free and active behavior. This paradigm exemplifies the kind of studies correlating
neural activity to corresponding animal behavior that neuroscientists are interested in.
The scientific objectives of these two experimental paradigms and results from each
will be elaborated upon and discussed in the sub-sections that follow. However, before
proceeding with those discussions, the methods of performing in vivo brain imaging in
a behaving mouse with a miniature fluorescence microscope are briefly presented.

There are two steps that need to be performed before the miniature
fluorescence microscope can be used for in vivo brain imaging. The first step is
preparing the mouse for imaging and creating an optical window into the brain region
being imaged over which the microscope can be placed. The next step is fluorescent
labeling of specific targets, where the fluorescent label and labeling strategy depends
on the nature of the experiment and the structures and processes being studied. For all
vasculature and microcirculation imaging experiments, the blood plasma is

fluorescently-labeled, whereas for all Calcium imaging experiments a fluorescent
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indicator that binds to Ca®' is used.

After mouse surgical preparation and fluorescent labeling, the mouse is always
first imaged under anesthesia to determine the appropriate brain field-of-view to be

imaged and the focal depth. With the mouse under anesthesia (isoflurane), the

brain using a translation stage, until the fluorescently-labeled surface structures are
visible under weak illumination (typically 90-200 pW illumination power at the
specimen plane). After locating a suitable recording site and focal depth, the
illumination is turned off and the microscope is fixed to the custom metal head plate
mounted on the brain using Cerebond™ adhesive and dental acrylic.
The mouse is then allowed to recover from anesthesia before being placed into a 45
cm X 45 cm X 15 cm behavioral arena made of transparent acrylic. A thin layer of
bedding, a few food pellets, and an exercise wheel are typically placed inside the arena
to provide a comfortable environment for the mouse. Brain imaging, with the
miniature microscope fixed over the mouse brain, commences once the mouse exhibits
vigorous locomotor activity, typically 15-60 min after removal from the anesthesia. To
minimize the possibility of photo-induced alterations in physiology, the duration and
mean power of continuous illumination are typically limited to <5 min and <600 pW
for each imaging session. At least 2 min are allowed to elapse between imaging
sessions, and the total imaging duration over the course of an experiment is typically
around 45 min. Frame acquisition rates are typically 100 Hz for the cerebellar
vasculature and microcirculation imaging experiments, and 30-46 Hz for Calcium
imaging studies. For recording of the corresponding mouse behavior during in vivo
brain imaging, either an external video rate monochrome CMOS camera with a high-
resolution lens situated over the arena, or a video rate color CCD camera placed
adjacent to the arena is used. The overhead camera is used with two sets of infrared
LED arrays for arena illumination. The color camera is used with dim room lighting.
The LED on the miniature microscope providing excitation illumination to the

brain region being imaged is powered either by an external programmable constant
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current source or a digital pulse-width-modulation-based (PWM) current source. On
the imaging day, the LED is calibrated to determine the illumination power delivered

to the specimen over a range of mean drive currents.
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facilitating microscope focusing. Raw imaging data acquired during the course of an

experiment is spooled to the hard disk and then transferred to external disks after the
experiment for backup and analyses. Figure 4.4 below depicts the experimental setup

(with the room light turned on for purposes of taking the photograph).

Figure 4.4. Behavioral arena and experimental setup for in vivo brain imaging
experiments.

4.2.1

Bulk hemodynamic responses in the cerebellar cortex are known to arise

during more behavior How individual capillaries respond during motor
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activity remains unstudied but must be examined towards understanding the
physiological underpinning of the hemodynamic signals widely used for functional
brain mapping Addressing these 6bjectives forms the basis for the need to
perform high-speed, cellular level imaging of cerebellar vasculature and
microcirculation in awake behaving mice.

Experiments were performed on a total of seven mice. Figure 4.5 below is a
representative image of cortical vasculature from a movie. Erythrocytes flowing

through vasculature appear dark against the fluorescently-labeled blood plasma.

Figure 4.5. A single frame from a movie of microcirculation.

Figure 4.5 above is a full field-of-view (800 wm x 600 (m) single frame image

of vasculature captured with the mouse under anesthesia and serves to illustrate the

kind of images of cortical vasculature with varying diameters that can be captured by
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the miniature microscope. However, of particular scientific interest is imaging
vasculature with much smaller diameters (capillaries) in the cerebellar cortex and at
high speeds (100 Hz) during free and active motor behavior such that erythrocyte flow

speed and changes in vessel diameters can be estimated over different behaviors.
Quantifying modulations in blood flow speed and vessel diameters in individnal
capillaries and correlating them to corresponding mouse behavior seeks to address
fundamental questions as to how hemodynamics are altered — at the level of individual
vessels — during behavior. Towards that end, data from three experiments focusing on
imaging lobules V and VI of the vermis, areas of the cerebellar cortex implicated in
coordinating hind and forelimbs was collected and analyzed. Figure 4.6

below is a frame from a composite video from an imaging session during one of the

experiments showing the behaving mouse and corresponding brain area being imaged.

