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HIGH SPATIOTEMPORAL RESOLUTION
BRAIN IMAGING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit from U.S. Provisional
Patent Application Ser. No. 62/804,462, filed Feb. 12, 2019,

and U.S. Provisional Patent Application Ser. No. 62/879,
210, filed Jul. 26, 2019, each of which are incorporated by

reference in their entirety.

STATEMENT REGARDING GOVERNMENT
INTEREST

None.

BACKGROUND OF THE INVENTION

The present invention generally relates to brain 1imaging,
and more specifically to high spatiotemporal resolution brain
imaging.

The non-invasive recording and analysis of human brain
activity during sensing, decision making, and actions in
natural, mobile working conditions 1s a central challenge in
Neurotechnology research. The Brain Research through
Advancing Innovative Neurotechnologies® (BRAIN) Ini-
tiative 1s aimed at revolutionizing the understanding of the
human brain. By accelerating the development and applica-
tion of 1nnovative technologies, researchers will be able to
produce a revolutionary new dynamic picture of the brain
that, for the first time, shows how individual cells and
complex neural circuits interact in both time and space.

The BRAIN Initiative 1s rapidly advancing the state-oi-
the-art 1n brain 1maging capabilities, mncluding cellular tag-
ging and imaging and the ability to 1image new molecular
species deep within the brain. To date, however, a major
topic of the BRAIN imtiative has been under-represented,
1.€., behaviorally active human neuroimaging that allows for
movement 1 space/place during imaging in more natural
environments while maintaining high resolution. Enabling
users to wear compact unobtrusive neural sensing/imaging
devices represents a new neurotechnology space.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the
innovation in order to provide a basic understanding of some
aspects of the invention. This summary 1s not an extensive
overview of the mvention. It 1s intended to neither identily
key or critical elements of the invention nor delineate the
scope of the mvention. Its sole purpose 1s to present some
concepts of the invention 1n a simplified form as a prelude
to the more detailed description that 1s presented later.

In general, in one aspect, the invention features an ultra
high-resolution near infrared brain imager system including
a modular cap housing closely spaced multiple vertical-

cavity surface-emitting laser-single-photon avalanche pho-
todiode array (VCSEL-SPAD) modules, each one of the

VCSEL-SPAD modules including a linear VCSEL array and
a SPAD detector.

In another aspect, the invention features a system includ-
ing a source of light, the source of light including a semi-
conductor laser diode array configured to generate light over
a period of time, a beamsplitter, a cortical target, and a
detector, the detector including a solid-state photodetector
array and configured detect light direct light reflected over
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2

the period of time from the beamsplitter and the cortical
target and generate a composite 1mage.

In another aspect, the invention features method including
providing a source of light, the source of light comprising
semiconductor laser diode array, providing a beamsplitter
for partioning the laser emission into primary beam and
reference beam, providing a cortical target, providing a
detector, the detector including a time-gated solid-state
photodetector array, generating light over a period of time
from the source of light, splitting the generated light from
the beamsplitter to the cortical target and the detector, and
generating a composite, coherent hologram 1n the detector,
the composite hologram resulting from a summation of
slightly different optical pathways retlecting from the cor-
tical target at different angles for individual laser-detector
clement pair.

In another aspect, the invention features an 1maging
system including an integration of vertical-cavity surface-
emitting lasers, single-photon avalanche photodiodes, and
coherent high time resolution detection techniques to
enhance a spatial resolution, sensitivity/depth penetration,
and chromophore quantification capabilities of a mobile
NIRS device.

These and other features and advantages will be apparent
from a reading of the following detailed description and a
review ol the associated drawings. It 1s to be understood that
both the foregoing general description and the following
detailed description are explanatory only and are not restric-
tive of aspects as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood with refer-
ence to the following description, appended claims, and
accompanying drawings where:

FIG. 1A 1s a diagram of an exemplary ultra high-resolu-
tion near inirared brain imager system.

FIG. 1B 1s a diagram of an exemplary VCSEL-SPAD
module.

FIG. 2 1s an illustration of photon diffusion.

