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SYSTEM, METHOD AND COMPUTER-ACCESSIBLE MEDIUM FOR MULTI-PLANE
IMAGING OF NEURAL CIRCUITS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001]  This application relates to and claims priority from U.S. Patent Application No.
62/187,595, filed on July 1, 2015, the entire disclosure of which is incorporated herein by
Reference.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to multi-plane imaging, and more specifically,
to exemplary embodiments of an exemplary system, method and computer-accessible medium

for, e.g., simultaneous multi-plane imaging of neural circuits.

BACKGROUND INFORMATION

[0003] A coherent activity of individual neurons, firing in precise spatiotemporal patterns, can
likely be the underlying basis of thought and action in the brain. Optical imaging methods aim to
capture this activity, with recent progress now facilitating the functional imaging of nearly the
entire brain of an intact transparent organism, the zebra fish, with cellular resolution. (See, e.g.,
Reference 1). In scattering tissue, where nonlinear microscopy can be beneficial (see, e.g.,
References 23, 63, and 69), progress toward imaging large pools of neurons has been slower.

But in nearly all existing two-photon microscopes, a single beam can be serially scanned in a
continuous trajectory across the sample with galvanometric mirrors, in a raster patterns or with a
specified trajectory that intersects targets of interest along the path. This means that the imaging
can be serial and thus slow.

[0004]  Since the inception of two-photon microscopy, there have been large efforts to
increase the speed and extent of imaging. Parallelized multifocal approaches have been
developed (see, e.g., References 8 and 56 ), as well as inertia-free scanning using acousto-optic
deflectors (“AODs”) (see, e.g., References 23, 31, and 50), or scanless approaches utilizing
spatial light modulators (“SLMs”) (see, e.g., References 16, 41 and 48), each with its own
strengths and weaknesses. Despite the tremendous improvements in imaging modalities, the
“view” can still be limited, whether by the fundamental technology, the expense or the
complexity. A difficulty in imaging can be linked to expanding the volumetric extent of

imaging, while maintaining high temporal resolution and high sensitivity. (See, e.g., References
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2 and 3). This can generally be linked to the inverse relationship between volume scanned, and
the signal collected per voxel, at a fixed resolution.
[0005] Thus, it may be beneficial to provide an exemplary system, method and computer-

accessible medium which can overcome at least some of the deficiencies described herein above.

SUMMARY OF EXEMPLARY EMBODIMENTS

[0006] To that end, in order to overcome some of the deficiencies presented herein above, an
exemplary device can be provided which can include, for example, a radiation source(s)
configured to generate a first radiation(s), a spatial light modulator (SLM) arrangement(s)
configured to receive the first radiation(s) and generate a second radiation(s) based on the first
radiation(s), and a galvanometer(s) configured to receive the second radiation(s), generate a third
radiation(s) based on the second radiation(s), and provide the third radiation(s) to a sample(s).
[0007] In some exemplary embodiments of the present disclosure, the SLM arrangement(s)
can include, for example, a SLM and a pre-SLM afocal telescope configured to resize the first
radiation(s) to match an area of the SLM. According to particular exemplary embodiments of
the present disclosure, the SLM arrangement(s) can further include a plurality of folding mirrors
configured to redirect the first radiation(s) to the pre-SLM, and a post SLM afocal telescope
configured to resize the second radiation(s) to match a size of an acceptance aperture of the
galvanometer(s). The SLM arrangement(s) can also further include a broadband waveplate(s)
located between the pre-SLM afocal telescope and the SLM. The broadband waveplate(s) can be
configured to rotate a polarization of the first radiation(s) to cause the radiation(s) to be parallel
with an active axis of the SLM.

[0008] In certain exemplary embodiments of the present disclosure, the SLM arrangement(s)
can be configured to split the first radiation(s) into the radiation beamlets which are the second
radiation(s). The SLM arrangement(s) can be further configured to independently dynamically
control each of the radiation beamlets. The SLM arrangement(s) can split the first radiation(s)
into the radiation beamlets by imprinting a phase profile across the first radiation(s). The
galvanometer(s) can be further configured to direct each of the radiation beamlets to a different
area of the sample(s). The galvanometer(s) can direct each of the radiation beamlets to a

different plane of the sample(s). The radiation source(s) can be a laser source(s).
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[0009] In some exemplary embodiments of the present disclosure, a computer processing
arrangement can be configured to generate an image(s of the sample(s) based on a plurality of
resultant radiations received from the sample(s) that can be based on the radiation beamlets. A
first number of the resultant radiations can be based on a second number of the radiation
beamlets. The second number of the radiation beamlets can be based on a third number of the
planes of the sample(s). The computer processing arrangement can be further configured to
generate a third number of images of the sample(s) based on the resultant radiations.

[0010] In certain exemplary embodiments of the present disclosure, the image(s) can include
a plurality of images. The computer processing arrangement can be further configured to
generate a multiplane image(s) based on the images. The multiplane image(s) can be generated
by interleaving the images into the multiplane image(s). The computer processing arrangement
can be further configured to correct brain motion artifacts in the images based on a pyramid
procedure.

[0011] According to some exemplary embodiments of the present disclosure, a pocket cell(s)
can be located between the radiation source(s) and the SLM arrangement(s), which can be
configured to modulate an intensity of the first radiation(s). A computer processing arrangement
can be provided, which can be configured to generate an image(s) of the sample(s) based on a
fourth radiation(s) received from the sample(s) that can be based on the third radiation(s).

[0012]  According to a further exemplary embodiment of the present disclosure, an exemplary
method can include, for example, generating a radiation(s), providing the radiation(s) to a spatial
light modulator (SLM) arrangement(s), splitting the radiation(s) into a plurality of radiation
beamlets using the SLM arrangement(s), and directing the radiation beamlets to a sample(s)
using a galvanometer(s). A computer hardware arrangement can be used to generate an image(s)
of the sample(s) based on a resultant radiation received from the sample(s) that can be based on
the radiation beamlets.

[0013] In some exemplary embodiments of the present disclosure, the radiation(s) can be
generated using a laser(s). Each of the radiation beamlets can be independently dynamically
controlled using the SLM arrangement(s). The SLM arrangement(s) can split the radiation(s)
into the plurality of radiation beamlets by imprinting a phase profile across the radiation(s). The

SLM arrangement(s) can include a SLM(s). Each of the radiation beamlets can be directed to a
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different area of the sample(s). Each of the radiation beamlets can be swept across the respective
different area of the sample(s) using the galvanometer(s).

[0014] In certain exemplary embodiments of the present disclosure, each of the radiation
beamlets can be directed to a different plane of the sample(s). A plurality of resultant radiations
can be received from the sample(s) that can be based on the radiation beamlets. A first number
of the resultant radiations can be based on a second number of the radiation beamlets. The
second number of the radiation beamlets can be based on a third number of the planes of the
sample(s). A third number of images of the sample(s) can be generated based on the resultant
radiations. A plurality of images can be generated based on the resultant radiations.

[0015] In some exemplary embodiments of the present disclosure, a multiplane image(s) can
be generated based on the images. The multiplane images can be generated by interleaving the
images into the multiplane image(s). Brain motion artifacts can be corrected in the images based
on a pyramid procedure.

[0016] These and other objects, features and advantages of the exemplary embodiments of the
present disclosure will become apparent upon reading the following detailed description of the
exemplary embodiments of the present disclosure, when taken in conjunction with the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]  Further objects, features and advantages of the present disclosure will become
apparent from the following detailed description taken in conjunction with the accompanying
Figures showing illustrative embodiments of the present disclosure, in which:

[0018] Figure 1A is an exemplary diagram of an exemplary SLM Two-photon Microscope
according to an exemplary embodiment of the present disclosure;

[0019] Figures 1B and 1C are exemplary diagrams of axial and lateral dual plane imaging
according to an exemplary embodiment of the present disclosure;

[0020]  Figure 1D is a set of exemplary images of two-photon structural imaging of a shrimp
(e.g., artemia nauplii) at different depths of the sample according to an exemplary embodiment
of the present disclosure;

[0021] Figure 1E is a set of exemplary images of software based SLM focusing of the same

shrimp as in Figure 1D according to an exemplary embodiment of the present disclosure;
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[0022]  Figure 1F is an exemplary image of the sum of all the images at the seven planes
shown in Figure 1D according to an exemplary embodiment of the present disclosure;

[0023] Figure 1G is an exemplary image of the sum of all the images at the seven planes
shown in Figure 1E according to an exemplary embodiment of the present disclosure;

[0024]  Figure 1H is an exemplary image of seven-axial-plane imaging of the same shrimp as
in Figures 1D-1G according to an exemplary embodiment of the present disclosure;

[0025] Figure 11is an exemplary image of seven-axial-plane imaging using the SLM to
increase the illumination intensity only for the 50 um plane according to an exemplary
embodiment of the present disclosure;

[0026] Figure 2A is an exemplary diagram of the exemplary in-vivo experiment imaging the
V1 of the mouse according to an exemplary embodiment of the present disclosure;

[0027]  Figures 2B and 2C are exemplary images of the temporal standard deviation image of
the sequential single plane recording of mouse V1 at a depth of about 280 um from the pial
surface according to an exemplary embodiment of the present disclosure;

[0028]  Figure 2D is an exemplary image of some of the illustrations from Figures 2B and 2C
according to an exemplary embodiment of the present disclosure;

[0029]  Figure 2E is an exemplary image of the temporal standard deviation image of the
simultaneous dual plane recording of the two fields of view according to an exemplary
embodiment of the present disclosure;

[0030] Figure 2F is an exemplary signal diagram of the extracted AF/F traces of the selected
ROIs from the two field of views according to an exemplary embodiment of the present
disclosure;

[0031] Figure 2G is an exemplary signal diagram of extracted AF/F traces of the same ROIs
shown in Figure 2F from the simultaneous dual plane recording according to an exemplary
embodiment of the present disclosure;

[0032] Figure 2H is an exemplary signal diagram of a zoomed in view of the normalized
AF/F traces in the shaded area in Figure 2G according to an exemplary embodiment of the
present disclosure;

[0033] Figures 3A and 3B are exemplary images of the temporal standard deviation image of
the sequential single plane recording of mouse V1 at a depth of about 170 um (e.g., layer 2/3)
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and depth of about 500 um (e.g., layer 5) from the cortical surface according to an exemplary
embodiment of the present disclosure;

[0034] Figure 3C is an exemplary image using the exemplary system according to an
exemplary embodiment of the present disclosure;

[0035] Figure 3D is an exemplary image of the temporal standard deviation image of the
simultaneous dual plane recording of the two planes shown in Figures 3A and 3B according to an
exemplary embodiment of the present disclosure;

[0036] Figure 3E is an exemplary signal diagram of the extracted AF/F traces of 20 ROIs out
of 350 from the two planes from the sequential single plane recording according to an exemplary
embodiment of the present disclosure;

[0037]  Figure 3F is an exemplary signal diagram of extracted AF/F traces of the same ROIs
shown in Figure 3E from the simultaneous dual plane recording according to an exemplary
embodiment of the present disclosure;

[0038] Figures 3G-31 are zoomed views of the exemplary signal diagrams of AF/F traces in
the shaded area in Figures 3E and 3F according to an exemplary embodiment of the present
disclosure;

[0039] Figures 4A-4C are exemplary signal diagrams of the source separation of the
fluorescent signal from spatially overlapped ROIs in the dual plane imaging shown in Figures
3A-31 according to an exemplary embodiment of the present disclosure;

[0040] Figure 4D is an exemplary signal diagram of the ROI contour map showing the ROI
locations in Figures 4A-4C according to an exemplary embodiment of the present disclosure;
[0041] Figure 4E is an exemplary chart illustrating the correlation coefficient between the
AF/F extracted from NMF and NOL for a total of 250 ROIs according to an exemplary
embodiment of the present disclosure;