Figure 4.6. A snapshot from a composite video of a behaving mouse and the
corresponding brain FOV being imaged. (Left) The mouse, with the miniature
microscope mounted on the brain, running on an exercise wheel in the behavioral

arena. (Right) The corresponding brain FOV being imaged in real-time.
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The experiment used for illustration in Figure 4.6 above was conducted in the
manner described in the introduction to Section 4.2. The mouse engaged in a range of
behaviors during the experiment, which lasted approximately 45 minutes, for example

g on an exercise wheel as depicted in the snapshot above. The corresponding

.

< 370 um brain FOV shown on the right wag imaged at 100 Hz in real-time.
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Modulations in erythrocyte flow speeds and vessel diameters over the three
experiments (three mice) were analyzed across three behavioral states: periods when
the mouse was awake but resting; walking about the behavioral arena; or running on
the exercise wheel. Analyses revealed that although both locomotor states evoked
significant hemodynamic changes compared to when the mice was at rest, running
evoked greater increases in flow speeds and capillary diameters than walking.

The experimental results reported above not only validate the performance of
the miniature microscope for in vivo brain imaging in a mouse during active behavior,
but also serve to demonstrate its use as an enabling tool for performing scientific

studies seeking to test hypotheses on associations between hemodynamics, brain

activity, and behavior.

4.2.2

The second in vivo brain imaging experiment serves to demonstrate how the
miniature fluorescence microscopes can be used as enabling tools in studies seeking to
correlate neural circuit activity with animal behavior — a longstanding goal in
neuroscience. The dendritic Ca**-spiking activity of cerebellar Purkinje ﬁ_eurons in the
vermis was examined across different behavioral states for a total of four mice. After
injection of the fluorescent Ca**-indicator - into the cerebellar cortex, the
miniature fluorescence microscope placed on the mouse’s cranium could provide
records of Ca*"-spiking from up to 206 individual neurons concurrently. These spikes

represent the Ca>" component of Purkinje neurons® complex (Na* and Ca®") action
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potentials Figure 4.7 below shows a snapshot from a composite video of

Ca**-spiking activity and corresponding mouse behavior during an imaging session.

Figure 4.7. A snapshot from a composite video of Ca’" -spiking activity in
Purkinje cells and corresponding mouse behavior. (Left) The mouse, with the
miniature microscope mounted on the brain, running on an exercise wheel in the
behavioral arena. The video of mouse behavior was taken with a color CCD
camera with dim room lighting. (Right) The corresponding brain FOV being
imaged in real-time.

The experiment that is used for illustration in Figure 4.7 above was conducted
in the manner described in the introduction to Section 4.2. The mouse engaged in a
range of behaviors over the course of the experiment (approximately 45 minutes in
duration) with wheel running again depicted in the left panel of the figure above. The
corresponding brain FOV that is shown (right panel) is approximately 450 [m x 450
wm, imaged at 40 Hz, and is normalized based on the baseline fluorescence level.

Temporal changes in fluorescence intensity in a neuron are a result of changes
in intracellular Ca>* concentration, that is, correspond to its Ca**-spiking activity.
Thus, analyses of fluorescence signals from individual neurons over time permitted
extraction of neuronal spike rates for all neurons in the brain FOV over different
mouse behavioral states. In general, neurons exhibited higher spike rates during

locomotor behavioral states, as compared to when the mouse was at rest. More
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broadly, such analyses of spike rates with single neuron specificity over a population
of neurons provides readouts of circuit-level neural activity with single neuron
precision, generating the underlying population statistics that permits study of patterns
of neural activity with behavior.

In summary, the miniature fluorescence microscopes were g1
tools for research and experimentation in the primary application that they were
designed for — in vivo brain imaging in a freely behaving mouse. As discussed earlier,
significant performance gains were achieved over the previous fiber-bundle-based
fiberscope. Enabling freer mouse movement and consequently a much broader palette
of mouse behaviors, combined with the ability to perform corresponding i vivo brain
imaging for durations that are long enough to gather statistically-relevant datasets
during those behaviors, has dramatically expanded the scope of investigation that is
possible. With an inherently scalable design that is amenable to mass-production,
these microscopes can facilitate large-scale studies seeking to elucidate the

neurobiological and neural circuit basis of behavior.
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APPENDIX B

Prior methods for light microscopy in behaving animals have required tabletop optical
instruments that appeared incompatible with most standard rodent behavioral assays and did
not permit imaging many mice in parallel>'°. The fluorescence microscope described here
clears both of these challenges, since it is a miniaturized device that is integrated with all
optical components and sufﬁciently sinall to be mounted on the cranium of a freely behaving
mouse. The microscope desiénl capitalizes on recent advances in semiconductor
optoelectronics that have led to mass availability of inexpensive but high quality optical parts,
including tiny but bright light-emitting diodes (LEDs) and complementary metal-oxi(ie— '
semiconductor (CMOS) image sensors''. This allowed us to incorporate all optical parts from

light source to camera within one package ~2.4 cm® in volume (Fig. 1a) (Methods).