FIG. 3 illustrates exemplary simulation results.

FIG. 4 1s an exemplary block diagram of a generic MIMO
clectromagnetic network.

FIG. 5 1s a block diagram of an exemplary optical MIMO
NIR subsystem.

FIG. 6 illustrates two examples of 2-dimensional infrared
VCSEL arrays.

FIG. 7A illustrates an exemplary sketch of dual linear
VCSEL arrays packaged chip-on-board via wire bonds.

FIG. 7B illustrates an exemplary sketch of multiple
VCSEL die and wavelengths flip-chip integrated.

FIG. 8 shows an illustration of a configuration where such
a diflractive optic 1s designed as a planar combination of
input/output IR couplers and beamsplitters.

FIG. 9 1llustrates an exemplary atomic force microscope
image.

FIG. 10 illustrates an exemplary concentric-cylinder
design of a dynamic layered phantom.

FIG. 11 1illustrates a top view of an exemplary layered
phantom design.

DETAILED DESCRIPTION

The subject innovation 1s now described with reference to
the drawings, wherein like reference numerals are used to
refer to like elements throughout. In the following descrip-
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tion, for purposes of explanation, numerous specific details
are set forth 1n order to provide a thorough understanding of
the present invention. It may be evident, however, that the
present mvention may be practiced without these specific
details. In other instances, well-known structures and

devices are shown in block diagram form in order to
tacilitate describing the present invention.
Because human tissue 1s sufliciently transparent to near-

infrared (NIR) wavelengths (650-950 nm), near-infrared

spectroscopy (NIRS) can be used to non-invasively monitor
brain oxygenation and perfusion. NIR light 1s non-iomzing,
and does not harm biological tissue at the 1-4 mW/cm?2
average power densities customarily utilized. Moreover,
NIR wavelengths are easily achieved using semiconductor
laser diodes. By using multiple NIR wavelengths, one can
measure oxy-hemoglobin (O2Hb), deoxy-hemoglobin
(HHb), and total-hemoglobin (HbT) concentrations. Given
multiple overlapping NIRS measurements, difluse optical
tomography (DOT) reconstruction techniques can be used to
generate 2D or 3D 1mages of the same cerebral variables.
Temporal resolution can be upwards of 20 Hz. NIRS 1mag-
ing technologies can also be made low-cost to facilitate
tuture research and clinical applications.

The slow clinical adoption of NIRS approaches arises
because of core 1ssues regarding the spatial resolution, depth
penetration (sensitivity), and quantification capabilities of
NIRS-based brain measurements.

While a ~5 mm spatial resolution may be achievable
based on theoretical investigations of light diffusion through
tissue, 1t 1s rarely achieved in practice. NIRS spatial reso-
lution often remains >15-20 mm, making 1t clinically unac-
ceptable. Improving spatial resolution to 3 mm or less would
enable more precise delineations of stroke margins or TBI
brain-function gains, or more accurate 1dentification of cor-
tical epileptic foci.

NIRS-based depth penetration has typically been limited
to the outermost ~10 mm of brain tissue. This limit 1s
fundamentally based on the detector’s sensitivity, dynamic
range, and noise-floor. Many detectors (particularly for
mobile devices) have poor sensitivity and/or poor dynamic
range. Depth penetration 1s a major concern for many
clinicians as Alzheimer’s and Parkinson’s disease, epilepsy,
depression and other conditions exhibit dysfunction 1in
deeper brain tissues.

Continuous wave (CW)-NIRS systems can only measure
relative 1n chromophore concentrations, not absolute con-
centrations. For example, blood pressure measurements that
are only relative (indicating higher or lower than the previ-
ous measurement) would be of limited use, which 1s pre-
cisely the situation with CW-NIRS today. In contrast, abso-
lute quantification of cerebral oxy- and deoxy-hemoglobin
concentrations enables direct comparisons between record-
ings taken anytime—which could be used for monthly
rehabilitation monitoring, weekly drug-eflicacy assessment,
and chronic disease progression evaluations, among others.
Time-domain (TD) NIRS techniques are optimal for calcu-
lating absolute chromophore concentrations, but the ultrafast
lasers and ultratast detectors required are large instruments
which have not been compatible with mobile device devel-
opment.