[0042]  Figure 4F is an exemplary graph illustrating the signal-to-noise ratio between the AF/F
extracted from NMF and the raw AF/F extracted from NOL for a total of 250 ROIs according to
an exemplary embodiment of the present disclosure;

[0043] Figure SA is a set of exemplary signal diagrams of normalized AF/F traces of selected
150 ROIs in the dual axial plane imaging in Figures 3A-31 according to an exemplary

embodiment of the present disclosure;
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[0044]  Figure 5B is an exemplary chart illustrating the inter-laminar correlation map of
activity between neurons in L2/3 and L5 according to an exemplary embodiment of the present
disclosure;

[0045]  Figure 5C is an exemplary signal diagram of a pair of ROIs that show relatively high
correlation (e.g., R=0.1709) according to an exemplary embodiment of the present disclosure;
[0046] Figure 5D is an exemplary chart illustrating the activity correlation coefficient
extracted from Figure SB versus the lateral distance of the corresponding pairs of ROIs
according to an exemplary embodiment of the present disclosure;

[0047]  Figure 6A is an exemplary signal diagram of normalized AF/F traces for selected ROIs
with strong response to drifting grating visual stimulation, recorded with simultaneous dual plane
imaging according to an exemplary embodiment of the present disclosure;

[0048] Figure 6B is an exemplary diagram and an exemplary chart illustrating of the response
of the ROIs to the drifting grating in visual stimulation according to an exemplary embodiment
of the present disclosure;

[0049] Figure 6C is an exemplary diagram and an exemplary chart illustrating the response of
the ROIs to the drifting grating in visual stimulation for ROIs located at 450 um depth from
cortical surface according to an exemplary embodiment of the present disclosure;

[0050] Figure 6D1 is an overlaid temporal standard deviation image of the sequential single
plane recording of the 200 um plane and 450 um plane according to an exemplary embodiment
of the present disclosure;

[0051] Figure 6D2 is an exemplary image of extracted ROI contours from the two planes with
a Scale bar of 50 um according to an exemplary embodiment of the present disclosure;

[0052] Figure 6E is an exemplary diagram of the evoked responses of the ROIs with spatial
lateral overlaps from the two planes according to an exemplary embodiment of the present
disclosure;

[0053] Figure 7A is an exemplary graph illustrating the reflected phase of the SLM for a
wavelength of 940 nm versus the applied driving pixel value to the SLM according to an
exemplary embodiment of the present disclosure;

[0054] Figure 7B is an exemplary graph illustrating SLM two-photon fluorescence efficiency
with different defocusing length, measured from the fluorescence emitted from Rhodamine 6G

with two-photon excitation according to an exemplary embodiment of the present disclosure;
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[0055]  Figure 7C is an exemplary graph illustrating SLM lateral deflection efficiency,
measured from the optical power at the back aperture of the objective according to an exemplary
embodiment of the present disclosure;

[0056] Figure 7D is an exemplary graph illustrating calculated SLM lateral deflection
efficiency according to an exemplary embodiment of the present disclosure;

[0057] Figure 7E is an exemplary image of 12 spots generated by SLM simultaneously
imaged on a CCD according to an exemplary embodiment of the present disclosure;

[0058] Figure 7F is an image of 12 spots generated by about SLM simultaneously imaged on
CCD with power compensation for each spot for SLM lateral deflection efficiency according to
an exemplary embodiment of the present disclosure;

[0059] Figures 8A and 8B are exemplary ROI contour and calcium signals according to an
exemplary embodiment of the present disclosure;

[0060] Figure 9A is an exemplary chart illustrating the correlation coefficient between the
AF/F extracted from CNMF and NOL for a total of 250 ROIs according to an exemplary
embodiment of the present disclosure;

[0061] Figures 9B-9G are exemplary charts illustrating ROIs with various correlation
coefficient between CNMF and NOL according to an exemplary embodiment of the present
disclosure;

[0062] Figures 10A-10H are exemplary images and signal charts of three plane imaging, on
mouse V1 at depth of 170 um, 350 um and 500 pm from pial surface according to an exemplary
embodiment of the present disclosure;

[0063] Figures 10I-100 are exemplary images and signal charts of three plane imaging, on
V1 at depth of 130 um, 430 pm and 640 um from pial surface, extending a simultaneous
imaging depth over 500 um according to an exemplary embodiment of the present disclosure;
[0064] Figure 11A is a set of exemplary images of SLM switching between two sets of dual
plane imaging on mouse V1 according to an exemplary embodiment of the present disclosure;
[0065] Figure 11B is an exemplary chart illustrating switching time between State 1 and State
2, measured from fluorescent signal emitted from Rhodamine 6G according to an exemplary

embodiment of the present disclosure;
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[0066] Figure 11C is an exemplary diagram of a volumetric imaging procedure using time-
multiplexed three-plane imaging according to an exemplary embodiment of the present
disclosure; and

[0067] Figure 12 is an illustration of an exemplary block diagram of an exemplary system in
accordance with certain exemplary embodiments of the present disclosure.

[0068] Throughout the drawings, the same Reference numerals and characters, unless
otherwise stated, are used to denote like features, elements, components or portions of the
illustrated embodiments. Moreover, while the present disclosure will now be described in detail
with Reference to the figures, it is done so in connection with the illustrative embodiments and is

not limited by the particular embodiments illustrated in the figures and the appended claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Exemplary Results
[0069] An exemplary embodiment of the present disclosure can include, for example an
exemplary SLM microscope coupled with a two-photon microscope, galvanometers and an SLM
module. Figure 1A shows a schematic diagram of the multi-plane imaging and the exemplary
SLM two-photon microscope apparatus. The exemplary SLM module can include diverting the
input path of the microscope, prior to the galvanometer mirrors 140, using retractable kinematic
mirrors, onto a compact optical breadboard with the SLM 130 and associated exemplary
components. Exemplary features of the SLM module can include folding mirrors for redirection,
a pre-SLM afocal telescope 115 to resize the incoming beam to match the active area of the
SLM, the SLM 130 and a post-SLM afocal telescope 135to resize the beam again to match the
acceptance aperture of the galvanometers 140, and to fill the back focal plane of the objective
155 appropriately.
[0070] The exemplary SLM 130, post-SLM telescope 135 and galvanometers 140 can be
spaced such that the SLM 130 can be conjugate to the galvanometers 140, and the microscope
scan lens 145, and tube lens 150, can reimage this again to the back aperture of the microscope
objective. This module can be coupled to 2P microscopes, and to Prairie/Bruker systems, with
equal success, and similar performance. The SLM 130 can be used as a flexible, programmable

beam splitter that can facilitate independent dynamic control of each generated beamlet, at high
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speed. The exemplary SLM 130 can perform this flexible beamsplitting by imprinting a phase
profile across the incoming wavefront, resulting in a far field diffraction pattern yielding the
desired illumination pattern. These multiple independent beamlets can be directed to different
regions, and depths, on the sample 160, simultaneously. When the galvanometers are scanned,
each individual beamlet can sweep across its targeted area on the sample 160, generating a
fluorescence that can be collected by a single pixel detector (e.g., photomultiplier tube). As
multiple regions of the sample can be illuminated simultaneously, the resultant “image” can be a
superposition of all of the individual images that would have been produced by scanning each
separate beamlet individually (See, e.g., Figures 1B and 1C).

[0071] To demonstrate the exemplary multiplane imaging system, a structural imaging of a
brine shrimp, Artemia naupili, was performed, collecting its intrinsic autofluorescence. A
traditional serial “z-stack”, with seven planes, was acquired by moving the objective 50 um
axially between each plane (See, e.g., Figures 1D). Next, a serial z-stack was acquired with
seven planes with 50 um separation, but with the objective fixed and the axial displacements
generated by imparting a lens phase function on the SLM. (See, e.g., Figures 1E). Figures 1F
and 1G, show the arithmetic sums of all of the images in Figures 1D and 1E, respectively. The
exemplary SLM can be used to generate all seven axially displaced beamlets simultaneously, and
can scan them across the sample. (See, e.g., Figure 1H). In some exemplary embodiments of the
present disclosure, a Bessel or an Airy beam can be used to directly provide an extended depth of
field. (See, e.g., References 19 and 59). While these beams can give a similar result about for
the shrimp, or similarly transparent samples, they can provide near uniform intensity across the
entire depth of field, while the exemplary approach can facilitate independent power adjustment
of each depth. This is shown in Figure 11 where the power directed to a single plane (e.g., 50
um) is selectively increased, and the signal, only for features at that depth, is increased. This
flexibility can be beneficial for inhomogeneously stained samples, and for multi- depth in-vivo
imaging in scattering tissue, as is illustrated below, and may only be possible with independently
configurable beamlets. Additionally, by illuminating only a select number of planes, the
“density” of the resulting images can be controlled; for example, how many sections used to
contribute to the final image can be controlled.

[0072]  As shown in Figures 2A-2H, the functional imaging application of the exemplary
system 205 is shown. /n-vivo two-photon imaging of layer 2/3 (e.g., L2/3) in the primary visual

10
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cortex (e.g., V1), at a depth of 280 um, at 10 Hz, was performed in an awake head-fixed mouse
that expresses the genetically encoded calcium indicator, GCaMP6f (See, e.g., Reference 14 ).
The exemplary SLM can be configured similar to that illustrated in Figure 1C, to expand the
effective sampled area. To increase the imaged area, the beam can be laterally split, creating two
beams of equal power with an on-sample separation of ~300 um centered on the original field of
view (“FOV?”). (See, e.g., Figure 2A). Figures 2B-2D, , show images of the standard deviation
(“std. dev.”) of intensity across the acquired time-series image sequences that result from
scanning each of these displaced beams individually, and their arithmetic sum, respectively,
while Figure 2E shows the std. dev. image acquired when both beams can be simultaneously
scanned across the sample. The lower subpanels show detected source ROIs from the images,
with the element 210 and 215 reflecting the originating source FOV. The areas contained in the
rectangles 220 and 225 in Figures 2B and 2C, respectively, highlight the area that can be
contained in the FOV of both beamlets, and thus their ROIs can be present twice in the dual
plane image.

[0073]  Figures 2F and 2G show representative extracted fluorescence time series data from
the detected ROIs (e.g., 40 out of 235 shown). The same ROIs are displayed in both Figures 2F
and 2G, with the same ordering, to facilitate direct comparison of the single and dual plane
traces. In Figure 2F, the FOVs were collected sequentially — that can be one at a time, and thus
the traces 230 were collected at a different absolute time than the traces 235. Traces 240 and 245
traces shown in Figure 2F, however, were collected simultaneously. Because of the relative
spatial sparsity of active neurons (see, e.g., Figure 2E, bottom), many of the ROIs can be
separable even in the overlaid dual region image, and fluorescence time series data can be easily
extracted using exemplary procedures. However, some ROIs show clear overlap, and more
sophisticated procedures, such as independent component analysis (“ICA”) (see, e.g., Reference
39), or a structured matrix factorization method (“CNMF”), can perform better at extracting the
activity. The traces shown were extracted using an exemplary CNMF method, which will be
highlighted and discussed in greater detail below. (See, e.g., Figure 4). (See, e.g., Reference 46).
In examining the traces in more detail, the overall effective SNR can be high, in both the
sequentially acquired data and in the simultaneously collected dual region data, which can
facilitate events to be easily detected by exemplary automated procedures. Because the collected