The microscope’s illuminaﬁl)n source is a blue LED that resides on a custom 6 mm x
6 mm printed circuit board (PCB) (Fig. 1b, lower right insef). A drum lens collects the LED’s
emissions, which then pass throqgh a 4 mm x 4 mm optical excitation filter (Fig. 1b, lower
left insef), deflect off a dichroié mirror, and enter the imaging pathway. A gradient refractive
index (GRIN) objective lens focuses illumination onto the sample. Fluorescence emissions
from the sample return through the objective, the dichroic, an emission filter, and an
achromatic doublet tube lens that focuses the image onto a CMOS image sensor (640 x 480
pixels) mounted on a custom 8.4 mm x 8.4 mm PCB (Fig. 1b, upper right insef). The

microscope housing, fabricated in polyether-etherketone (PEEK), permits focusing to sub-
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micron accuracy by adjustment of the camera position. The electronics allow full-frame image
acquisition at 36 Hz, or up to 100 Hz over sub-regions of 300 x 300 pixels (Fig. S1). The field
of view is up to 600 pm x 800 um wide, depending on the focal position, and the lateral
antical recaliatian ic 2. 5 um (Methodq) ic nntical decion alen eacilv nermite fiarther oaing in
optic solution is 2.5 nm (Methods). This optical design also easily permits further gaing in

field of view and resolution to be realized as CMOS image sensors progress.

We first assessed the microscope’s performance in live animals by imaging cerebral
microcirculation in awake behaving mice (#z = 7 mice) We focused on lobules V
and VI of the vermis (Fig. 2a), areas of cerebellar cortex implicated in coordinating hind- and
forelimbs'***. Bulk hemodynamic responses in cerebellar cortex are known to arise during
motor behavior®">. How individual capillaries respond during motor activity remains
unstudied but must be examined towards understanding the physiological basis for the

hemodynamic signals widely used for functional brain mapping'.

We tracked erythrocyte flow speeds and capillary diameters in individual vessels
across three behavioral states: periods when the mouse was awake but resting; walking about
its enclosure; or running on an exercise wheel (Fig. 2b-h). Detailed analysis focused on a
subset of mice and revealed both locomotor states evoked increases in flow speeds (running:
+83 + 20 um/s; walking: +21 = 11 pm/s; mean + s.e.m;) (Fig. 2e,g) and capillary diameters
(running: +0.52 £ 0.12 pm; wallﬁng: +0.27 + 0.08 pm) (Fig. 2f,h) compared to resting
periods. These. changes were all significant (» = 3 mice; 97 vessel locations; p < 10'3;
Wilcoxon signed rank tests), except for the rise in flow speed evoked by walking (p = 0.13).
We had expected all capillaries within a field of view would uniformly undergo increased
speeds and diameters during locomotor behavior. Surprisingly, only a spatially scattered

minority of capillaries exhibited substantial up-regulation of erythrocyte speeds and vessel
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diameters during locomotion (Fig. 2e-h). This indicates capillaries Iying within the same
vascular bed are controlled non-uniformly, even for vessels separated by only tens of microns,
and that changes in a subset of vessels appear to dominate aggregate effects. Future work
must identify the mechanisms underlying this unexpected spatial precision in vessel
regulation, towards improved understanding of cerebrovascular disorders and functional
human brain imaging.

We next applied the integrated microscope to studies of dendritic Ca**-spiking by
Purkinje neurons in the cerebellar vermis of freely behaving mice. These Ca’'-spikes are
elicited by climbing fiber input from the inferior olive and represent the Ca®>* component of
Purkinje neurons’ complex (Na™ and Ca?") action potentials™!” that are thought to be crucial
for cerebellar motor learning®*. An integrated microscope secured to the cranium was used to
record Ca**-spiking concurrently from up to >200 individual neurons following injection of
the cell-permeant fluorescent Ca**-indicator Oregon-Green-BAPTA-1-AM into cerebellar
cortex (n = 4 mice) (Fig. 3a,b). This is a ml_:mh larger set of Purkinje neurons than has been
monitored previously in behaving animals™*'®*". Moreover, unlike multi-electrode recordings
that have monitored Purkinje neurons spaced 100-200 um apart due to electrode
separations'®!°, our optical recordings were of cells densely tiling a single patch of cerebellar
cortex. This sampling conﬁguration, combined with the sheer number of neurons monitored
concurrently, led us to the discovery of a previously unreported form of large-scale concerted

activity within individual microzones, basic cerebellar divisions that are reproducible between

subjects and each mapped to a specific part of the body™.

After using established computational methods to identify individual Purkinje neurons

and extract their Ca®" activity traces. from the image data’ (Fig. 3a,b) (Methods), we focused
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our initial analysis on identifying and characterizing the microzones. To find the microzones’
boundaries, we examined pairwise cross-correlograms of Purkinje neurons’ Ca®*-spiking

activity. This revealed a spatial clustering of Purkinje neurons into local microzones of 7-36

o

cells with significant pairwise synchrony ™ (Fig. 3¢). The microscope’s wide field of view

extended across up to 9 microzones in individual recordings.