The above three 1ssues have been the Achilles heel of
NIRS-based techmiques for decades, and are showstoppers
for NIRS clinical adoption. The present invention helps
solve these long-standing problems in laboratory NIRS
systems. One important aspect of the present invention is the
compactness and wearability of the device which enables a
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user’s mobility and measurements 1in many different point-
of-care types of settings: office visits, home, and during daily
mobile activities.

As shown 1n FIG. 1A, an exemplary ultra high-resolution
near infrared brain imager system 10 includes a modular cap
12 housing closely spaced multiple vertical-cavity surface-
emitting laser-single-photon avalanche photodiode array

(VCSEL-SPAD) modules 14. The modular cap 12 1s worn
immediately adjacent to a skull.

As shown 1n FIG. 1B, each one of the VCSEL-SPAD
modules includes a linear VCSEL array 16 and a SPAD
detector 18.

The ultra high-resolution near infrared brain imager sys-
tem 10 captures cutting-edge photonics technologies to
integrate high density planar, ultracompact semiconductor
surface emitting laser (VCSEL) arrays 16 with ultra-fast,
time gated single-photon avalanche photodiodes (SPADs)
18 1nto a portable implementation. System 10 selects only
those photons undergoing minimal scattering in tissue
(termed “‘sub-diffuse light”) by exploiting time-reversal
symmetry principles. Given that the source array element
proximities are on the scale of the photon mean free path in
tissue (~100 m), computing cross-channel correlations adds
important information to the average return signals detected
from targeted volumes of the brain, thereby enhancing
spatiotemporal resolution. Computing cross-correlations for
high channel counts in turbid media requires statistical
approaches which, for mobile use, require high data rate,
secure, wireless telecommunication links to decoding com-
puters runmng model algorithms.

The ultra high-resolution near infrared brain imager sys-
tem 10 1s the emergence of high-efliciency vertical-cavity
surface-emitting laser (VCSEL) 2-dimensional arrays.
VCSELs with ~10 m sized individual elements with array
clement separation as small as 20 um, can have electrical-
to-optical conversion efliciencies exceeding 50% and pro-
vide high power, coherent narrow-band wavelength output.
Moreover, VCSELSs can be switched on-off at speeds equiva-
lent to many GHz and are highly reliable and low cost. The
utilization of VCSELs arrays may achieve a 1000-fold
increase 1n source density to overcome the resolution limits
of standard NIRS.

Complementing VCSEL array technology 1s the SPAD:s.
These ultra-high performance detectors enable photon
counting as well as sub-nanosecond time-gating, thus being
capable of time-domain (TD) measurements with sub-nsec
gating ol thousands of detector SPAD elements (pixels)
packed into a small active camera area (<10 mm~)]. Cutting
edge silicon CMOS SPADs have high quantum etliciencies
even 1n the NIR (>30%), coupled with active protection
circuits to prevent sensor burnout due to exposure to excess
ambient light, as 1s expected 1in any wearable or mobile
setting. The high density, spatially proximate combination of
VCSEL arrays and SPADs can greatly enhance human brain
imaging.

The highest density NIRS approaches for adult human
brain 1imaging use SD spacings ~13 mm, leading to a spatial
resolution ~13 mm. The ultra high-resolution near mirared
brain 1imager system 10 makes changes to the “standard”
NIRS approach to sigmficantly improve the spatial resolu-
tion and quantitation for non-invasive mobile NIRS 1n adult
humans. The ultra high-resolution near inirared brain imager
system 10 uses semiconductor vertical cavity surface emit-
ting laser (VCSEL) arrays that emit in the infrared. For
increased sensitivity, the number of wavelengths can be
scaled up by integration of multiple VCSEL die. The result-
ing compact microelectronic/microphotonic component pro-
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vide a narrow-band, ultra-high-density (UHD) light source
tor NIRS applications, which 1s then be combined in various
geometries to make them suitable for human brain imaging.
The high density of light sources improves spatial resolu-
tion, whereas the high speed of these light sources enables
improved chromophore quantitation. The capabilities of
these light sources, coupled with high-performance detec-
tors, provide additional NIRS capabilities.