multi-region image can be the arithmetic sum of the two single region images, the detected ROIs
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from the single region image can be used as strong prior knowledge for source localization. This
can be leveraged to produce very good initial estimates on the likely number of independent
sources, and their spatial location. This prior knowledge can be extremely useful for unmixing
complex overlapping signals, and can increase the overall performance of the source extraction
in the mixed images. The “uniqueness” of signal recovery can be examined by looking at the
ROIs that appear twice in the dual plane image, and can display identical dynamics. Two
exemplars are highlighted (e.g., element 250) shown in Figure 2G, and expanded in Figure 2H,
traces 255 and 260 show the source copy generated from each beamlet, and the extremely high
correlation between the extracted traces (e.g., R>0.985). These duplicative sources can be easily
removed from the total independent ROI count; first, because the positioning of the FOVs can be
deterministically controlled, and a priori known, which regions can be the shared, and where the
components will appear in the image can be determined. It can be noted that even without that
such knowledge, such source ROIs can be identified by their extremely high cross-correlation.
[0074] Compared to the original FOV, the dual region image can include signals from a
significantly larger total area. The single region FOV was approximate exemplary 380 um x
380 um, and captured 1.45x10° um?”, while the dual region image captured signals from
2.66x105 pm® (e.g., twice the FOV, minus the overlapped region), representing an about 84%
increase in interrogated area, with no loss in temporal resolution. With the exemplary system,
the exemplary maximal useful lateral displacement of each beamlet from the center of the FOV
approximately 150 um. (See, e.g., Figure 7C and 7D). Because the SLM can be flexible in its
ability to address arbitrary subregions of the FOV, alternate SLM approaches can be performed.
For example, the effective frame rate of a system can be doubled by creating two laterally
displaced beams, with an angular spread one half of the FOV, in the direction orthogonal to the
fast axis of the galvos. By scanning the galvos over the middle 50% of the image, the displaced
beams can still illuminate the entire FOV, though the total number of lines scanned can be
halved, which can double the overall frame rate. Alternately, two or more small subregions
enclosed within a single larger FOV can be scanned simultaneously. Under all of these
paradigms, it can be noted that the splitting can facilitate increases in effective frame rate while
keeping the dwell time per pixel of each region higher than what would be possible if the regions

were sequentially scanned, which can increase the overall signal collected from each region.
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[0075]  While the lateral imaging procedures can increase imaging performance, the full
power of multiplexed SLM imaging lies in its ability to flexibly address axially displaced planes,
with independent control of beamlet power and position. An exemplary defocus aberration can
be introduced to the wavefront, which can shift the beam focus away from the nominal focal
plane. Higher order axially dependent phase terms can be included to offset the effects of
higher-order aberrations, and facilitate “prism” shifts as well, which can add flexibly by
facilitating for lateral displacements. The exemplary system can provide high performance, and
gives approximately 500 um of axial displacement while maintaining total collected two-photon
fluorescence at greater than 50% of that generated at the objective’s natural focal plane. (See,
e.g., Figure 7B). This can provide a considerable range for scanning, and it does so with high
speed inertia-free focusing (e.g., less than 3 ms, as shown in Figure 11). Because the objective
may not be moving, there may be no acoustic noise, and there can be no vibrations transferred to
the objective or sample, both of which can perturb animal preparations, or for strong vibrations,
even damage the objective. Using the exemplary SLM, multiple axial planes can be addressed
simultaneously — multiple lens phase functions can be combined, and imprinted onto the
incoming beam by the SLM. Figures 3A and 3B show two examples of conventional “single-
plane” two-photon images in mouse V1, the first approximately 170 um below the pial surface,
in L2/3, and the second 500 um below the surface, in L5. These images were acquired with
SLM focusing; the objective’s focal plane was fixed at a depth of 380 pm, and the axial
displacements were generated by imposing the appropriate lens phase on the SLM. At each
depth, functional signals at 10Hz were recorded. Figure 3E shows some representative extracted
fluorescence traces from L2/3 (e.g., element 305), and LS (e.g., element 310) (e.g., 154 and 196
total ROIs detected across the upper and lower planes, respectively).

[0076] The exemplary SLM was then used to simultaneously split the incoming beam into
two axially displaced beams, directed to cortical depths of 170 um and 500 um, and scanned
over the sample at 10 Hz. (See, e.g., Figure 3D). Because the mouse cortex can be highly
scattering (see, e.g., References 17 and 33), significantly more power can be needed to image L5
than L2/3, and the power directed to each plane can be adjusted such that the collected
fluorescence from each plane was approximately equal. The effective collected two photon
signal can also depend on the overall efficiency of the SLM in redirecting the light to axial

positions other than the designed focal plane of the microscope. Multiple factors can contribute

13



10

15

20

25

30

WO 2017/004555 PCT/US2016/040753

to this, from optical parameters of the two-photon microscope, such as the bandwidth of the laser
source and the effective numerical aperture (“NA”) of excitation, along with the objective
magnification, to SLM specific device parameters such as the number distinct phase levels, the
pixels density, and the fill factor of the device. In designing the exemplary system, it can be
beneficial to holographically deflect light over a span of approsimately500 um axially, while
also maintaining clear subcellular resolution and high two- photon efficiency.

[0077] The exemplary measured efficiency curve can be slightly asymmetric (see, e.g., Figure
7B), and shows that the beam can be projected from 200 um beyond (e.g., deeper) the focal
plane of the objective, to 300 um above (e.g., shallower) than the objective’s focal plane while
maintaining strong two-photon excitation. This curve can be relied upon as the objective’s focal
plane depth to a specific position, and can be set to optimally deliver power to the chosen
targeted planes for simultaneous imaging, or to compute the power used for a good signal at
various multiplane combinations. For the particular pair of planes acquired, as shown in Figures
3A and 3B, scattering alone can dictate that the L5 plane can utilize approximately six times the
input power than that of the L2/3 image to match the signals. With the microscope’s natural
focal plane set to 380 pm, the SLM efficiency for redirection can be the same for both planes,
and the dual beam hologram can be computed with an approximately six-fold increase in
intensity for the lower layer.

[0078]  Scanning these beamlets over the sample, the dual plane image can be collected,
which is shown, along with the ROlIs, in Figure 3D, which can correspond very well to the
arithmetic sum of the individual plane images. In Figure 3F, thirty representative traces (e.g., out
of 350 source ROIs) are shown, which illustrate spontaneous activity across L.2/3 (e.g., element
315) and LS5 (e.g., element 320), with a high SNR. The ordering of traces is identical with that of
Figure 3E, which facilitates comparison of the signals detected with the conventionally acquired
single plane images. The lightly shaded regions 325 in Figures 3E and 3F are enlarged and
shown in Figures 3G and 3H. The traces 330 and 335 can be the signals extracted from the ROI
using the CNMF method, which both optimally weights individual pixels and denoises the
signal, while the underlying trace 340 shows the raw signal from the ROIL. The raw signals show
very clear events, with high SNR, and the CNMF traces can be even cleaner. Further exemplary
zooms of small events are shown in Figure 31, which shows expanded views of the small peaks

labeled i-iv on Figures 3G and 3H.
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[0079]  With a cursory examination of the ROIs in the dual plane image, it can be clear that
there can be significant overlap between a number of sources, as expected by collecting
fluorescence from both areas with a single pixel detector (“PMT”), without specific efforts to
avoid such conditions. There have been many hardware strategies implemented to avoid such
“cross-talk”, from temporal multiplexing (see, e.g., Reference 15), to multiple array detectors
(see, e.g., Reference 32), but these can be relatively complex, and while they can reduce, they
never completely eliminate signal mixing. A software based approach can be utilized (See, e.g.,
Reference 46).

[0080] A generalized biophysical model can be used to relate the detected fluorescence from
a source (e.g., neuron) to the underlying activity (e.g., spiking) (See, e.g., References 61 and 62).
This can be extended to where the detected signal (e.g., fluorescence plus noise) in each single
pixel can come from multiple underlying sources, which can produce a spatiotemporal mixing of
signals in that pixel. The exemplary goal then can be, given a set of pixels of time varying
intensity, infer the low-rank matrix of underlying independent signal sources that generated the
measured signals. The non- negativity of fluorescence and of the underlying neuronal activity
can be taken advantage of, and the computationally efficient constrained non-negative matrix
factorization methods can be used to perform the source separation; thus the label of CNMF.
[0081] To extract signals from the multiplane image, the exemplary procedure can be
initialized with the expected number of sources (e.g., the rank), along with the nominal expected
spatial location of the sources as prior knowledge, as identified by running the procedure on the
previously acquired single plane image sequences. For the single plane images, the complexity,
and number of overlapping sources can be significantly less than the multiplane images, and the
procedure works very well for identifying sources without additional guidance. The
effectiveness of this exemplary procedure, as applied to multiplane imaging, is shown in Figures
4A-4F. This can also be compared against the exemplary “best” human effort at selecting only
the non, or minimally overlapping, pixels from each source, and against independent component
analysis (“ICA”), which has previously proved very successful in extracting individual sources
from mixed signals in calcium imaging movies(See, e.g., Reference 39). Figures 4A-4C show
progressively more complex spatial patches of the dual plane image series with Figure 4D
showing the location of each patch in the overall image. The overall structure shown in Figures

4A- 4C is identical. In each figure therein, the uppermost row of images show the maximum
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intensity projection of the time series, with the subsequent images showing, representative time
points where the component sources can be independently active. The leftmost column of
images shows the weighted mask, labeled with the ROI selection scheme (e.g., binary mask from
maximum intensity projection, human selected non-overlapped, ICA, CNMF) that can produce
the activity traces presented immediately to the right of these boxes. Therefore, the pixel
weighting is shown adjacent to Figure 4D. The extracted CNMF traces can include both the full
CNMF extracted trace 405, and for comparison, trace 410, the signal extracted considering only
the CNMF produced spatially weighted ROI, without taking into account the temporal mixing of
other sources into those pixels. In simple cases (see, e.g., Figures 4A and 4B), the human
selected non-overlapped regions appear to select only a subset of the events seen in the combined
binary mask. In more complex cases (see, e.g., Figure 4C and Figures 10B-G), where multiple
distinct sources can overlap with the chosen source, the non-overlapped portion may only
contain a few pixels, yielding a poor SNR, or those pixels may not be truly free from
contamination, yielding mixed signals. In regions where the non-overlapped portion can be
identifiable, this can be used as a Reference to evaluate the other two procedures.

[0082] The ICA extracted sources can then be examined. ICA can identify the sources
automatically, without human intervention, and does so quickly. For cases where the number of
sources in space can be low, and there can be “clean” non-overlapping pixels with high SNR
(see, e.g., Figures 4A and 4B), the extracted components can be spatially consistent with the
known source location (e.g., top row of images). In many cases, they can include a region of low
magnitude negative weights, which can appear to spatially overlap adjacent detected sources,
presumably because this can decrease the apparent mixing of signals between the components.
This can lead to unphysical minor negative transients, but these can be easily ignored with
simple thresholding. For the complex overlapping signals in the exemplary experiment, ICA can
routinely fail to identify human and CNMF identified source components, and appears to have
less clean separation of mixed signals (e.g., activity traces shown in Figure 4A, and the complete
failure of ICA to identify ROI2 shown in Figure 4C). Additionally, in order to maximize the
performance of ICA, the acquired image can be tiled into smaller sub-images, with fewer
component sources, for ICA to give reasonable performance. This can be simple to implement,
but even in these instances, the total number of detected independent components with activity

traces that look like real signals (e.g., appear “cell-shaped”) and have temporal structure readily
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identifiable as physical (e.g., transients with fast leading edges, and characteristic longer decays)
can be lower than what either a human, or CNMF methods identify (See, e.g., Figures 9A and
9B). (See, e.g., Reference 46). Nevertheless, ICA can find a significant number of sources, and
does so automatically, an advantage over manually choosing ROIs. The graph shown in Figure
9A illustrates the exemplary correlation coefficient between the AF/F extracted from CNMF and
NOL for a total of 250 ROls, for the data shown in Figures 3A-31 and 4A-4F. The dashed 905
line indicates the median of the correlation coefficients. The ROI contour map is also plotted.
[0083] Figures 9B-9G show exemplary ROIs with various correlation coefficient between
CNMF and NOL. For each case, the ROl is labelled as 1, and its adjacent ROIs (e.g., potential
contamination sources) are shown in Figure 9A. To better evaluate the correlation coefficient of
the signal extracted from the CNMF and NOL, both signals are plotted. Using the ROI contour
in the CNMF but with uniformed pixel weighting and without unmixing treatment, the extracted
AF/F trace 910 is plotted, superimposed onto the traces extracted from CNMF. The signals
extracted from their adjacent ROIs (e.g., using CNMF) are plotted in green.