By using video records to classify the mouse’s behavior into periods of rest,
grooming, locomotion, or other behavior (Methods), we observed that microzones maintained
their stable identities across different behaviors, as in prior work’, and had elevated pairwise
correlations with cells in neighboring as compared to distal microzones (Fig. 3c). We
analyzed data from three mice in detail and found nearly all cell pairs in each microzone were
significantly correlated (p <0.01, likelihood ratio test) 'dun'ng rest (84% of pairs) and
locomotion (98%). Only 9% of cell pairs in distinct microzones were correlated during rest,
rising to 19% during locomotion. Correlation coefficients for intrazone cell pairs rose from r
= 0.12 + 0.004 (mean * s.e.m) during rest to » = 0.21 % 0.004 during locomotion (n» = 3985
intrazone pairs; p < 10™°, Wilcoxon signed rank test). By comparison, mean correlation
coefficients for interzone cell pairs were much smaller and also similar under both behavioral
conditions (» = 0.01 £ 0.001; » = 21,434 interzone pairs), but were significantly higher for

cell pairs from adjacent microzones (» = 0.02-0.04 ; n = 6314 pairs) (Fig. 3c).

Beyond these pairwise correlations, our analysis yielded a striking discovery regarding
microzones’ physiological dynamics during motor behavior. Predominantly during motor
activity large cohorts of up to >30 Purkinje neurons within individual microzones fired
simultaneous Ca®' spikes (Fig. 4a). Our analysis of these large-scale events used two

alternative threshold values of spiking synchrony to define microzone activation: either >35%
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or >50% of visible neurons within a microzone were required to spike within a 50 ms interval.
Using either definition and in all behavioral conditions, microzone activation occurred vastly
above (~10>-10"%) expected rates due to chance given cells’ individual spike rates (Methods).
> mean spike rates rose 230 + 10% (s.em.) during locomotion as compared to
rest (n =336 cells; p < 10™°, Wilcoxon signed rank test), the mean rate of microzone
activation during locomotion (with >50% of cells in a microzone spiking together) rose to 740

error bar doesn’t agree with graph in Fig 4 of the resting value (» =16 microzones; p < 10'3)

(Figs. 4b,c). This value is based on a conservative overestimate of the rate of synchronized
activity during rest, since we did not classify very brief or slight movements as occurring
during movement periods. Close inspection of the videos often revealed a subtle movement of
the rhouse accompanying the synchronized Ca®" activity that arose during periods classified
as rest. During continuous motor behavior, microzone activation represented a substantial

fraction of all recorded Ca®" spikes; the cells’ median percentage of Ca®" spiking activity that

arose during microzone activation was as great as >20% (Fig. 4d).

These findings indicate large-scale synchronization of neuronal activity within
individual microzones might be a basic dynamical motif for cerebellar control of motor
behavior. Although ~50-100 pm wide in the medial-lateral dimension, microzones extend
millimeters in the rostral-caudal dimension®’, suggesting that during microzone activation
hundreds to thousands of Purkinje neurons could be acting simultaneously with the subset
observed via the integrated microscope. Thus, the microzone activation uncovered here
prompts many questions regarding the extent and mechanisms underlying the ensemble

activation, the information so encoded, and its role in motor behavior.
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As posited by the famous Marr-Albus-Ito hypothesis, Purkinje neurons’ Ca** spikes
play a crucial role in motor learning and encode motor errors sent via these cells’ climbing

fiber inputs>*%. Theoretical and experimental exploration of this idea has focused on the
p p p

. - = - — < . . 14
dynamics of single Purkinje neurons™. This may be a useful conceptual simplification, but

due to their multiplicity and anatomical connectivity Purkinje neurons seem unlikely to
promote learmning through their individual dynamics. Concerted Ca** spiking withianurkinje
neuron microzones offers a more plausible physiological substrate for encoding motor
information that promotes learning. Our data thus suggest a re-formulation of the Marr-Albus-
Ito theory in which coherent microzone activation represents the basic unit for encoding
motor errors conveyed from the inferior olive, a brainstem area where excitatory neurons can
synchronize via gap junctions®’. During animal inactivity, individual Purkinje neurons exhibit
ongoing Ca™" spikes, whereas microzone activation appears to stop or persist at a much-
reduced rate. Therefore, our fe—formulation potentially resolves a longstanding problem in the
Marr-Albus-Ito theory regarding why mofor error signals would persist in the absence of
motor behavior?; this problem may not exist if microzones convey the error signals. When
combined with bcﬁavioral assays for cerebellar motor adaptation, use of the integrated
microscope for fluorescence Ca** imaging should permit simultaneous, direct tests of both the

original and re-formulated versions of the theory.

Prior approaches to fluorescence imaging in a miniaturized format have required
accessory, tabletop optical instrumentation”*%’. Optofluidic chips for image production have
been incompatible with fluorescence contrast and required specialized assumptions about the
2830

specimen, such as that it was flowing at certain speeds at zero optical working distance

Lensless imaging devices for cytometry applications do not produce direct images but rather
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involve deciphering diffraction patterns of scattered light produced by cells immobilized at a
fixed working distance®’. Owing to its general purpose capabilities for fluorescence imaging,
the integrated microscope stands in distinction to all prior miniaturized imaging systems.
hace contrast imaging. The reliance on mass-
producible micro-optic and semiconductor components makes the integrated microscope
amenable to broad dissemination. When multiple copies of the microscope are used together
with genetically encoded fluorescent Ca®* indicators that permit chronic imaging studies®™?,
it should be feasible to perform long-term brain imaging in substantial numbers of mice in
parallel. This will promote large-scale studies in basic neuroscience and of animal models of
brain disease, by easing the acquisition of rich data sets and enabling many candidate

therapeutics to be tested quickly. Brain areas where cellular level epi-fluorescence imaging

can work well in live rodents include cerebellum®, olfactory bulb*, hippocampus®, and
neocortex®.