Of the currently available NIRS detector technologies-
s1licon photodiodes (SPDs), avalanche photodiodes (APDs),
photomultiplier tubes (PMTs), and camera/imaging sen-
sors—the fastest and most sensitive are PM'Ts. These, how-
ever, are also bulky and not compatible with mobile use. The
ultra high-resolution near infrared brain imager system 10
uses single-photon avalanche diodes (SPADs) for detection.

Photographic 1maging 1s based on single scattering
events, whereas non-invasive DOT of the brain 1s based on
tomographic reconstruction of light undergoing many scat-
tering events and analyzed via diffusion approximation to
the radiative transport equation. Significantly less attention
has been paid to the photonics regime of “few scattering
events”, or the “sub-diffuse regime”. Optical coherence
tomography (OCT) does operate 1n this regime and gener-
ates very high-resolution 1maging below tissue surfaces.
However, the depth of penetration of OCT 1s on the order of
1 mm, making 1t less usetul for non-invasive human brain
imaging. The ultra high-resolution near infrared brain
imager system 10 combines temporally short (~100 psec)
pulses from the VCSEL sources plus rapid gating of SPAD
detectors (~20 psec) to “select” for photons undergoing few
(<5-10) scattering events by windowing 1n time. Given the
fixed speed of light, such photons can only reach a limited
range ol locations within tissue and hence intrinsically
represent signals from a more spatially localized region than
tully diffuse light. In addition, a beamsplit light path 1s also
transmitted to the detector to enable coherent detection.

For the data driven models, the ultra high-resolution near
infrared brain imager system 10 uses machine learning tools
to extract local neurovascular signals from acquired coher-
ently detected imagery. We leverage a wireless wearable
computational plattorm which embeds FPGA-fabric to
implement customized algorithms for decoding of large
scale MIMO (neural data), via wireless telemetry.

In summary, the ultra high-resolution near infrared brain
imager system 10 uses (1) VCSEL arrays—as an ultra-high-
density, high-performance light sources—plus (2) photon
counting (SPAD) detectors and (3) the coherent-detection,
time-domain approach to allow us to conduct non-invasive
NIRS measurements 1n the “sub-diffuse regime” of 1-10
photon scattering events. The extremely small VCSELs
tacilitate their use for high-density mobile 1imaging. When
combined with high-speed and optimal (single-photon) sen-
sitivity of SPAD detectors, this next-generation, high-sen-
sitivity/high-density prototype 1s expected to achieve <1 mm
cllective resolution with substantially deeper depth penetra-
tion, as well as absolute quantitation of chromophore con-
centrations.

The ultra high-resolution near infrared brain 1imager sys-
tem 10 adapts cutting-edge semiconductor optoelectronics
to build an ultrahigh density, fast time-gated multichannel
source-detector infrared system that significantly improves
the spatiotemporal resolution of any current or pending
tfunctional NIRS approaches.

In FIG. 2, an illustration of photon diffusion to access a
cortical target through scalp and by the closely spaced
multiple vertical-cavity surface-emitting laser-single-photon
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shown. We used photon migration simulations 1n a detailed
adult human head model to ivestigate the sensitivity and
spatial resolution and point-spread functions of our geom-
etry, including the analysis of photon cross-correlations in a
multichannel MIMO-geometry from simulated time-of
flight data. We developed an optical subsystem to enable
MIMO 1mplementation of high density source-detector
arrays lfor turbid media. The ultra high-resolution near
infrared brain imager system 10 device design enables
access to subdiffusive hemodynamic imaging regime with
very short interchannel source-detector elements, on the
scale of the photon mean free path 1n tissue. The VCSEL
arrays are based of customized linear arrays ol sub-nsec
pulsed VCSEL arrays (at 200 m pitch) with different output
wavelengths (780 nm and 850 nm) first with coherent
detection by a single element SPAD, and then with a fully
time gated imaging SPAD camera. We mcorporate measure-
ment units with itegrated micro-optical components into a
flexible cap suitable for human use.