[0084]  On inspection of the CNMF traces, many things can be seen. First, for the extracted
traces that are automatically denoised, the exemplary model can facilitate this in a
straightforward fashion. Second, the identified sources can be well separated. Comparing the
CNMF trace to the non-overlapped trace, a very high correspondence can be seen, especially
when the respective non-overlapped source SNR can be high. As shown in Figure 4A, it is
possible to see that the CNMF can be better than ICA at eliminating cross-talk between the two
overlapping ROIs. This trend can be seen across all of the examples shown, and can generally
be conserved over all ROIs. The CNMF traces can be compared against the human selected non-
overlapping traces 415 shown in Figure 4E. This exemplary graph shows the cross correlation
between 250 CNMF sources, and the non-overlapped portion of that source (e.g., NOL) related
toit. The correlation can be high, as would be expected if the CNMF traces accurately detect the
underlying source. The majority of the signals show a correlation coefficient of less than 0.95,
and the mean correlation coefficient can be 0.91, including all outliers. It can be noted that the
distribution of coefficients can be strongly asymmetric, and it can contain some notable outliers.
[0085] Examining the underlying traces of these outliers, the source of the poor correlation
between the NOL trace and the CNMF trace can be identified. (See, e.g., Figures 10B-10G). In

these exemplary cases, it can be seen that the NOL ROI can consist only of a few pixels, and can
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be extremely noisy. The related CNMF ROI can be significantly larger and has much less noise.
Examining the neighboring, or overlapping, sources that surround the NOL (e.g., and CNMF)
component, sources can be seen with very different activity than that extracted in the CNMF
trace, but clearly are present in the NOL signal. This phenomenon can be present in all of the
lower correlation components. Because of this, the graph can be interpreted in another way. The
fraction of cells with low correlation between the NOL and CNMF components can be exactly
the sources that simple signal extraction procedures cannot cleanly extract the true underlying
activity, they can be the cells that benefit from CNMF. Without CNMF, extracted signals can
falsely show high correlation between sources that can be imaged into the same region in the
dual plane image. In the dual plane image shown in Figure 3, it can be found that approximately
30% of the cells have correlations below 0.9. The exact fraction of cells with significant
contamination can depend on the sources sparsity and targeted areas, but there may always be
many cells that can show some overlap, and would benefit from a high performance unmixing
strategy, like CNMF.

[0086] The power of the exemplary simultaneous multiplane imaging and source separation
approach can be seen in Figures SA-6E, where interlaminar correlations can be recorded, which
can be used for understanding microcircuit information flow in the brain, as well as can evoke
functional responses across cortical layers. As shown in Figure 5A, 150 fluorescence activity
traces 505 (e.g., out of approximately 350) showing spontaneous activity in L2/3 and L5 neurons
in V1, collected at 10 Hz (e.g., FOV and cells as in Figures 3A-3H) are shown. In 13 minutes of
imaging, over 20,000 events were detected across the population of active cells (e.g., 250 ROIs).
The significant correlations between cells in L2/3 and cells in L5 can be computed, and the
interlaminar correlation map in Figure 5B can be displayed. One of the high correlation pairs
(e.g., projected lateral displacement of approximately 67 pm) is shown as element 510 (e.g., dark
outlines) in Figure SC. A scatterplot showing the correlation coefficients between pairs with
respect to projected lateral displacement is shown in Figure SD. It can be noted that for the
spontaneous activity in this recording, little dependence in the average correlation between cells
in L2/3 and L5 on lateral distance between cells (e.g., inset, Figure 5D) can be seen.

[0087]  The data shown in Figures 3A-31 and SA-5D were taken with two planes with inter-
plane spacing of 330 um, which can be far from the limit of the exemplary procedure. Both the

number of planes, and the total extremal range between planes over 500 um, can be extended
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with a high SNR. (See, e.g., Figures 10A-100). In these additional experiments, the total
performance and number of ROIs was limited by poor expression of the indicator in the mice
(e.g., limited number of cells expressing strongly, combined with high non- specific background
fluorescence). A shown in Figures 10A-10H, simultaneous three-plane imaging, again in mouse
V1, is shown, and some representative activity traces from each of the planes is highlighted, as
well as clean source separation using CNMF for a region of interest with partial spatial overlap
from each of the planes can be shown. Deeper, extended, axial planes can be further
demonstrated by imaging three planes at cortical depths of 130 mm, 430 mm and 640 mm, at
10Hz, again with a high SNR. (See, e.g., Figures 101-100).

[0088] In a further set of experiments, visually evoked activity across L.2/3 and L5 was
examined. Drifting gratings were projected to probe the orientation and directional sensitivity
(e.g., OS and DS,) of the neuronal responses. This paradigm was chosen because drifting grating
produce robust responses in V1 (see, e.g., Reference 40), can be used frequently in the
community (see, e.g., References 27 and 52), and can be used to examine the performance of the
exemplary imaging procedure in a functional context. Figure 6A shows some representative
extracted traces 605 and 610 from cells with different OS, along with an indicator showing the
timing of presentation of the preferred stimulus (e.g., traces 605 and 610 were acquired in the
dual-plane paradigm). In this exemplary experiment, the activity of each plane individually, for
multiple trials, was recorded, followed by a brief interval with no visual stimulation, followed by
recording the dual plane images.

[0089] During the entire recording period, this mouse had particularly strong spontaneous
activity in nearly all of the cells in the FOV. Many cells showed strong and consistent
orientation tuning across single-plane trials (e.g., 75 out of 260 cells). For these cells, the
computed single-plane DS and OS were compared to those computed from the same neurons, but
from the dual-plane image series. If the dual plane images had increased noise, or if overlapping
sources could not be cleanly separated, a decrease can be expected, or an OS can be altered.

This was neither the case on the population, nor single cell level, as shown in Figures 6 B and
6C. Figure 6D shows the exemplary standard dev. dual-plane image, and extracted ROI
contours. The two small boxes 625 on the contour image indicate two pairs of cells, with
significant spatial overlap in the dual-plane image. This is illustrated in more detail in Figure 6E,

where the DS of these cells is shown to ensure that the source separation procedure cleanly
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extracted the functional activity. It can be clear that the functional activity of even strongly

overlapping cells can be fully separated, without cross contamination.

Exemplary Discussion

[0090]  Successful simultaneous 3D multilayer is in-vivo imaging is shown with a hybrid SLM
multibeam-scanning approach that can leverage spatiotemporal sparseness of activity and prior
structural information to efficiently extract single cell neuronal activity. The effective area that
can be sampled can be extended, multiple axial planes can be targeted over an extended range,
greater than 500 um, or both, at depth within the cortex. This can enable the detailed
examination of intra- and inter-laminar functional activity. The exemplary procedure can be
easily implemented on any microscope, with the addition of a SLM module to the excitation
path, and without any additional hardware modifications in the detection path. The regional
targeting can be performed remotely, through holography, without any motion of the objective,
which can make the exemplary procedure a strong complement to 3D two-photon activation

(See, e.g., References 44, 45, and 51).

Exemplary Comparisons to Alternative Methods

[0091] Many imaging modalities exist today. Some of the simplest systems that provide
volumetric imaging can combine a piezo mounted objective with resonant galvos. Optically,
these systems have high performance throughout the focusing range, as all components can be
used in their best-designed positions. A critical component for determining the imaging rate can
be the speed of the piezo and how fast can the objective be translated axially. This can be related
to the resonant frequency of the combined piezo-objective system, and the maximum forces and
accelerations facilitated in the system. For deep imaging in scattering tissue, the fluorescence
collection efficiency can scale as NM—'f, with M being the objective magnification. (See, e.g.,
Reference 6). Unfortunately, the combination of high NA, and low magnification, mean that the
objectives can be large, and heavy. This large effective mass lowers the resonant frequency of
the combined piezo/objective system, and necessitates significant forces to axially move quickly,

as well as lengthens the settle times (e.g., approximately15 ms). As such, while 2D imaging
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rates can be high, volumetric imaging can be slower, with volumetric rates less than 10Hz (e.g.,
3 planes, sequentially).

[0092] The “throw” — the distance with which piezo can travel, can also be limited, with the
current state-of-the-art systems offering 400 pm of total travel, although most systems have
significantly less. The settle time can also lead to lower duty cycles as imaging cannot take place
during objective settling. Compared to piezo-based systems, the exemplary SLM-based
system/apparatus has significantly greater axial range, and couples no vibrations into the sample.
It can be possible to currently scan at least three planes simultaneously at 10 Hz using traditional
galvanometers, with over 500 um total separation between the outer planes (see, e.g., Figures
10A-100), and the speed could be immediately tripled by installing a resonant galvanometer on
the exemplary system. Additionally, change to a different axial plane can be performed very
rapidly, in approzimately3ms, which can minimize lost time, and can facilitate axial switching
within a frame, with little data loss (See, e.g., Figures 11A-11C).

[0093] Remote focusing has also been used for faster volumetric imaging, either with the use
of a secondary objective and movable mirror (see, e.g., References 9 and 10), or with
electrotunable lenses (See, e.g., Reference 23). While both have higher performance than piezo
mounted objectives, neither has yet demonstrated the ability to facilitate in-vivo functional
imaging at the axial span illustrated herein. Remote focusing with movable mirrors can scan
with minimal aberration of the PSF, but for cell targeted imaging, defocusing induced
aberrations may not be significant, neither in the exemplary procedure, nor for electrotunable
lenses. For applications where a perfect PSF can be paramount, remote focusing with a mirror
can offer better optical performance, but benefits from careful alignment and engineering, and
may not be beneficial for somatic calcium imaging. The electrotunable lens represents perhaps
the most cost effective solution for high performance fast focusing, and can be inserted directly
behind the objective. But in this position, it affects any beam that passes through it, so it can
complicate combining two-photon activation with imaging. A better solution can be to place it
in a conjugate plane to the back focal plane of the objective — exactly the same nominal position
as the exemplary SLM — and then it can control the imaging beam alone. While an SLM can be
more costly than the electrotunable lens, it can still be a small expense relatively to the cost of
any two-photon microscope, and offers faster settle times (see, e.g., Figures 11A-11C), as well as

multiplexed excitation.
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[0094] While fast sequential imaging strategies such as acousto-optic deflector (“AOD”)
systems offer good performance, with the current state-of-the-art 3D AOD systems currently
providing high performance imaging over relatively large volumes of tissue (See, e.g.,
References 31, 43, and 50). Unfortunately, these systems can be very complex and expensive,
with the cost of these systems at least a few times that of conventional two-photon microscopes,
which severely limits their use. They also can be very sensitive to wavelength, benefits from
extensive realignment with changes in wavelength. The scanning range of most AOD systems
can be less than most systems, (see, e.g., References 29, 34, 50 and 53), with only the most
strongly chromatically corrected variant exceeding the exemplary demonstrated range. (See,
e.g., Reference 31). With the addition of the same chromatic correction optics to the exemplary
system, the addressable volumes can be similar. An additional complication of any point
targeting strategy, like AOD systems, can be that sample motions can be significantly more
difficult to treat. With raster scanning, shifts in the XY plane can be easily detectible, and
treatable with well-established correction procedures. Point targeting systems, on the other hand,
need to densely target at a few ROIs in the sample to create a fiducial that can be used determine
the magnitude and direction of motion. These fiducials need to be consistently visible, for closed
loop correction.