Beyond brain imaging, the integrated microscope is likely to be an enabling
technology for a wide range of in vivo and in vitro applications. The latter usages might
involve portable fluorescence assays, high-throughput image-based screens, or imaging inside
other instruments such as incubators. The microscope might also be combined with other
integrated components used in biotechnology, such as microfluidic or gene chips'. To explore
potential in vitro imaging applications, we created an array of four integrated microscopes
(Fig. S2). We examined wildtype zebrafish intermingled with erbb3 mutants, which have
deficits in ErbB receptor signaling that disrupt nerve myelination in the peripheral but not the
central nervous system®”*!. Images taken by the four microscopes clearly revealed the

phenotypes of the mutant fish, including the absence of the posterior lateral line nerve and
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dorsal nerve roots that were apparent in wildtype fish (Fig. S2b). These data provide proof-of-
concept evidence arrays of integrated microscopes can underlie parallel screening strategies.

Today, genetic or chemical screens using small model organisms often rely on fluorescent

R R b 1 . . . . . . 39 .
markers, but screening is typically done serially on a conventional microscope™, which can

be unsatisfactory for large sample sets or samples that must be monitored continuously.
We also explored how an array of integrated microscopes might facilitate the widely
used cell counting assays done in standard format 96-well plates. Commercial cell counters

often rely on imaging to determine cell numbers in well plates*>*!

and range in size from
benchtop to floor-standing instruments. We tested if the four-microscope array could provide
accurate cell counts by using cultured samples of live MCF7 human breast cancer cells
fluorescently labeled with carboxyfluorescein. Across ~2.5 orders of magnitude in cell
density, use of the microscope array and an image segmentation algorithm (Figs. S2¢, S3)
yielded counts accurate to 4-16% (s.e.m.) (Fig. S2d), comparable to the accuracy of

commercial counters that use digital imaging®. This points the way to counters based on

larger arrays of microscopes with much higher throughput than conventional counters.

Modern understanding of technology recognizes miniaturized integration as a pivotal
advance that facilitates low-cost production and generally leads to improved performance and
unanticipated new applications®. This has occurred in diverse arenas including
telecommunications, computing, and genomics. Integrated technologies usually progress
rapidly, which motivated our choice of a design that can capitalize on_ upcoming
improvements to CMOS image sensors. As these cover larger areas with pixels of finer size,
the existing optical pathway (Fig. 1a) will support resolution as fine as 1.5 pm over fields as

broad as 1.15 mm. Advances in microlenses, such as for diffraction-limited imaging®, should
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further boost image attributes. Since CMOS technology underpins most modern electronics,
‘intelligent’ integrated microscopes seem likely to emerge with sensors having built-in
electronic computational capabilities to facilitate rapid analysis, screening, or diagnostic

evaiuations.
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Methods Summary

Microscope design. We made 8 miniaturized integrated microscopes of identical designs that
were ~8.4 mm x 13 mm x 22 mm in volume and <2 g in mass when assembled. Each
microscope had a blue-emitting LED, a dichroic and filter set for fluorescence imaging, and a
CMOS image sensor. The housings were fabricated in polyetheretherketone.

Brain imaging. All procedures were approved by the Stanford APLAC. We used male CD-1
wildtype mice 7-14 weeks old. Surgery was done under isoflurane anesthesia as described®”’.
In brief, 1-6 days prior to imaging the skull was exposed and cleaned above cerebellum. A
metal plate allowing cranial access was ﬁied to the skull with dental acrylic. On imaging day,
a craniotomy (1.5-2.5 mm diameter) was opened, filled with agarose, and covered by a
coverslip. For Ca”" imaging, cerebellar cortex was fluorescently labeled by bolus-loading the
Ca*" indicator Oregon-Green-488-BAPTA-1-acetoxymethyl®’. For circulatory studies, we
fluorescently labeled bloed plasma by tail-vein injection of fluorescein-dextran. We
positioned the microscope above the coverslip. After locating a suitable recording site, we
fixed the microscope to the metal head plate. Imaging began once the mouse exhibited

vigorous locomotor activity, ~15-60 min after removal from isoflurane. Analysis was done

using custom routines written in MATLAB.

