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Goal — optically monitor neural activity with noninvasive

blood flow detection
Parallelized Diffuse Correlation Spectroscopy (PDCS)

¥ 4

« Measure cerebral blood flow with
an inexpensive, portable optical
device

» Shine visible laser light into head,
rapidly detect scattered light during
behavioral tasks

k

Pulse Signal Blood Flow Map

 Pinpoint minute blood flow
fluctuations at high speed & map MNW\I\
cortical activity '

01 2 3 45 6
Time Space

« Small, robust, requiring minimal l
. . Clinical Decisions: |1. Sensorimotor Cortex? 2. Language Area?
patlent cooperatlon




Example: eloquent cortex localization

Currently workflow for adults:

1. Enter Functional Magnetic Resonance Imager 2. Execute specific tasks during neuroimaging

Imaging sessions last up to 45 minutes -
not feasible for children under 10 years,
so only option is invasive surgery




Light-sensitive semiconductor array

Research Plan Optical

Processing +
Visualization

Localize Blood
Flow Increase

Brain activity

Increased
Activity

Input light

Detection fibers

/Scéﬁiered'light \
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baseline
L T
X 1 2 3 4 5 6

5x5 cm area Time

Applications of interest:

> Accurate detection of
sensorimotor cortex

» Accurate detection of
language areas

Blood Flow /

30of5



Diffuse Correlation Spectroscopy
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B. Edlow et al., Phys. Meas. 31 (2), 477-487 (2013)



Diffuse Correlation Spectroscopy

New: SPAD Array
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Diffuse Correlation Spectroscopy

v

New: SPAD Array
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Diffuse Correlation Spectroscopy

New: SPAD Array > Spatio-
temporal
Y0 E speckle data: Y [
Iy
Temporal A iy
measurements ¥ f?;-!l.‘ | x
L So 3wt Bl
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Long coherence mac.elts
laser i
Spatio-temporal
. processing
source Fiber
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Cerebral blood flow(CBF) signal (30 Hz+)

*Photon “Banana” dips
down ~1/2 source-
detector separation
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Diffuse Correlation Spectroscopy

New: SPAD Array
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Requirements of SPAD array:

Single-photon sensitivity with high QE

No TC-SPC required

300 kHz — 1 MHz frame rate (now relaxed)
As many pixels as possible

Current setups use Photon Force PF32




Preliminary study: attention task

Cerebral blood flow(CBF) signal
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Liu, Wenhui, et al. "Fast and sensitive diffuse correlation spectroscopy with highly parallelized single photon detection." APL
Photonics. APL Photonics 6 (2021): 026106



From detection to image formation
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From detection to image formation
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From detection to image formation
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From detection to image formation
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From detection to image formation
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Preliminary Experimental results

Phantom tissue setup (8-10 mm thick)
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Preliminary Experimental results

Phantom tissue setup (8-10 mm thick)
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Preliminary Experimental results

Phantom tissue setup (8-10 mm thick)
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Preliminary Experimental results

S. Xu et al., “Imaging dynamics beneath turbid media via parallelized
single-photon detection,” Advanced Science (accepted 2022)
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Preliminary Experimental results

[ (b) Training dynamics generated with a DMD

OkHz

Calibration testing

Untrained
network

;‘ (C) Testing dynamics generated with blood flow
£
':EIII. _Uammfs
©
15
network : (.% - Oomm/s
1 '§ 8mm/s
Rapid decorrelating : 5 ‘
I § Omm/s
|

T surface speckles

Tubes with liguid blood phantom with 5 um spheres

Example Specs:

- 8 mm deep

- 5X5 cm area

- 10 Hz sampling rate

.,____________/

e o o o o o



Siegert’s relation for spatial and temporal
variance

e k%(T) = %fOT (1 — %) c.(t)dt

o< (T)
(1?7

* spatial variance / speckle contrast: k*(T) = oZ(T), at exposure T

()= U(E+T)—(1)))
(I)?
=g2(1) -1

» temporal variance / autocorrelation: c;(t) =

21



Blood flow leads to faster decorrelation

temporal variance / autocorrelation g, (t)

5 mm phantom tissue depth 13
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Decorrelation depends on flow rate

temporal variance / autocorrelation g, (t)

5 mm phantom tissue depth T ¢
d=075 d=076 d=1. 1.47

43 d =
Reference: v = Omm/s 0080 — 7 | T " -
B

Y puEHT
0.028 L = L —

Ref Perturbed Ref Perturbed Ref Perturbed Ref Perturbed
0.5mm/s 1.0mm/s 1.5mm/s 2.0mm/s

spatial variance / speckle contrast: k*(T)

0.21 d=387 d= 4.8%
¥ = Retrieved decorrelation rate

d = 2.34
)4 d =157,
d = Cohen’s d Ref Perturbed Ref Perturbed Ref Perturbed Ref Perturbed
d > 0.8 is considered as largely separable. 0.5mm/s 1.0mm/s 1.5mm/s 2.0mm/s

Perturbed: v = 0.5 — 2mm/s




Current efforts — Next-gen PDCS

786nm laser

Laser power

@ |

SPAD array

\ _ Circularly-shaped Multi-distance
\SPAD input




Going deeper with larger source-detector separation

2cm Aem Light gets detected
& b < > Max
0.41-1.2cm 0.81-1.95cm
# scattering # scattering Min
A ' ‘ -
= >
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S 0.05| ~360 on average =
@) O
= o
o o
0 | 0
0 1000 2000 0 1000 2000 25



Goal: increase source-detector separation to
look deeper into the brain

Source Detector

3-5cm

But: larger separation leads less photons
at detector and to reduced SNR

https://en.wikipedia.org/wiki/Human_brain N By



https://en.wikipedia.org/wiki/Human_brain

3cm s-d separation, 1.5cm thick tissue phantom
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4cm s-d separation, 2.0cm thick tissue phantom
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Larger SPAD arrays increase PDCS SNR and allow
us to look deeper into tissue

Goal : we
need more ’
SPADs!

32x32 SPAD array N = 1064

Source Detector

10" 102 10°
Number of SPADs, NV

102
. //1'00
Single SPADN =1

1cm

PR L,

+» Detector

Sourcee
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Summary: SPAD arrays are great for measuring deep-tissue
blood flow
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Questions? Please email
rwh4d@duke.edu

Duke Computational Optics
horstmeyer.pratt.duke.edu
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cwitter  @oOptics_lab
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