[0095] A bigger limitation of all of these serially scanned systems can be that all can be
nearing the fundamental limits of their speed, and further increases in performance can be likely
only possible with multibeam systems. For example, in AOD based systems, while the “speed-
limit” can be given by the speed of sound in the material, a more practical limit can be set by the
dwell time used per target to acquire signals with sufficient SNR. Single beam large FOV
galvanometric scanning systems suffer from this as well, if one maintains high frame rates, the
linear speed of travel of the excitation spot across the FOV can be high, resulting in low dwell
times per unit distance on the sample. To maintain SNR at useful levels, finite dwell times can
be beneficial. As fluorophore saturation ultimately can limit the maximum emission rate
regardless of excitation intensity (e.g., increases in intensity simply cause photodamage,
bleaching, and reduced spatial resolution). The current “best” functional indicators, like
GCaMP6, have high two-photon cross sections (see, e.g., Reference 14), and excitation
saturation can be easily reached with modern laser systems. This can affect all single beam

systems that use fluorescence as the optical readout.
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[0096] An exemplary procedure to increase performance, and take advantage of available
power, while maintaining sufficient dwell times for high sensitivity, can be to have multiple
beams targeting the sample. Spatially multiplexed strategies have been used before (see, e.g.,
References 6, 8, 21, 32, and 37), but with very limited success for imaging neuronal activity in
scattering samples. Imaging in scattering samples can produce fluorescence, which can scatter
extensively, limiting the ability to “assign” each fluorescence photon to its source (See, e.g.,
References 4, 3 and 32). Under these conditions, a more successful approach has been to time
multiplex each separate excitation beam (See, e.g., References 4, 15, 19 and 20).

[0097]  The standard lasers used in two-photon imaging operate at approximately 80 MHz,
with the individual pulses separated by 12 ns, and many standard fluorophores used in biological
imaging have fluorescence lifetimes of less than or equal to 3ns. Thus, each single laser pulse
can produce a short burst of fluorescence that can extend strongly for only 25% of the “dark
time”, rendering the system’s duty cycle low. With an appropriate combination of beam splitters
and delay lines, the repetition rate can be effectively increased by a factor of 4, to approximately
320 MHz. with approximately 3 ns between pulses. As these four beams traverse independent
paths before entering the microscope, each beam can be adjusted to a different area and depth,
and can be used for multilayer (see, e.g., Reference 15) or multi-area imaging. (See, e.g.,
Reference 58). For multilayer imaging, the exemplary system can exceed the demonstrated FOV
and axial range of published implementation of temporally multiplexed beams, without
customized electronics for time-stamped photon counting, and with significantly greater
flexibility and speed in choosing targeted depths. Other multibeam or temporally multiplexed
strategies to be can be complementary methods that can be leveraged to further increase the

exemplary system performance.

Exemplary Phase Only SLMs For Beam Steering

[0098] The performance of the exemplary system can depend on the SLM, a 512x512 pixel
phase only device that performs beam-splitting by imparting phase modulation on the incoming
laser pulse, and uses diffraction to redirect the beams to their targeted site. The efficiency of any
diffractive process can be affected by many things (e.g., the fill factor and the effective number
of phase levels per “feature”). The controllable pixel fill factor of the exemplary SLM can be

82%, and thus, even with “perfect” holograms, the maximum power throughput can be reduced
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compared to a simple mirror. Taken together, these factors can lead to an effective power
throughput on the SLM module ranging from approximately82% to approximately 40%,
reducing the total light available for imaging. In exemplary experiments, the efficiency has not
yet been a limitation for multiplane imaging, but it can be for imaging multiple planes in L5 and
beyond. Compared to a conventional system with a piezo mounted objective, this can seem like
a significant loss, however, it can be far less of a penalty than for multi-AOD systems, which
give less than 20% total power throughput.

[0099]  Another important consideration for any diffractive device can be that they can be
inherently chromatic (e.g., the deflection can depend on the wavelength of the light, laser sources
for multi-photon imaging may not be strictly monochromatic (e.g., the ultrafast laser pulse has a
characteristic bandwidth, with a minimal range dependent on the shape of the pulse. In the
exemplary system (e.g., Coherent Mira-HP) this can correspond to a FWHM of 6.5 nm at 940
nm for the approximately 140 fs pulses from the laser. With a 25X objective, and an SLM
induced lateral displacement of 150 um from the origin for the central beam, it can be found that
the spectral FWHM colors to be deflected £1 um from the target position.

[00100] If the effective excitation NA can be large, and the PSF correspondingly small, these
displacements can be comparable in size with the FWHM of the monochromatic PSF, which
both blurs the image, and reduces the peak focused intensity at such displacements. With shorter
pulses, performance fall off can be more severe, and without additional correction elements,
pulse widths shorter than 100fs may not be recommended. This chromatic dispersion can be
reduced with the incorporation of a custom shaped high dispersion optical element, (see, e.g.,
Reference 31), to improve the performance over a wider lateral range, and for shorter pulses.
Nonetheless, even without efforts to reduce dispersion, the FOV of a meaningful amount can be
extended, even without correction, and within that range, rapidly, and flexibly.

[00101] For axial displacements on the exemplary system, the effect of chromatic dispersion

can be markedly less. For a diffractive lens, the dependence of focal length with wavelength can
be f(1) = fy- (%), which can correspond to an axial shift between the FWHM points of

approximately 1.1 um for a -200 pm displacement, and approximately 1.6 um for a +300 um
displacement. The objective back aperture can be filled to have an NA of 0.45, and with these
settings, the FWHM of the nominal monochromatic PSF can be approximately 6.5 um, so the
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chromatic axial displacement may only be a small fraction of the PSF, for the entire span of axial
separations demonstrated here. If finer axial resolution can be beneficial, which can benefit from
larger excitation NA, the axial range with high performance can be correspondingly smaller. For
a given SLM setting, the relative displacement it produces, and the resultant axial PSF can, both
scale as NA”. For example, at an excitation NA of 0.9, only 120 um of axial separation can be
possible with the same relative performance. For the exemplary task, fast multiplane calcium
imaging with single cell resolution, the performance can be excellent over 500 pm.

[00102] The efficiency of this procedure can be improved by better SLMs (e.g., devices that
have higher fill factors, increased pixel number and increased phase modulation. Increased pixel
counts can increase the number of levels available across any feature, and can increase the
diffraction efficiency. For nearly all applications, once the pixilation facilitates greater than or
equal to 8 levels across a ramped O to 2= transition, the efficiency can be very high. For arbitrary
patterns of excitation, it may not be possible to predict how many overall pixels can be needed
on the device to achieve this, but for the simple lateral or axial deflections, this can correspond to
SLMs with approximately 1500 pixels across, which can keep the overall module power
efficiency above 80% for the current fill factor, and higher with improved devices. More pixels
can also increase the possible range of deflections; however, this may not extend the range
without better compensation of chromatic dispersion, which can be one reason why existing,
higher pixel devices, may not be used. The total size of the device may not be critical, and the
pixel density may not need to be increased; just the total number of pixels. Large pixels have an
added benefit of increased power handling, and generally higher fill factors, because the
electronics and insulating barriers between neighboring pixels can be somewhat fixed in size,
whereas active areas may not be. Larger pixels can result in larger phase features, which can
reduce the maximum angles of deflection, but this can be easily compensated with altering
the magnification of the post-SLM telescope system, which can be beneficial to properly map
the SLM to the back focal plane of the objective.

[00103] Another area where efficiency can be increased can be by combining adaptive optics
methods with the exemplary targeting. SLMs can be a natural element for corrections of both

system, and sample aberrations (See, e.g., Reference 30).

Exemplary Volumetric Imaging
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[00104] The overall speed of multiplane imaging can be increased with additional exemplary
procedures. Because of the systems sensitivity, activity with high SNR can be detected. As
such, the nominal dwell time per pixel can be reduced, and enough photons for effective
detection can still be collected. By transitioning the exemplary microscope from conventional
galvanometers to resonant galvanometers, the imaging can be sped up by at least a factor of
three. Combined with the fast switching time of the exemplary device, large volumes of neural
tissue can be imaged at high speed. The exemplary strategy can be to rapidly interleave
multiplane images in successive scans to generate a complete picture of neural activity.

[00105] The exemplary SLM was chosen specifically because it can be controlled via low
latency PCle bus transfers, increasing speed, and giving deterministic latency for pattern
changes. This device was optimized for fast hologram transitions by increasing the backplane
drive voltage, utilizing more than 2x phase stroke, and the computation of optimized
intermediate holograms. Taken together, they dramatically increase the effective switching
speed of the device, and facilitate beam retargeting in less than 3ms. Figure 11B shows a graph
that illustrates the performance. Two sets of planes in 3 ms can be fully transitioned between,
with usable fluorescence produced in the new set of planes in 2 ms. Imaging at 30 Hz, with three
sets of 3-plane images, can be performed. The fast transition times can ensure interframe
switching while maximizing duty cycle. This can facilitate nine axial sections, with an overall
volume rate of 10 Hz, over large regions of the cortex, and significant depth. (See, e.g., Figure
11C). The imaged volume can also be increased by scaling up the number of independent beams
entering the SLM modules, and incorporating various spatial and temporal multiplexing
strategies (See, e.g., References 15 and 58). In these cases, the addressable volume or speed
increase can scale linearly with the number of beams entering the SLM module(s).

[00106] Further volumetric imaging in scattering tissue can be promising, and SLM- based
multiregion imaging can be but one implementation of a general strategy of computationally
enhanced projective imaging, which can make possible the ability to interrogate neurons over a
very large area, with high temporal resolution and SNR. Projective imaging can be extremely
powerful, and has led to tremendous advances in medical imaging, such as computerized
tomography (“CT”), positron emission tomography (“PET”), and magnetic resonance imaging
(“MRTI”). Many of these methods suffer from issues familiar to neuroscientists aiming at

imaging activity in the brain. For x-ray CT scanning and PET, “photodamage” can be a serious
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concern, while for MRI, speed can be limited. For those modalities, advanced computational and
statistical procedures, ideally suited to the particular imaging “task”, shape the overall strategy.
[00107] Basic knowledge of the underlying physical structure and sparsity can be used to
define constraints for the recovery of the underlying signal, and can facilitate higher fidelity
reconstruction and increased imaging speed. (See, .e.g., References 7, 11, 14 and 57). These
same principles apply here. The spatial distribution of neurons may not be dense and uniform
everywhere, and neuronal signals may not be consistently highly synchronized; this can produce
spatiotemporal sparseness that can be leveraged for efficient source separation of mixed signals.
With the exemplary multiplexed SLM system/apparatus the number of areas simultaneously
illuminated can be deterministically controlled such that there can be direct control over the
effective number of sources, in contrast to alternate extended two-photon approaches, like Bessel
beam scanning (see, e.g., References 11 and 59), where the sample alone controls the complexity
of the signal.

[00108] Just as contrast agents dramatically have improved performance in other imaging
modalities, this exemplary procedure can include advances in functional indicators. GCaMP6
has very low basal fluorescence, which may increase only with neuronal firing (e.g., the dark of
space, punctuated by stars of activity). This has advantages for the signal unmixing and SNR, as
background fluorescence can be minimal. As development continues on these and other probes,
more sites can be targeted simultaneously.

[00109] There can be many issues that can be addressed by high speed volumetric imaging.
First, for example, the simple increase in neurons monitored in the local circuit can greatly
increase the chances for capturing the richness of variability and dynamics in cortical processing
(See, e.g., References 2, 3 and 28). For example, what can be the organization of functionally or
behaviorally relevant ensembles in cortical columns? How do upstream interneurons affect
downstream activity and synchrony, and output (See, e.g., References 23, 25, 39)? Without the
ability to probe interlaminar activity simultaneously, answering these questions definitively can
be very difficult, if not impossible. While somatic imaging has been described herein, the
exemplary procedure functions well for imaging dendrites, or dendrites and soma (see, e.g.,
Reference 46) for dendritic source separation with CNMF. The extended axial range of the
exemplary procedure can facilitate exploring LS soma and their apical tufts simultaneously, and

can give direct insight into the role of dendritic spikes and computation in neuronal output. (See,
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e.g., References 35 and 55). The SLM-based multiplane imaging can be a powerful procedure
for addressing these and other questions that can benefit from high speed volumetric imaging
with clear cellular resolution. The exemplary system can be flexible, easily configurable and
compatible with most existing two photon microscopes, and can provide new insights into

cortical computation and function across multiple layers.