Zebrafish imaging. 50 zebrafish, 5 days post-fertilization and comprising-an unknown mix
of wild type and Schwann cell-deficient ErbB mutants were fixed, fluorescently
immunostained for myelin basic protein, and placed on slides. Four microscopes in an array
were positioned over the fish. All LEDs were set to deliver ~600 uW to the specimen. We
took images in sets of four, along with background images to correct for any illumination

non-uniformities or background fluorescence originating from the slides.
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Cell counting. MCF7 cancer cells were labeled with Carboxyfluorescein diacetate,
succinimidyl ester, serially diluted to 6 different concentrations, placed into the wells of a 96-

well plate, and imaged by the 4-microscope array. Counting was done by image analysis.
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Figure Legends

Figure 1| Design and validation of an integrated fluorescence microscope.

a, Computer-assisted design of an integrated microscope in cross-section. Blue and green
arrows mark illumination and emission pathways, respectively.

b. Assembled integrated microscope. Insets show, clockwise from bottom left: filter cube

holding dichroic mirror and excitation and emission filters; printed circuit board (PCB)

holding the complementary metal-oxide-semiconductor (CMOS) camera chip; PCB holding
the light emitting diode (LED) illumination source.

Scale bar is 5 mm and applies to all panels and insets in (a,b).

Figure 2| Microcirculatory dynamics and regulation studied in freely behaving mice

a. Microvasculature in cerebellar cortex of a freely behaving mouse, after intravascular
injection of fluorescein-dextran dye. The image shown is the standard deviation of a 10 s
movie, a computation that highlights vasculature (Methods). Colored dots mark the locations

of corresponding dynamical measurements in (¢, d). Scale bars in (a, b) are 50 um.

b. Map of erythrocyte flow speeds for vessels of (a).

¢, d. Erythrocyte flow speeds, (c), and vessel diameter changes, (d), for the 4 vessels marked
in (a). Blue shading marks periods of movement about the cage. Red shading indicates
running on an exercise wheel. White shading marks when the mouse rested or barely moved.

Black vertical lines separate different records from the same mouse and specimen field.

e, f. Erythrocyte speeds, (e), and vessel diameters, (f), compared between rest and periods of
motor activity. Each datum represents a single location in the vasculature. Data points above

the diagonal indicate up-regulation in speed or diameter during motor activity (blue points,
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movement about the cage; red points, wheel running). Shaded blue and red areas demarcate a

1 s.d. estimate of measurement fluctuations calculated using the data below the diagonal.

g, h. Cumulative histograms of changes in vessel flow speeds, (g), and diameters, (h), during
walking (blue) or running (red), compared to resting periods. (Insets) Mean + s.e.m. changes
compared to rest. (*) Indicates significant difference between walking and running (p <1 02);
(1) indicates significant difference from rest (p < 10), using Wilcoxon signed-rank tests.
Histogram portions above and to the right of areas enclosed by colored dashed lines represent

data for vessel locations lying above the color corresponding shaded areas in (e, f).

Data in (e-h) comprise 97 measurement locations from 3 mice.

Figure 3| Ca®" spiking dynamics of cerebellar Purkinje neurons during motor behavior.

a. Contours of 206 Purkinje neuron dendritic trees identified in a freely behaving mouse,
superimposed on an averaged fluorescence image of the cerebellar surface after injection of
the Ca**-indicator Oregeon-Green-BAPTA-1-AM. Each color indicates one of nine identified
microzones. Filled contours mark neurons whose activity is shown in b. Scale bar is 100 pm.
b. Relative changes in fluorescence (AF/F) from filled neurons marked in (a), numbered as in

(¢). Black dots mark detected Ca®* spikes. Scale bars: 1 s (horizontal); 3% AF/F (vertical).

c. Spike train correlation coefficients for pairs of neurons, for three different behaviors:
resting, grooming, and locomotion. Colored outlines indicate local microzones identified by

cluster analysis of the correlation coefficients and correspond to the microzones shown in (a).
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Figure 4 | Cerebellar microzones exhibit large-scale, synchronized Ca’" spiking during
motor behavior.

a. Ca?* spike (black dots) raster plots for neurons of Fig. 3a. Colored shading indicates the
mouse’s behavior (peach, grooming; green, locomotion; gray, resting; other smaii

movements, blue). Microzone rasters (colored dots) show Ca** spiking by >35% (open dots)
or >50% (closed dots) of neurons identified in each microzone. Inset expands the marked
interval. Scale bars are 5 s.

b. Mean + s.e.m rates of individual neuronal spiking (zop) and synchronized microzone
activation (bottom: >35% cells synchronized, unfilled bars; >50% cells, solid bars) reveal
significant differences between behaviors (orange, grooming; green, locomotion; gray, rest) (p
<10, neuronal spike rates; p < 10, rates of synchronized activation; Wilcoxon signed rank
tests).

¢. Spike rates for individual cells (small data points) and synchronized microzonal activation
(>35% cells, large open points; >50% cells, large solid points) plotted for periods of grooming
vs. rest (yellow points) or locomotion vs. rest (green points).

d. Cumulative histograms of percentages of cell’s spikes occurring during synchronized
activation (>35% activation, open points; >50% activation, solid points; locomotion, green;
grooming, yellow; resting, gray).

Data of (b-d) are from 3 mice, 336 cells and 16 microzones.

Figure S1 | Schematic of electronics for real-time image acquisition and control.