Conventional NIRS photon transport from source to
detectors takes place purely 1n the diffusive transport regime
so that imaging fine vasculature i1s not possible. We exploit
the close-packing of sub-mm sized VCSEL-photodiode
pairs to acquire 1mages of cortical microvasculature.

In FIG. 3, exemplary simulation results 30 are illustrated
using general purpose GPU based Monte Carlo simulations
with massively parallel computing algorithm suggest that
ultrafast time-gating can significantly enhance sensitivity of
a specific tissue structures (in this case, surface blood
vessels) by more than two orders of magnitude for single
wavelength. This suggests that a large number of closely
packed photon transport channels (and corresponding large
source-detector reflection matrices) can extend NIRS imag-
ing of the cortical vasculature at sub-mm resolution, a
regime not previously considered possible.

We extended these simulations to focus propagation from
scalp-skull-CSF-cortex and back for up to 256 time resolved
optical source-detector channels with 50 m spacings. We
analyzed cross-channel information in subdiffusive photon
detection (i.e., nearly ballistic photons in small FOV) and
applied “decoding algorithms” to enhance optically imaged
signals which directly relate to spatiotemporal features rel-
evant to targeted brain activity.

In FIG. 4, an exemplary block diagram of a generic
MIMO electromagnetic network 40 1s illustrated. The net-
work shows a MIMO source-receiver arrangement where
the transmitter elements (source) t, connect to received
(detector) signals r; via the model specific transfer matrix
h +noise. Here individual source elements and receiver
clements, respectively are within the mean free path for the
photons (on the order of 100 m, e.g., tissue). We noted the
analog to statistical techniques in decoding neural data
acquired from multielement (e.g., mtracortical microelec-
trode) electrophysiological recordings. However, the situa-
tion encountered here needs both optical and neurocompu-
tational analysis, respectively: dual-layered situation: first,
extraction of fast cross-correlation matrix elements hij 1n
MIMO analysis (fast<msec, 1.e., static on neural response
timescale) for enhanced subdiffusive photon detection; and
second, developing compatible decoding algorithms (on
>msec scale) for optically imaged signals to extract features
relevant to targeted brain activity such as field potentials in
the cortex. For the data driven models, we explored machine
learning tools to extract local neurovascular signals from
acquired coherently detected imagery.

As shown 1n FIG. 5, we developed an optical MIMO NIR

subsystem 50 for high spatiotemporal resolution (to 1 mm:;




US 12,035,996 B2

7

100 msec) 1n detecting brain activity from the cortex. Each
individual VCSEL element emits 100 psec pulses on com-
mand which synchronize a high-speed single photon count-
ing camera. We insert additional micro-optics to (a) create a
reference beam and (b) narrow the field-of view, so as to
perform at time-domain coherent 1imaging (“hologram™) to
detect mainly the brain-activity informative backscattered
ballistic and sub-diflusive photons. A goal 1s to optimize the
subsystem components 50 and to maximize a brain record-
ing performance of an integrated, compact, wearable pho-
tonic platform.

The subsystem 50 integrates vertical-cavity surface-emit-
ting lasers, single-photon avalanche photodiodes, and coher-
ent detection techniques to enhance a spatial resolution,
sensitivity/depth penetration, and chromophore quantifica-
tion capabilities of a mobile NIRS device. More specifically,
three main components are illustrated, 1.¢., a source of light,
a cortical target and a detector. Here, the source of light 1s
shown as a vertical-cavity surface-emitting laser (VCSEL)
array, a type of semiconductor laser diode. The detector 1s
shown as a single-photon avalanche diode (SPAD), a solid-
state photodetector. A beam of light 1s directed towards a
beamsplitter, causing some light to reflect off the cortical
target and back to the detector and some light to head
straight from the beamsplitter to the detector. The slight
difference in receipt by the detector can be used produce a
hologram. This sequence of generating light beams 1s pre-
formed rapidly in real time and 1s used to generate a
composite hologram, 1.e., a summation of slightly different
optical pathways reflecting from the cortical target at dii-
ferent angles. VCSEL array performance can support 100°s
of Watts of continuous wave optical output power and
modulation bandwidth >10 GHz. The VCSEL arrays can
have elements that are separated by as small as 20 um
spacing, in linear, hexagonal or other geometries.