Exemplary Experimental Procedures

Exemplary Animals and Surgery

[00110] All experimental procedures were carried out in accordance with animal protocols
approved by Columbia University Institutional Animal Care and Use Committee. Experiments
were performed with C57BL/6 wild-type mice at the age of postnatal day (P) 60-120. Virus
AAV1synGCaMPof (see, e.g., Reference 14) was injected to both layer 2/3 and layer 5 of the left
V1 of the mouse cortex, 4-5 weeks prior to the craniotomy surgery. The virus was front-loaded
into the injection pipette and injected at a rate of 80 nl/min. The injection sites were at 2.5 mm
lateral and 0.3 mm anterior from the lambda, putative monocular region at the left hemisphere.
Injections were made at two different depths from the cortical surface, layer 2/3 at 200 um-250
um and layer 5 at 400 um-500 pum respectively.

[00111] After 4-5 weeks of expression, mice were anesthetized with isoflurane (e.g., 2% by
volume, in air for induction and 1% during surgery). Before surgery, dexamethasone sodium
phosphate (e.g., 2 mg per kg of body weight; to prevent cerebral edema) and bupivacaine (e.g., 5
mg/ml) were administered subcutaneously, and enrofloxacin (e.g., 4.47 mg per kg) antibiotics
and an anti-inflammatory, carprofen (e.g., 5 mg per kg) were administered intraperitoneally. A
circular craniotomy (e.g., 2 mm in diameter) was made above the injection site using a dental
drill and the dura mater was removed (See, e.g., Reference 36). 1.5% agarose was placed over
the craniotomy and a 3-mm circular glass coverslip (e.g., Warner instruments) was placed and
sealed using a cyanoacrylate adhesive. A titanium head plate with a 4 mm by 3.5 mm imaging
well was attached to the skull using dental cement. The imaging experiments were performed 1-
14 days after the chronic window implantation. During the imaging, the mouse was awake and
moved freely on a circular treadmill with its head fixed. Over 40 total imaging sessions across

17 mice were performed.
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[00112] The shrimp used in the structural imaging were artemia nauplii (e.g., Brine Shrimp
Direct) in hydra medium (e.g., with composition of 1mM CaCl,*H,0, 0.1mM MgCl,*6H,0,
30uM KNOs, 0.5mM NaHCO3, 80uM MgSO4). During imaging, the oxygen concentration in

the medium was reduced by limiting perfusion, which can lead to reduced motion of the shrimp.

Exemplary Two-photon SLM Laser Scanning Microscope

[00113] The setup of the exemplary two-photon SLM laser scanning microscope is illustrated
in Figure 1A. The laser source can be a pulsed Ti: Sapphire laser (e.g., Coherent Mira HP)
which can be tuned to 940 nm with a maximum output power of approximately 1.4 W (e.g.,
approximately 140 fs pulse width, 80 MHz repetition rate). The output laser beam can be
directed through a Pockets cell (e.g., ConOptics EO350-160-BK) to control the intensity on the
sample. A broadband A2 waveplate (e.g., Thorlabs AHWPO5SM-980) was located after the EO
modulator to rotate the laser polarization so that it can be parallel with the active axis of the
spatial light modulator (e.g., Meadowlark Optics, HSP512-1064, 7.68 x 7.68 mm” active area,
512 x 512 pixels) located further downstream. The laser beam can be expanded by a 1:1.5
telescope (e.g., f1=50 mm, £2=75 mm, Thorlabs plano-convex lenses, “B” coated) to fill the
active area of the SLM. The light incident angle to the SLM can be approximately 3.50. The
reflected beam from the SLM can then be scaled by a 4:1 telescope (e.g., £3=400 mm, f4=100
mm, Thorlabs Achromatic doublets lenses, “B” coated), and imaged onto a set of galvanometer
mirrors (e.g., Cambridge 6215HM40B). The galvanometer mirrors can be located conjugate to
the microscope objective pupil of a modified Olympus BX-51 microscope by use of an Olympus
pupil transfer lens (e.g., £5=50 mm) and Olympus tube lens (e.g., fTL=180 mm). An Olympus
25X NA 1.05

[00114] XL Plan N objective can be used for the imaging. Other objectives also perform well
in the exemplary system. The SLM surface can be imaged afocally to the back pupil of the
objective. The fluorescent signal from the sample can be detected with a photo-multiplier tube
(“PMT”, Hamamatsu H7422P-40) located above the microscope, and followed by a low noise
amplifier (Stanford Research Systems SR570). Scanlmage 3.8 (see, e.g., Reference 47) can be
used to control the galvanometer mirrors, digitize and store the signal from the amplifier of the
PMT. The line scanning can be bidirectional with a single line scan rate of 2 kHz. For a 256 x

200 pixel imaging, the frame rate can be 10 fps.
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Exemplary Hologram Generation

[00115] Custom software using MATLAB (The MathWorks, Natick, MA) was developed to
load and control the phase hologram pattern on the SLM through a PCle interface (Meadowlark
Optics). The SLM was calibrated, and a lookup table that converts the pixel values to voltage
driving the liquid crystal of the SLM was generated. At the operation wavelength of 940 nm, the
SLM outputs approximately 80 effective phase levels over a 2x phase range, with a relative
uniform phase level spacing. (See, e.g., graph shown in Figure 7A).

[00116] To create a 3D beamlet pattern at the sample (e.g., a total of N beamlets, each
with a coordinates[x;, i, zi], i=1,2...N), the phase hologram pattern on the SLM ¢(u, v) can be,
for example expressed in the following:

d(u,v) = phase{zyzlAieZth{xiu+yiu+[Zg(u,v)Cg(zi)+Z2(u,V)C2(Zi)+zg(u,v)Cg(zi)]}} (M1)

[00117] A can be the electrical field weighting factor for the individual beamlet. Z2,(u,v) and
€3 (z;) can be the Zernike polynomials and Zernike coefficients, respectively, which can fulfill
the defocusing functionality and can compensate the first-order and second-order spherical
aberration due to defocusing. The expressions of Zm (u, v) and Cm(zi ) are shown below.

(See, e.g., Reference 5). A 2D coordinate calibration between the SLM phase hologram, and
thus the projected beamlet pattern at the sample through Eq. M and the PMT image can be
carried out on a pollen grain slide. By steering the beamlet to different positions with the SLM
and recording the PMT image, an affine transformation can be extracted to map the coordinates
between the PMT image and the image plane at the sample, and thus the SLM phase hologram
through Eq. M1. For the axial defocusing, the defocusing length set in the SLM phase hologram
can be matched with the actual defocusing length by adjusting the apparent “effective N.A.” the
Zernicke coefficients, after calibration following the procedure described in (See, e.g., Reference
49). This can be done mainly for convenience, and it can be noted that this can change very little
over the full axial range of the SLM (e.g., a range of 0.43-0.48). In multiplane imaging, the field
weighting factor A;in Eq. M1 can determine the power ratio, of different imaging planes. It can
be important to note that this coefficient may not be simply the desired power ratio rather it can
affect the interference between the different fields, which in turn can depend on the relative
phase displacements of the beams. Operationally, either the parameter can be adjusted

empirically to achieve similar fluorescent signals from different imaging planes, or alternately,
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the expected power ratio from first principles can be calculated, considering the depths of each
plane, nominal scattering length of light in the tissue, and perform numerical beam propagation
of the electric field (See, e.g., Reference 54).

[00118] Visual stimuli were generated using MATLAB (e.g., The MathWorks, Natick, MA)
and the Psychophysics Toolbox (see, e.g., Reference 12) and displayed on a liquid crystal display
(“LCD”) monitor (e.g., 19-inch, 60-Hz refresh rate) position 28 cm from the right eye, at
approximately 450 to the long axis of the animal. Each visual stimuli session consisted of 8
different trials, each trial with a 3 s drifting square gratings (e.g., 100% contrast, 0.035 cycles per
degree, two cycles per second) display, followed by 5 s of mean luminescence gray screen. 8
drifting directions (e.g., separated by 45 degrees) were presented in random order in the 8 trials
in each session. 17 sessions were recorded continuously (e.g., 1088 s). A silicon photodetector
(e.g., Thorlabs DET 36A) can be placed at the corner of the LCD to monitor the visual
stimulation display. The detector output was recorded simultaneously with the imaging data at
Scanlmage 3.8. The neuronal responses to the visual stimulation can then be extracted and

analyzed in the subsequent image processing.

Exemplary Image Analysis and Source Separation Procedure

[00119] The raw images can first be processed to correct brain motion artifacts using an
exemplary pyramid procedure (see, e.g., Reference 60), and then analyzed using a constrained
non-negative matrix factorization procedure, coded in MATLAB (e.g., The MathWorks, Natick,
MA). The core of the CNMF can be that spatiotemporal fluorescence signals F from the whole
recording can be expressed as a product of two matrices: (i1)a spatial matrix A that encodes the
location of each ROI and (i1) a temporal matrix C that characterizes the fluorescent signal of each
ROI as well as the background B, expressed as F=AC+B.

[00120] This can be solved as a convex optimization problem, and the assumption that both
matrices can be sparse such that they can promote localized spatiotemporal footprints. As shown
in the graph of Figure 6B, the individual single plane recordings 615 can first be analyzed. (see,
e.g., Reference 46), and the characteristics of each ROI can then be used as initial estimates for

the sources in the analysis of the multiplane recording (e.g., dual plane recording 620).

Exemplary Evaluation of CNMF and Comparison with ICA
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[00121] To evaluate the signals extracted from CNMEF, they can be compared with the signal
extracted in a conventional manner. To obtain the latter signal, the spatial pixels of each ROI,
which do not overlap with other ROIs, can be extracted. Raw temporal signals from these pixels
can be averaged with a unitary weight, followed by a subtraction of the background baseline
obtained from CNMF. This can be termed as non-overlapped (“NOL”) signal. This can be what
the conventional fluorescent extraction procedure would do except that the background baseline
can be further subtracted.

[00122] The signals extracted from CNMF can be compared with the NOL signals in two
aspects: similarity and signal-to-noise ratio (“SNR”’). The SNR can be calculated based on the
signal’s power spectral density.

[00123] ICA was also performed to analyze the data, with the software written in Matlab (See,
e.g., Reference 39). The motion-corrected image recording stack can first be normalized,
followed by principal component analysis (“PCA”) for dimensionality reduction and noise
removal. ICA can then be applied to extract the spatio-temporal information of each

independent sources (e.g., ROI).