Two printed circuit boards (PCBs) are contained within each integrated microscope (Fig. 1),

one for the light emitting diode (LED) and one for the complementary metal-oxide-
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semiconductor (CMOS) camera chip. These boards are both connected to a custom external
PCB via nine thin and flexible wires (2 wires to the LED board and 7 to the camera) that are
all encased in a single polyvinyl chloride (PVC) sheath of outer diameter 1.5 mm. The
external PCB interfaces with a compuier via a generai-puiposc U
adapter PCB (Aptina Imaging, San Jose, CA), enabling real-time microscope control and data
acquisition as well as immediate display of images. The labeled components and signaling
pathways shown here provide an overview of the circuitry responsible for providing power,
controlling the LED, controlling the CMOS camera, acquiring images, and transferring data.

Abbreviations: PD, flash programming device; OSC, Quartz crystal oscillator; 12C, Two-wire

Inter-Integrated Circuit serial communication interface.

Figure S2 | An array of integrated microscopes can facilitate parallel imaging

applications.

a. Schematic of four microscopes assembled in an array. Scale bar is 1 cm.

b. Multiple microscopes reveal phenotypes of wild-type and erbb3 mutant zebrafish after
fluorescence immunolabeling of myelin basic protein with Alexa-488. White arrowheads
mark spinal cords. Yellow arrowheads mark the posterior lateral nerve in wildtype fish. In
erbb3 fish Schwann cells fail to develop on this nerve. Each image was taken by a different
microscope and has undergone subtraction of background fluorescence. Scale bar of 50 jm
applies to all panels.

c. Integrated microscopes enable accurate cell counting assays in 96-well plates. A base

concentration (Co = 4.0 x 10° cells/mL) of live MCF7 human breast cancer cells labeled with
carboxyfluorescein was diluted, with 8 sample wells for each of 6 concentrations. An

automated algorithm counted cells in the images (Fig. S2). The panels show counting results,
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with individual cells identified at 4 different concentrations shown in color. The raw images

were taken by four different microscopes. Scale bar of 100 um applies to all images.

d. Measured cell concentrations versus the expectation based on sample dilution. A linear fit

(solid line) has »* = 0.995. Error bars are s.e.m. over the 8 samples from each dilution.

Figure S3 | An iterative image segmentation algorithm for cell counting.

Successive stages of analysis within a custom cell counting algorithm (Methods). The raw
image used here for illustration led to the cell count shown in the far left panel of Fig. S2c.

(a) A raw fluorescence image (fop) of live MCF7 human breast cancer cells labeled with
carboxyfluorescein underwent contrast equalization (middle). The image was then converted
to binary format and underwent an intial segmentation (bottom), in which areas identified as
single cells are marked in color. Further analysis of the area within the white rectangle is
illustrated in (b). The scale bar is 100 pm.

(b) Iterative rounds of morphological filtering segmented the clusters of multiple cells that
remained after the initial segmentation (top) into individual cells (middle and bottom). The
area shown corresponds to the sub-region contained within the white rectangle of (a, Jower).

Results from two iterations of erosion and dilation are shown. All cells in view were counted

by the second iteration. The scale bar is 50 pm.

Movie 1 | Mouse behavior and microcirculation in the cerebellar vermis recorded
concurrently in a mouse with an integrated microscope mounted on the cranium.

This movie presents the simultaneous video clips of mouse behavior and microcirculation in
the vermis for two example behaviors. The first example shows the mouse walking about the

behavioral arena. The second example shows the mouse running on an exercise wheel.

INCORPORATED BY REFERENCE (RULE 20.6)



WO 2012/027586 PCT/US2011/049180
81

Behavioral data (Jeft panel) was recorded at 30 Hz with an overhead camera and infrared
illumination. Microcirculation (right panel) was recorded using the integrated microscope at
100 Hz following an intravenous injection of FITC-dextran. This fluorescent dye brightly

labels the blood plasma, aliowing erythrocyties io be seen in daik relief. Individual

erythrocytes are apparent flowing through the capillaries. Scale bar is 100 pm.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. An epifluorescence microscope comprising:
an image capture circuit including an array of optical sensors;
an optical arrangement configured
(1) to direct excitation light of less than about 1 mW over an area that is at
least 0.5 mm® encompassed within a field of view which comprises a target object, and
(ii) to direct epi-fluorescence emission caused by the excitation light to the
array of optical sensors, the optical arrangement and array of optical sensors each being
sufficiently close to the target object to provide at least 2.5 um resolution for an image of

the field of view.

2. The microscope of claim 1, wherein the optical arrangement includes an objective
lens, a light-emitting diode, and a CMOS image sensor array, each contained within an

integrated housing of the microscope that is less than a cubic inch in size.

3. The microscope of claim 1, wherein the optical arrangement includes an objective
lens, a light-emitting diode, and a CMOS image sensor array, each contained within an
integrated housing, wherein the optical arrangement and array of optical sensors weighs

less than 2 grams.

4. The microscope of claim 1, wherein optical magnification at the image capture

circuit and of the target object is less than or equal to 5.

5. The microscope of claim 1, wherein the optical arrangement is configured to
provide self-alignment between a light source providing the excitation light, the array of

optical sensors and an objective lens.

6. The microscope of claim 1, wherein the optical arrangement is configured to
provide focusing of an image by adjustment of a distance between the array of optical

sensors and an objective lens during real-time imaging.

