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ABSTRACT.

Significance: Bedside cerebral blood flow (CBF) monitoring has the potential to
inform and improve care for acute neurologic diseases, but technical challenges limit
the use of existing techniques in clinical practice.

Aim: Here, we validate the Openwater optical system, a novel wearable headset
that uses laser speckle contrast to monitor microvascular hemodynamics.

Approach: We monitored 25 healthy adults with the Openwater system and con-
current transcranial Doppler (TCD) while performing a breath-hold maneuver to
increase CBF. Relative blood flow (rBF) was derived from changes in speckle con-
trast, and relative blood volume (rBV) was derived from changes in speckle average
intensity.

Results: A strong correlation was observed between beat-to-beat optical rBF and
TCD-measured cerebral blood flow velocity (CBFv), R = 0.79; the slope of the linear
fitindicates good agreement, 0.87 (95% Cl: 0.83 —0.92). Beat-to-beat rBV and CBFv
were also strongly correlated, R = 0.72, but as expected the two variables were not
proportional; changes in rBV were smaller than CBFv changes, with linear fit slope of
0.18 (95% ClI: 0.17 to 0.19). Further, strong agreement was found between rBF and
CBFv waveform morphology and related metrics.

Conclusions: This first in vivo validation of the Openwater optical system highlights
its potential as a cerebral hemodynamic monitor, but additional validation is needed
in disease states.
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1 Introduction

Quantification of cerebral blood flow (CBF) at the bedside holds potential to inform and improve
care for a wide range of neurologic diseases, perhaps most notably ischemic stroke in which CBF
optimization is a pillar of clinical management. Unfortunately, technical limitations of existing
methods for CBF quantification severely impede their clinical utility. The gold standard for

*Address all correspondence to Christopher G. Favilla, christopher.favilla@pennmedicine.upenn.edu

Neurophotonics 015008-1 Jan-Mar 2024 e Vol. 11(1)

RESEARCH PAPER



https://orcid.org/0000-0003-0871-9549
https://orcid.org/0000-0003-4252-4745
https://orcid.org/0000-0003-4744-2706
https://orcid.org/0000-0002-3025-6061
https://doi.org/10.1117/1.NPh.11.1.015008
https://doi.org/10.1117/1.NPh.11.1.015008
https://doi.org/10.1117/1.NPh.11.1.015008
https://doi.org/10.1117/1.NPh.11.1.015008
https://doi.org/10.1117/1.NPh.11.1.015008
https://doi.org/10.1117/1.NPh.11.1.015008
mailto:christopher.favilla@pennmedicine.upenn.edu
mailto:christopher.favilla@pennmedicine.upenn.edu
mailto:christopher.favilla@pennmedicine.upenn.edu
mailto:christopher.favilla@pennmedicine.upenn.edu

Favilla et al.: Validation of the Openwater wearable optical system: cerebral.- -

non-invasive CBF imaging is O'*-positron emission tomography (PET),"? but O'*-PET is logis-
tically complicated, expensive, and exposes the patient to ionizing radiation. Advanced MRI and
CT based techniques can quantify CBF, but they provide only snapshots of data and are not
suitable for serial bedside monitoring?’7 Invasive tissue monitors, such as the Bowman
Perfusion Monitor®, provide real-time physiologic data, including CBF,® but they are too inva-
sive to be practical in most clinical contexts. Thus, development and translation of a non-invasive
bedside modality for CBF measurement is needed.

Transcranial Doppler (TCD) ultrasonography is widely available and is used to serially
evaluate cerebral hemodynamics in clinical practice, for example, monitoring for vasospasm after
subarachnoid hemorrhage.”!” TCD is also employed to assess cerebrovascular reserve in both
clinical and research settings by quantifying the change in CBF induced by a vasoactive stimulus,
most commonly hypercapnia.'"'> TCD provides a measure of cerebral blood flow velocity
(CBFv), rather than CBF, but this limitation is mitigated by the fact that changes in velocity
are proportional to changes in flow if the arterial diameter remains unchanged.'® Additional lim-
itations of TCD include the requirement of a qualified technologist, and the fact that nearly 20%
of the population does not have adequate temporal acoustic windows, which may disproportion-
ately affect females.'*!