Exemplary Analysis Of The Cell Orientation Selectivity Of The Drifting Grating Visual
Stimulation

[00124] To analyze the orientation and direction selectivity of the ROIs in response to the
drifting grating visual stimulation, the total number of events can be counted during the visual
stimulation period in each session for all 8 different grating angles. These event numbers can be
into a vector space (See, e.g., Reference 38). The direction and magnitude of their vector sum
can represent the orientation selectivity and the orientation index. With Nyigualsession Visual
stimulation sessions, Nyisalsession VECtors can be obtained. Hotelling’s T2-test can be used to
calculate whether these vectors can be significantly different from 0, for example, whether the
ROI has a strong orientation selectivity. Only ROIs with their vectors significantly different
from O (e.g., less than 0.25 probability that null O can be true) in the single plane recording can
be selected, and their orientation selectivity can be calculated by averaging the Nyisyaisession
vectors and extracting the angle (e.g., Nyisuaisession=17 for the experiment shown in Figures 6A-

6D2).
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[00125] The maximal lateral displacement of the incoming beam can be controlled by the
familiar grating equation (See, e.g., References 46 and 65):

mA = d *sin(0) (S1)
where m can be the diffraction order, A the wavelength of the light, d, the feature spacing, d, the
angle of deflection. Only the first order m = 1, and the imaging wavelength can be 940 nm. For
a pixelated device, the smallest periodic feature can consist of two pixels, each of which can be
15 um. Thus d =30pum. The maximum SLM induced deflection angle can be related to the
maximum lateral displacement from the center of the FOV in the sample plane, ryay, through the

following relations:

r= fobj ) tan(gobj) (S2)

bury = s[5 ||
Mgim! | Mscope
[00126] For the exemplary system, with a 25X objective, this can correspond to for example:
fobj = fruvetens/Mopj = 180mm/25 = 7.2mm
Mgy = 400/100 = 4.0, Mycop. = 50/180 = 0.278

oImax — sin"1< ) =1.8°

min
Tmax = 252 um

[00127] For single point targeting, the efficiency of redirection can depend on the number of

phase levels available on the SLM. The exemplary device was measured, and approximately 80

usable phase levels between 0 and 2n were found. (See, e.g., Figure 7A). With the simplifying

assumption that these levels can be uniformly spaced between 0 and 2, the first order diffractive

efficiency of such a device can be given by for example:

__[sin(z/N) 2
m = /N

(S3)

where N can be the total number of levels. (See e.g., Reference 42). This can imply very high
efficiencies for holograms with large features (e.g., read spanning many pixels), which can result
in small positional displacements in the sample (e.g., Fourier) plane. For larger sample plane
displacements, the beneficial phase features can get smaller and smaller, and the finite sampling

from the pixelated SLM can reduce the available phase levels.
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In the extreme case, there can be aliasing, which can strongly degrade the performance; (i)that
limit can be avoided for all holograms used. Four pixels can be considered across a A2 ramp to
be the limit of efficient power redirection. The deflection vs. theoretical efficiency curve is
shown in Figure 7D, along with the measured relative SLM power deflection efficiency on the
sample (See, e.g., Figures 7C and 7D). For pixelated SLMs, as shown in the graph of Figure 7D
which illustrates the calculated power 705 and the measured power 710, with quantized phase
levels, the theoretical scalar beam redirection efficiency can be reduced for deflections with a
non-integral number of pixels per phase ramp, but this effect can be small, as can be seen in the
measured power on sample.
[00128] At 74, the maximum possible lateral deflection, the pattern can have only two phase
levels, which can lower the maximum diffraction efficiency, and additionally, can result in a
symmetric phase pattern. Under these conditions, the phase “grating” may not be blazed, but
instead can split the beam equally to the +1 and -1 orders; there can be two spots, mirrored
across the nominal center of the FOV. This may not be a problem for dual lateral region
imaging, where such a split can be in fact advantageous. However, if the desired effect can be to
have a single targeted point on the sample, it can be best to restrict the lateral targeting to regions
that can be address by phase gratings that span at least four pixels (e.g., levels). With four pixels
blaze and two photon excitation, the excitation ratio of the +1 to -1 order can be ~ 20:1; for five
pixels, approximately 50:1; and for eight pixels, approximately 350:1.
[00129] Similar relationships hold for axial displacement. In such exemplary case, the SLM
can be used to impart a spherical curvature to the wavefront that can shift the focus before or
beyond the nominal focal plane. For simplicity, only primary defocus can be considered here,
neglecting higher order aberration terms.
[00130] For a phase wrapped device, this can correspond to a Fresnel phase profile. (See e.g.,
Reference 42):

Py = 2pfA
[00131] With p, the normalized pupil radius, p, the Fresnel zone order, f, the focal length and 4
the wavelength. Each successive zone can correspond to adding one wave of defocus at that
point on the pupil, which can also correspond to a 27 phase change. The “strongest” lens

allowed without aliasing on the exemplary actual device can correspond to a two pixel spacing
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on the outermost Fresnel zone. For large p, it can be found that the relative spacing between
zones can be, for example:

Apy =2fA/py = [ =2-d? = =123 mm,
with d the pixel size, and N the number of pixels on the device across the shortest dimension.
[00132] The sign of f can be made positive or negative simply by reversing the phase. With
this magnitude for the focal length on the SLM, and the exemplary intermediate optical scaling
onto the objective back aperture (e.g., effective excitation NA approximately 0.45), this lens
power can correspond to axial displacements of +300 pm under the objective. Any larger
displacement can result in aliasing on the SLM, which can both reduce diffraction efficiency, as
well as create secondary foci. For larger axial displacements, without aliasing, an SLM of the
same overall all size with smaller pixels, or a larger overall SLM with more pixels, or both,
would be beneficial.
[00133] For a physically larger SLM, there can be demagnification to scale the SLM to the
appropriate size on the back aperture of the objective; thus the image of the SLM on the back
aperture can have higher pixel density. The exemplary preference can be to have more pixels
rather than smaller pixels (e.g., smaller pixels typically have lower fill factors, and larger pixels
can have increased power handling, as the overall power density on the physical device can be
decreased with increasing SLM area). The fill factor can be important for two reasons. The first
can be the overall power transmission to the diffracted beam, which can be directly proportional
to the fill factor. The second reason can be more subtle.
[00134] For a given diffraction pattern, having fill factors less than one can alter the diffraction
period cell length compared to the structural cell length, which can broaden the far-field
envelope that governs the relative efficiencies between different diffraction orders. As a result,
power can be transferred from the desired first order into higher orders, may not be available for

excitation and can generate spurious background signals. (See e.g., Reference 42).

Exemplary Chromatic Effects

[00135] SLMs can be diffractive optics, so they can be chromatic devices where beam
redirection can depend on wavelength, (See, e.g., Equation (S1)). Thus any non-monochromatic
source (e.g. femtosecond pulsed laser) can exhibit chromatic effects. The relationship

connecting bandwidth to pulse width can be AvAt > K, with K=0.315 for the hyperbolic secant-
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squared shaped pulses from most Ti- Sapphire lasers. (See, e.g., Reference26 and 68). The
exemplary laser produced transform limited pulses of 140 fs, which means the FWHM of the
nominally 940 nm beam can be 6.5 nm. Considering the blue and red edge of this spectral
profile, for displacements in the x-y plane, there can be a shift in lateral position with across the
spectrum. For the largest lateral displacements used, the relative shift for these components can
be less than 1.5 um. Nonetheless, because the nominal diffraction limited spot can be of
comparable size, this can lead to a minor loss in lateral resolution, as well as a drop in peak
intensity at the margins of the FOV. The reduced intensity can be compensated with appropriate
weighting of the targets during hologram calculation (see, e.g., Figures 7E and 7F), but the
“blur” cannot.

[00136] In the exemplary analysis for lateral deflections, variations in phase efficiency from
shifts in the optimal phase depth as a function of wavelength were ignored. These can result
from both a wavelength dependent retardation in the liquid crystal itself; the liquid crystals used
in the exemplary SLM have only very minor variation in refractive index as a function of
wavelength around the exemplary chosen center (e.g., private communication, Meadowlark).
[00137] For axial focusing, this effect can also be ignored. The relative efficiency of a

diffractive lens as a function of wavelength can be (see e.g., Reference 42), for example:

in2 _ —
= M, with a = ) M], and m the diffraction order. For the bandwidth of the
[r(a-m)]? 2 ln(p)-1

exemplary laser, n(1) = constant, = a = % = [0.995 < a < 1] n = [0.998 < n < 1] for lenses
0
operating in the first order, or a change in efficiency of 0.2%. The focal length can change with
the wavelength, and axial color can be similar, and proportional to % For the effective
0

excitation NA used for functional imaging, NA approximately 0.45, the FWHM of the axial two
photon point spread function can be approximately 6.5um(See, e.g., References 64 and 69). For
the largest displacement used, approximately 300 um, the axial color across the FWHM of the
laser spectrum can be approximately 2um, which represents a total shift of 25% of the axial PSF.
This can have a negligible effect on the axial resolution, and power delivery for somatic imaging.
Assuming the excitation NA can be changed, the relative effect of the axial color can be
invariant with NA, though the absolute sizes of everything scale as NA”.

[00138] Figures 8A and 8B are shows ROI contour and calcium signals according to an
exemplary embodiment of the present disclosure. For example, as illustrated in Figure 8A the
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ROI contour and calcium signal extracted by CNMF. Element 805 is the contour overlaid on the
temporal standard deviation image of a single plane recording of mouse V1 at depth of 500 um
for cortical surface. Traces 810 are the normalized AF/F traces with a scale bar of 50 um. Clean,
cell like features can be selected, and the great majority of traces have signals with high SNR,
and that appear like familiar Ca++ activity traces. Figure 8B is similar to Figure 8 A, with ROI
contour and calcium signal extracted by ICA. The ROIs can be less cell- like, and a large
number of extracted traces show poor SNR, with no features recognizable as typical activity

traces.

Exemplary Power Directed to Each Layer
[00139] The mouse brain can be highly scattering, and there can be an exponential loss of

ballistic photons with increasing depth. The nominal intensity in the focus as a function of depth
can be given by I; = [ exp [_l—d], where [ can be the incident intensity at the surface of the

brain, d, the depth, and /;, the characteristic scattering length. For 940 nm, the scattering length
can be approximately 185 um (See, e.g., References 27 and 70). Below the saturation limit, two-
photon fluorescence signal can scale as the intensity squared. If it can be assumed that the
expression of the indicator can be the same in the desired layers for imaging, the relative power

needed to be delivered to each layer to give equivalent signal can be estimated as, for example:

D

2

D

2
—d, —d,
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For the experiment shown in Figures 3A-31, this ratio can be as follows:
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[00140] This can be combined with the measured displacement efficiency curve (see, e.g.,
graph shown in Figure 7B) to flexibly set the appropriate weights for each plane in the hologram
computation.

[00141] Figures 10A-100 show the Axial Three Plane in-vivo Functional Imaging of Mouse
V1 at Layer 2/3, 4 and 5, and Extended Simultaneous Imaging Depth over 500 um. For
example, the top panels of Figures 10A-10C show, temporal standard deviation images of the
sequential single plane recording of mouse V1 at depth of 170 um (e.g., layer 2/3), 350 um (e.g,,
layer 4) and 500 um (e.g., layer 5) from a pial surface. The bottom panels of Figures 10A-10C
show ROI contours overlaid on the top panel. The images are false-colored. Scale bar, 50 um.
Figure 10D shows an image of the arithmetic sum of Figures 10A-10C. The top panel of Figure
10E shows the temporal standard deviation imaging of the simultaneous three-plane recording of
the planes shown in Figures10A-10C. The bottom panel of Figure 10E shows an exemplary
image of overlaid ROI contours from the three plane. Figure 10F shows a trace diagram with
represented extracted AF/F traces of the selected ROIs from the three planes (e.g., trace 1005,
layer 2/3, 15 ROIs out of 58; trace 1010, layer 4, 15 ROIs out of 65; trace 1015, layer 5, 15 ROIs
out of 95), from the sequential single plane recording.

[00142] Figure 10G shows an exemplary trace diagram of extracted AF/F traces of the same
ROIs shown in Figure 10F, from the simultaneous three-plane recording. Figure 10H shows an
exemplary diagram of the source separation of the fluorescent signal from spatially overlapped
ROIs in the three plane imaging. The contours of the overlapped ROIs are plotted with their ROI
ID. The calcium traces are normalized AF/F traces. For each ROI, the signal is extracted using
NOL shown by element 1020, and CNMF by element 1025. The corresponding ROI contours
results from these methods are shown next to their AF/F traces. Using the ROI contour in the
CNMF but with uniformed pixel weighting and without unmixing treatment, the extracted AF/F
trace 1030 is plotted, superimposed onto the traces extracted from CNMF.

[00143] Figure 101 shows an exemplary diagram of the simultaneous three-plane imaging
extending the imaging depth over 500 um. Figure 10J shows an exemplary overlaid temporal
standard deviation image of the sequential single plane recording of mouse V1 at depth of 130
um (e.g., element 1035), 430 um (e.g., element 1040) and 640 um (e.g., element 1045) from pial
surface of a mouse V1 with a scale bar of 50 um. Figure 10K shows an exemplary temporal

standard deviation imaging of the simultaneous three-plane recording of the three planes. Figure
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10L shows an exemplary image of the overlaid ROI contours from the three plane on Figure 10J,
while Figure 10M shows the extracted ROI contours. Figure 10N shows represented extracted
AF/F traces of the selected ROIs from the three planes (e.g., trace 1045, layer 2/3; trace 1050,
layer 4; trace 1055, layer 5), from the sequential single plane recording. Figure 100 shows the
extracted AF/F traces of the same ROIs shown in Figure 10N, from the simultaneous three-plane
recording.