In FIG. 6, two examples of two-dimensional (2D) infrared
VCSEL arrays are illustrated, 1.e., an array 60 on twenty
packaged um pitch (chip 64x64 1s 12 matrixx10 mm)
addressable and a eight-five element individually address-
able VCSEL array 62 capable of >10 GHz bandwidth (chip
1s x4 mm).

Referring again to FIG. 5, a VCSEL emission wavelength
can be selected using appropriate active region semiconduc-
tor composition and through the design of the optical cavity
dimension. For a given epitaxial VCSEL structure (i.e.,
epitaxial watler), the lasing wavelength can be varied by
approximately 20 nm. For this NIRS 1maging application,
we need 50 nm or greater wavelength difference. Thus,
separate VCSEL epitaxial walers are used to support output
wavelengths.

We fabricated oxide-confined high efliciency VCSEL
linear arrays using two epitaxial walers to support two
separate wavelengths suitable for hemodynamic neurovas-
cular detection (780 nm and 850 nm). The VCSELs are
designed to be capable of laser pulses =100 psec (i.e., less
than the round-trip light propagation time from atop skull to
cortical target and back). The linear arrays are designed to
monolithically include up to 256 emitters on 40 um pitch
(1.e. 256 lasers within =1 cm). FIG. 7A 1llustrates an exem-
plary sketch of dual linear VCSEL arrays packaged chip-
on-board via wire bonds while FIG. 7B illustrates an exem-
plary sketch of multiple VCSEL die and wavelengths tlip-
chip integrated. The dual wavelength closely aligned
VCSEL arrays represent the individual “measurement unit
cell” which can be replicated for whole-brain 1imaging. For
a prototype NIRS unit, the two linear VCSEL arrays are
packaged “chip-on-board” with wire-bonds to enable 1ndi-
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vidual addressability, as required for the on-demand opera-
tion of each laser (see FIG. 5). The driver chips and high

speed connectors need for signal input (not shown 1n FIGS.
7A and 7B) are also incorporated onto the source board.

The coherent, sub-nsec time gated coherent detection
requires dual use of each VCSEL element of the array. While
a major fraction of the laser power 1s directed into the scalp,
a mW level remainder 1s waveguided directly to adjacent
photodetector elements. This emission serves as the refer-
ence beam (local oscillator) in the coherent detection (=het-
cerodyne detection) whereby a detector element mixes the
two mputs of light returning from cortical targets and the
time-coincident reference pulse. Nanoscale texture 1s
embossed on surfaces of thin, transparent polyethylene
sheets to control light propagation e.g. 1n both perpendicular
and lateral (1.e. optical waveguide) directions.

FIG. 8 shows an illustration of a configuration 80 where
such a diffractive optic 1s designed as a planar combination
of 1nput/output IR couplers and beamsplitters. The planar
structures, with programmable features to the nanoscale
(atomic force microscope 1mage 90 of FIG. 9), can also
accommodate focusing/defocusing Fresnel lenses, which we
use e.g. at the detector to limit the field of view (small
numerical aperture for limited field of view FOV) for
selective collection of ballistic and sub-diffusive photons
from targeted depth in cortex.