7. The microscope of claim 1, further including at least one optical filter element and

light source generating the excitation light, and wherein the at least one optical filter
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element, the light source and the array of optical sensors is configured to detach and

reattach to the microscope.

8. The microscope of claim 1, wherein the optical arrangement and the array of
optical sensors are each sufficiently close to the target object to provide at least 2.5 um

resolution for generation of images of the field of view at a rate of at least 36 Hz.

9. The microscope of claim 1, wherein the microscope, including the image capture

circuit and the optical arrangement, weighs 3 grams or less.

10.  The microscope of claim 2, wherein the microscope, including the image capture
circuit and the optical arrangement, weighs less than 2 grams, and wherein the light-

emitting diode contained within the housing is configured to provide the excitation light.

1. The microscope of claim 1, wherein the optical arrangement includes an objective
lens and a light source emitting the excitation light and is contained within a housing of
the microscope that is less than a cubic inch in size; and

wherein the image capture circuit and the optical arrangement, including the light

source, weigh less than 2 grams.

12. The microscope of claim 11, wherein the excitation light provided by the light
source is directed to the objective lens by one or more excitation elements of the optical

arrangement.

13.  The microscope of claim 12, wherein the objective lens is configured to direct the

excitation light to the target object and focus the excitation light onto the field of view.

14.  The microscope of claim 13, wherein the optical arrangement further includes one
or more emission elements configured to provide a focal plane from epifluorescent

emission light received from the target object via the objective lens.

15.  The microscope of claim 14, wherein the image capture circuit is provided at the

focal plane and configured to capture the image of the field of view that includes multiple
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individual capillary blood vessels with sufficient resolution to distinguish individual

capillary blood vessels from one another.

16.  The microscope of claim 15, wherein the image of the field of view has sufficient
resolution to distinguish individual erythrocytes flowing through the individual capillary

blood vessels.

17. The microscope of claim 15, wherein the one or more emission elements includes
an achromatic lens located between the objective lens and the image capture circuit,
wherein the achromatic lens is configured to receive collimated epifluorescent light from
the objective lens and focus the collimated epifluorescent light onto the focal plane at

which the image capture circuit is provided.

18. The microscope of claim 11, wherein the target object is a brain of a mouse and
the microscope is configured to be mounted on a head of the mouse and provide in vivo
brain imaging during awake behavior, wherein preferably the awake behavior includes
locomotion of the mouse, and the image of the field of view includes multiple individual
capillary blood vessels of the brain of the mouse with sufficient resolution to distinguish

individual capillary blood vessels from one another during the locomotion.

19.  The microscope of claim 15, wherein a distance from the objective lens to the field
of view of the target object includes a distance such that the image of the field of view is

in focus is 50-250 um.

20.  The microscope of claim 11, wherein a distance from the objective lens to the

image capture circuit is less than 1 inch.

21.  The microscope of claim 13, wherein the light source is configured to provide the
excitation light from the light source within the housing to the target object without use of

a fiber optic.

22.  The microscope of claim 11, wherein no fiber optics are provided within the

housing.
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23. The microscope of claim 11, wherein the housing is formed from a black material

or includes a layer of absorbent material.

24.  The microscope of claim 15, wherein the housing comprises a threaded interface
between a portion of the housing holding the image capture circuit and a portion of the
housing holding the objective lens, the threaded interface configured to provide fine
adjustment of a distance between the image capture circuit and the objective lens to adjust

the focal plane.

25.  The microscope of claim 15, wherein the optical arrangement includes a dichroic
mirror configured to reflect the excitation light from the light source to the objective lens
and to pass the epifluorescent emission light from the objective lens to the image capture

circuit.

26.  The microscope of claim 11, further comprising a synchronization circuit
configured to interface with an external device that displays the image of the field of
view, wherein preferably the external device is configured to provide control of the light

source.

27.  The microscope of claim 2, wherein the objective lens is a gradient refractive
index (GRIN) lens, wherein preferably the GRIN lens has at least one of the following
characteristics: a diameter of about 2mm, a pitch length of about 0.245, or a numerical

aperture of about 0.45.

28.  The microscope of claim 12, wherein the microscope is configured and arranged

to capture video images of the field of view of the target object.

29. A method of using the epifluorescence microscope of claim 11, comprising the
steps of attaching and reattaching the epifluorescence microscope to a base plate of a
supportive structure for allowing precise microscope alignment for repeated imaging of a

common imaging location during chronic experiments.
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30.  An epifluorescence microscope comprising:

an optical light source configured to produce excitation light from an energy
source that provides less than 6 mW, wherein the excitation light is directed over an area
that is at least 0.5 mm? encompassed within a field of view which comprises a target
object;

an imaging circuit means including a sensor array; and

an objective lens configured to operate sufficiently close to the optical light
source, the image sensor array and the target object to provide at least a 2.5 um image

resolution image of the field of view that is at least 0.5 mm?.
31. The microscope of claim 30, further comprising a housing that is less than one
cubic inch in size, the housing containing the imaging circuit and the optical light source,

wherein preferably the objective lens is configured to direct collimated excitation light

from the target object.
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