[00144] Figure 11A shows an exemplary diagram of SLM switching between two sets of dual
plane imaging on mouse V1. State 1 is the dual plane for depth of 210 pym and 330 um from
cortical surface, and state 2 is the dual plane for depth of 110 um and 270 um from pial surface.
Imaging frame rate is 10 fps. The SLM switching happens at the middle and at the end of each
frame. The zoom-in-view of the switching region shows that the switching time between the two
state is less than 2.5 ms.

[00145] Figure 11B shows a graph of the switching time between State 1 and State 2, measure
from fluorescent signal emitted from Rhodamine 6G. The switching time between different
states is less than 3 ms. The black indicator 1105 indicates when the switching starts. Figure
11C shows a diagram of a volumetric imaging procedure using time-multiplexed three-plane
imaging. In this example, the normal frame rate is 30 fps. With time-multiplexing between
different sets of three-plane imaging, the volumetric imaging rate is 10 vol/s.

[00146] Figure 13 shows an exemplary method 1200 according to an exemplary embodiment
of the present disclosure. For example, at procedure 1205, a radiation can be generated using,
for example, a laser source. At procedure 1210, the generated radiation can be provided to a
SLM, which can split the radiation into a plurality of radiation beamlets at procedure 1215. At
procedure 1220, the SLM can independently dynamically control the radiation beamlets and
provide them to a galvanometer. At procedure 1225, the beamlets can be directed to the sample
using the galvanometer (e.g., to different areas and/or to different planes), which can be used to
sweep the beamlets across the sample at or 1230. At procedure 1235, a resultant radiation can be
received from the sample that can be based on the beamlets. At procedure 1240, a plurality of
images can be generated based on the resultant radiation. At procedure 1245, the images can be
interleaved, and one or more multiplane images can be generated at procedure 1250. At

procedure 1255, brain motion artifacts can be corrected for in the one or more multiplane
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images. Additionally, or in the alternative, brain notion artifacts can be corrected for in the
plurality of images before the one or more multiplane images are generated.

[00147] Figure 13 shows a block diagram of an exemplary embodiment of a system according
to the present disclosure. For example, exemplary procedures in accordance with the present
disclosure described herein can be performed by a processing arrangement and/or a computing
arrangement 1302. Such processing/computing arrangement 1302 can be, for example entirely
or a part of, or include, but not limited to, a computer/processor 1304 that can include, for
example one or more microprocessors, and use instructions stored on a computer-accessible
medium (e.g., RAM, ROM, hard drive, or other storage device).

[00148] As shown in Figure 13, for example a computer-accessible medium 1306 (e.g., as
described herein above, a storage device such as a hard disk, floppy disk, memory stick, CD-
ROM, RAM, ROM, etc., or a collection thereof) can be provided (e.g., in communication with
the processing arrangement 1302). The computer-accessible medium 1306 can contain
executable instructions 1308 thereon. In addition or alternatively, a storage arrangement 1310
can be provided separately from the computer-accessible medium 1306, which can provide the
instructions to the processing arrangement 1302 so as to configure the processing arrangement to
execute certain exemplary procedures, processes and methods, as described herein above, for
example.

[00149] Further, the exemplary processing arrangement 1302 can be provided with or include
an input/output arrangement 1314, which can include, for example a wired network, a wireless
network, the internet, an intranet, a data collection probe, a sensor, etc. As shown in Figure 13,
the exemplary processing arrangement 1302 can be in communication with an exemplary display
arrangement 1312, which, according to certain exemplary embodiments of the present disclosure,
can be a touch-screen configured for inputting information to the processing arrangement in
addition to outputting information from the processing arrangement, for example. Further, the
exemplary display 1312 and/or a storage arrangement 1310 can be used to display and/or store
data in a user-accessible format and/or user-readable format.

[00150] The foregoing merely illustrates the principles of the disclosure. Various
modifications and alterations to the described embodiments will be apparent to those skilled in
the art in view of the teachings herein. It will thus be appreciated that those skilled in the art will

be able to devise numerous systems, arrangements, and procedures which, although not
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explicitly shown or described herein, embody the principles of the disclosure and can be thus
within the spirit and scope of the disclosure. Various different exemplary embodiments can be
used together with one another, as well as interchangeably therewith, as should be understood by
those having ordinary skill in the art. In addition, certain terms used in the present disclosure,
including the specification, drawings and claims thereof, can be used synonymously in certain
instances, including, but not limited to, for example, data and information. It should be
understood that, while these words, and/or other words that can be synonymous to one another,
can be used synonymously herein, that there can be instances when such words can be intended
to not be used synonymously. Further, to the extent that the prior art knowledge has not been
explicitly incorporated by Reference herein above, it is explicitly incorporated herein in its

entirety. All publications Referenced are incorporated herein by Reference in their entireties.
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WHAT IS CLAIMED IS:

1. A device, comprising:

at least one radiation source configured to generate at least one first radiation;

at least one spatial light modulator (SLM) arrangement configured to receive the at least
one first radiation and generate at least one second radiation based on the at least one first
radiation; and

at least one galvanometer configured to receive the at least one second radiation, generate
at least one third radiation based on the at least one second radiation, and provide the at least one

third radiation to at least one sample.

2. The device of claim 1, wherein the at least one SLM arrangement includes:
a SLM; and
a pre-SLM afocal telescope configured to resize the at least one first radiation to match

an area of the SLM.

3. The device of claim 2, wherein the at least one SLM arrangement further includes:

a plurality of folding mirrors configured to redirect the at least one first radiation to the
pre-SLM; and

a post SLM afocal telescope configured to resize the at least one second radiation to

match a size of an acceptance aperture of the at least one galvanometer.

4. The device of claim 3, wherein the at least one SLM arrangement further includes at least one

broadband waveplate located between the pre-SLM afocal telescope and the SLM.
5. The device of claim 4, wherein the at least one broadband waveplate is configured to rotate a
polarization of the at least one first radiation to cause the at least one radiation to be parallel with

an active axis of the SLM.

6. The device of claim 1, wherein the at least one SLM arrangement is configured to split the at

least one first radiation into the radiation beamlets which are the at least one second radiation.

49



10

15

20

25

30

WO 2017/004555 PCT/US2016/040753

7. The device of claim 6, wherein the at least one SLM arrangement is further configured to

independently dynamically control each of the radiation beamlets.

8. The device of claim 6, wherein the at least one SLM arrangement splits the at least one first
radiation into the radiation beamlets by imprinting a phase profile across the at least one first

radiation.

9. The device of claim 6, wherein the at least one galvanometer is further configured to direct

each of the radiation beamlets to a different area of the at least one sample.

10. The device of claim 6, wherein the at least one galvanometer is further configured to direct

each of the radiation beamlets to a different plane of the at least one sample

11. The device of claim 1, wherein the at least one radiation source is at least one laser source.

12. The device of claim 1, further comprising at least one pocket cell located between the at

least one radiation source and the at least one SLM arrangement.

13. The device of claim 12, wherein the at least one pocket cell is configured to modulate an

intensity of the at least one first radiation.

14. The device of claim 1, further comprising a computer processing arrangement configured to
generate at least one image of the at least one sample based on at least one fourth radiation

received from the at least one sample that is based on the at least one third radiation.

15. The device of claim 10, further comprising a computer processing arrangement configured
to generate at least one image of the at least one sample based on a plurality of resultant

radiations received from the at least one sample that are based on the radiation beamlets.

16. The device of claim 15, wherein a first number of the resultant radiations is based on a

second number of the radiation beamlets.
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17. The device of claim 16, wherein the second number of the radiation beamlets is based on a

third number of the planes of the at least one sample.

18. The device of claim 17, wherein the computer processing arrangement is further configured

to generate a third number of images of the at least one sample based on the resultant radiations.

19. The device of claim 15, wherein the at least one image includes a plurality of images.

20. The device of claim 19, wherein the computer processing arrangement is further configured

to generate at least one multiplane image based on the images.

21. The device of claim 20, wherein the at least one multiplane image is generated by

interleaving the images into the at least one multiplane image.

22. The device of claim 20, wherein the computer processing arrangement is further configured

to correct brain motion artifacts in the images based on a pyramid procedure.

23. A method, comprising:

generating at least one radiation;

providing the at least one radiation to at least one spatial light modulator (SLM)
arrangement;

splitting the at least one radiation into a plurality of radiation beamlets using the at least
one SLM arrangement; and

directing the radiation beamlets to at least one sample using at least one galvanometer.
24. The method of claim 23, further comprising, with a computer hardware arrangement,

generating at least one image of the at least one sample based on a resultant radiation received

from the at least one sample that is based on the radiation beamlets.
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25. The method of claim 23, wherein the at least one radiation is generated using at least one

laser.

26. The method of claim 23, further comprising independently dynamically controlling each of

the radiation beamlets using the at least one SLM arrangement.
27. The method of claim 23, wherein the at least one SLM arrangement splits the at least one
radiation into the plurality of radiation beamlets by imprinting a phase profile across the at least

one radiation.

28. The method of claim 23, wherein the at least one SLM arrangement includes at least one

SLM.

29. The method of claim 23, wherein each of the radiation beamlets is directed to a different

area of the at least one sample.

30. The method of claim 20, further comprising sweeping each of the radiation beamlets across

the respective different area of the at least one sample using the at least one galvanometer.

31. The method of claim 23, wherein each of the radiation beamlets is directed to a different

plane of the at least one sample.

32. The method of claim 31, further comprising receiving a plurality of resultant radiations from

the at least one sample that are based on the radiation beamlets.

33. The method of claim 32, wherein a first number of the resultant radiations is based on a

second number of the radiation beamlets.

34. The method of claim 33, wherein the second number of the radiation beamlets is based on a

third number of the planes of the at least one sample.
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35. The method of claim 34, further comprising, with a computer hardware arrangement,

generating a third number of images of the at least one sample based on the resultant radiations.

36. The method of claim 32, further comprising, with a computer hardware arrangement,

generating a plurality of images based on the resultant radiations.

37. The method of claim 36, further comprising, with a computer hardware arrangement,

generating at least one multiplane image based on the images.

38. The method of claim 37, wherein the multiplane images are generated by interleaving the

images into the at least one multiplane image.

39. The method of claim 37, further comprising correcting brain motion artifacts in the images

based on a pyramid procedure.
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Continued from Box No. lIl Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-22, drawn to a device, comprising: at least one radiation source.
Group Il, claims 23-39, drawn to a method, comprising: generating at least one radiation.

The inventions listed as Groups I-1l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: generate at least one second radiation based on the at least one first radiation; generate at least one third radiation based on
the at least one second radiation as claimed therein is not present in the invention of Group Il. The special technical feature of the
Group |l invention: splitting the at least one radiation into a plurality of radiation beamlets; directing the radiation beamlets to at least one
sample using at least one galvanometer as claimed therein is not present in the invention of Group 1.

Groups 1 and Il lack unity of invention because even though the inventions of these groups require the technical feature of generating at
least one radiation; providing the at least one radiation to at least one spatial light modulator (SLM) arrangement; at least one
galvanometer, this technical feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2008/0049232 A1 (VAKOC et al) 28 February 2008 (28.02.2008) teaches generating at least one radiation (Para. 9);
providing the at least one radiation to at least one spatial light modulator (SLM) arrangement (Para. 13); at least one galvanometer
(Para. 13).

’

Since none of the special technical features of the Group [ or [l inventions are found in more than one of the inventions, unity of invention
is lacking.
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