FIG. 10 illustrates an exemplary concentric-cylinder
design of a dynamic layered phantom 100. The phantom 100
has a 60 mm radius with thin-film optical density filters to
simulate skin and hair absorption. Scalp, brain and pertur-
bation volumes are Intralipid plus porcine blood, circulated
via separate infusion pumps, to mndependently and dynami-
cally change optical properties of the scalp and brain
regions. CSF 1s simulated with saline plus a small amount of
Intralipid, and the skull layer 1s semi-solid (silicone mixed
with carbon black and TiO,). Absorption and scattering
properties of each layer will match those of real tissue. Skull
and brain compartments will be movable to independently
vary thicknesses from 2-10 mm. Inside the brain region
spherical chambers are attached on a translation stage (up to
80 mm travel). These “perturbations™ have inner diameters
ranging from 0.5-10 mm with 30% greater absorption than
the surrounding medium, suspended by a thin, NA-neutral
line. Step motors enable one to continuously vary the
perturbation location, unlike with solid phantoms. Blood
oxygenation changes will be controlled via a yeast-oscilla-
tion reaction in a mixing chamber prior to feeding the
infusion pumps. All chambers are thin-wall (<0.5 mm)
diffusive plastic that mimimize numerical aperture, scattering
and absorption deltas.

FIG. 11 1s a top view of an exemplary layered phantom
design 110 for depth and sensitivity testing of the NINscan-
HSD prototype. Here, the sensor pad included a black, dense
and moldable silicone to provide tlexible but secure posi-
tioning of all optical components, with ~1 mm spacing
between sources and detectors. This form was embedded 1n
a larger pad that provides strain-relief for system wiring, as
well as a Velcro®-based system for securing the pad to a
headband for positioning over diflerent head regions. For
use through hair, we have used rounded lenses (e.g,
Edmunds Optics) mounted over the surface of both lasers
and detectors and add those when needed.

We characterized our system for detecting and quantify-
ing functional brain activation and scattering changes 1n
healthy adult volunteers. We focused on three target cortical
regions located in different head regions and at different
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depths from the skin surface—primary visual, primary
motor, and ventrolateral prefrontal cortex—conducting tests
during three functional tasks.

In summary, the present invention integrates three major
advances i1n state-of-the-art photonics: VCSELs, SPADs,
and coherent detection techniques. We constructed an 1mag-
ing system from the unique components to significantly
enhance the spatial resolution, sensitivity/depth penetration,
and chromophore quantification capabilities of mobile NIRS
devices. This enhanced our understanding of the few-scat-
tering-events, sub-difluse photon propagation regime and 1s
a revolutionary advance in mobile human brain 1maging, as
targeted by the BRAIN Imitiative.

Although the present mmvention has been described 1n
terms of a preferred embodiment, it will be appreciated that
vartous modifications and alterations might be made by
those skilled 1n the art without departing from the spirit and
scope of the mvention.

What 1s claimed 1s:

1. An ultra high-resolution near inirared (NIR) brain
imager system comprising:

a modular cap, the modular cap comprising:

a first array of closely spaced vertical-cavity surface-
emitting lasers (VCSELs), each said VCSEL 1n said
array being individually addressable and configured
to emit 100 psec NIR pulses, said first array being a

two-dimensional array with spacing between
VCSELs as low as about 20 um; and
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a second array of single-photon avalanche photodiodes
(SPADs), each said SPAD configured to detect said
NIR pulses with sub-nanosecond time, each one of
the VCSEL-SPAD modules comprising a two-di-
mensional (2D) VCSEL array and a SPAD detector

array; and

wherein said first and second arrays are adapted {for
multiple input-multiple output (MIMO) communica-
tions.

2. The system of claim 1 wherein the VCSEL-SPAD
modules are arranged 1n a two-dimensional (2D) array.

3. The system of claim 2 wherein each SPAD detector 1s
configured for about 20 psec time-gating.

4. The system of claim 3 wherein each VCSEL array
provides an ultra-high-density, high-performance light
source.

5. The system of claim 1, wheremn said VCSELs emit
pulses at wavelengths of about 780 nm and about 850 nm.

6. The system of claim 1, wherein each VCSEL 1s paired
to a corresponding SPAD and are synchronized to provide a
plurality of source-detector pairs 1 a volume of interest to
generate a time-domain image, the time-domain image
resulting from a summation of different optical pathways

reflecting from the target tissue at diflerent angles for a given
VCSEL-SPAD patr.
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