Wearable, low-cost device for monitoring cerebral blood flow
with speckle contrast optical spectroscopy
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Abstract: A wearable, low-cost device was developed for measuring cerebral blood flow using speckle
contrast optical spectroscopy. We present its design and results from different protocols during realistic

scenarios taking advantage of it being a wearable device. © 2020 The Author(s)
OCIS codes: 170.1470, 170.2655, 110.6150, 170.3880

1. Introduction:

Cerebral blood flow (CBF) is an important biomarker of health, development and pathology. Its practical, non-invasive
measurement has applications in numerous areas [1-4]. In recent years, there have been a lot of advancements in non-
invasive measurement of CBF through diffuse optical techniques [5] namely, diffuse correlation spectroscopy (DCS) [6]
and speckle contrast optical spectroscopy (SCOS) [7]. These techniques utilize near infrared light to access spectroscopic
and transport properties of deep cerebral tissues. In DCS, the temporal fluctuations from light collected from a single mode
fiber is directly measured in the form of the intensity auto-correlation function. There are various restrictions placed on
DCS hardware which make its current implementations costly and bulky. On the other hand, in SCOS, the speckle contrast
is utilized as a data-type that allows for improved scalability and cost reduction on the detection side. Recently, we have
introduced a custom single photon avalanche diode (SPAD) array with associated micro-electronics that enabled us to
demonstrate the feasibility of neuro-monitoring with this compact, low-cost detector with SCOS [8]. In this work, we
demonstrate a complete wearable system that suitable for use in realistic scenarios such as walking, social interactions and
sports. We describe the wireless, battery operated device, the head-gear and characterize it on in vivo tests. Finally, we
demonstrate its utility in various tasks.

2. Device:

The device, shown in Fig.1(a), consist of a custom designed 32x2 SPAD array detector [8] with a new 90° objective lens, a
compact, in-house designed single-mode laser diode and its driver and fiber optical coupling for light delivery. The laser,
the control and safety electronics, the battery and a single-board computer (Raspberry Pi Foundation, UK). The size and
the weight is suitable to be carried in as a backpack. The detector communication and power is supplied by a standard
USB connection. The device is capable of independent operation on battery for more than three hours. The single-board
computer creates its own wireless network and all the control, real-time processing and graphical interface is handled by a
custom written software. The user interacts with the system by connecting to the wireless network from a handheld device,
e.g. a smart-phone or a tablet, using a remote desktop software. All data is stored internally and can be downloaded
through Wi-Fi interface or by using a USB connection. The system is designed to be versatile with various automated
safety mechanisms for example for using a touch sensor to controlling the laser, provides different wired and wireless
inputs/outputs for synchronization and marking.

As previously described, the embedded microelectronics of the SPAD array calculates the noise corrected, multi-
exposure speckle contrast data for each pixel [8]. The on-board software then fits this data in real-time using the
correlation diffusion model for the speckle contrast. By using appropriate approximations, we obtain the absolute value of
the blood-flow index every two seconds.

3. Results:

Figure 1(b) shows an arm-cuff occlusion experiment where the probe is placed on the human forearm whose results are
displayed in real-time (Figure 1 (¢)). Figure 1(c) shows the raw speckle contrast (K?) over-time for a chosen exposure time
(bottom row) as well as the relative changes in blood flow according to a baseline period that was selected by the user. We
are able to observe the well-known features of the blood flow changes due to arterial cuff occlusion. Figure 1(d) shows the
use of the system during interactive video gaming. We will demonstrate different results during mobile tasks such as
walking through obstacles and exercising (Figure 1(e) and Figure 1(f) respectively), social interactions and others. Overall,



this prototype system paves the way for the next generation neuro-monitors using cerebral blood flow as the biomarker.
We will describe its extensions to multiple channels and further reductions in footprint and weight.

Figure 1: (a) The portable SCOS device and Probe. (b) An arterial cuff occlusion experiment on human forearm with the
device. (c) screen-shot of the real-time blood flow data of the arm-cuff occlusion experiment. (d), (e) and (f) show real-time
monitoring of CBF while playing an interactive video game on a tablet, walking through obstacles and during exercising
respectively.
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