Another methodology, diffuse optical imaging/monitoring, is appealing because it can cir-
cumvent some of these limitations while directly assessing tissue-level physiology. Cerebral oxi-
metry based near-infrared spectroscopy (NIRS) is widely available and often used as a surrogate
for CBF.'®!” However, changes in the NIRS signal may not mirror changes in CBF, e.g., if there
are fluctuations in arterial oxygen saturation or cerebral metabolism,'®!° which is a particularly
relevant limitation in cerebrovascular disease states. A qualitatively different (compared to NIRS)
emerging optical modality is diffuse correlation spectroscopy (DCS). DCS quantifies the speckle
intensity fluctuations of near-infrared light scattered by tissues to directly measure CBF.>>*! DCS
has been validated against gold standard O'>-PET and other modalities,”>>® but signal-to-noise
limitations hinder its widespread use.

In this study, we aimed to evaluate a novel, wearable optical system (Openwater, San
Francisco, California) that illuminates tissue with short pulses of highly coherent laser light and
leverages measurements of speckles and light intensity to continuously monitor microvascular
hemodynamics. Like traditional DCS, the device quantifies the speckle intensity fluctuations of
light scattered by tissues to measure CBF. The Openwater device, however, simultaneously sam-
ples millions of speckles via a speckle ensemble detection method that dramatically improves
signal-to-noise ratio (SNR) compared to traditional DCS. The speckle analysis scheme, which
was dubbed speckle contrast optical spectroscopy (SCOS), has been studied by several groups
and typically uses a camera to measure speckle ensembles (note, this technique has also been
dubbed dynamic speckle contrast analysis and dynamic speckle contrast flowmetry by early
practitioners).?’> A key feature of the Openwater system is its use of short pulses of very intense
laser light. The use of short pulse illumination permits the dynamics of tissue located deep below
the surface to be probed at short time scales while maintaining a safe low average power. One
need for validation stems from this use of short pulses derived directly from within the laser
system (rather than by modulation outside of the laser system). These intense laser light pulses
hold potential to increase sensitivity, but the scheme is challenging to implement without intro-
ducing spectral and modal complications that can degrade contrast. The present study utilized a
36 mm source-detector distance to measure CBF at 40 Hz sampling with sufficient SNR to
resolve pulsatile CBF waveforms during the cardiac cycle. We employed a breath-hold maneuver
to provoke a large CBF variation in healthy volunteers to provide a means for validating the
Openwater device by comparison with TCD.

2 Materials and Methods

2.1 Participants

Healthy individuals between the ages of 18 and 45 were eligible to participate. Subjects were
excluded if they had a history of hypertension, type-2 diabetes, hyperlipidemia, heart failure,
stroke, cerebrovascular abnormality, intracranial mass lesion, or skull defect, which could inter-
fere with TCD monitoring at the temporal region. The study protocol was approved by the
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University of Pennsylvania Institutional Review Board, and all study procedures were conducted
in accordance with the ethical standard of the Helsinki Declaration. All study participants pro-
vided written informed consent prior to any study procedures. The study conformed to STROBE
guidelines for observational studies.

2.2 Optical Blood Flow Instrumentation

The hemodynamic measurement device (Openwater; San Francisco, California) consists of a
wearable headset and a console. The headset contains two modules that collect data simultane-
ously from both side of the head. For comparison with TCD, data from the module positioned on
the left lateral aspect of the forehead, overlying the lateral frontal lobe were used (Fig. 1). In
addition, the optically measured blood flow was compared between the left and right hemi-
spheres. The modules contain a built-in optical fiber for the delivery of low average power laser
light to the surface of the brain, as well as a custom camera for the measurement of light escaping
from the subject. The console contains the laser, electronics, touchscreen, and computer.

The source fibers emitted 250 us pulses of highly coherent near-infrared laser light with
wavelength near the isosbestic point for hemoglobin (785 nm). An external trigger synchronized
the pulsed laser with the camera. The pulses had an energy of 400 pJ and were emitted at a rate of
40 Hz. (Based on these specifications, the duty cycle was 1%, and the peak power was 1.6 W per
channel.) After passing through tissue, the light pulses were collected by a custom camera mod-
ule (Openwater; San Francisco, California) consisting of a 3 mm aperture and a 5-megapixel
CMOS sensor (HM5530; Himax Technologies; Xinshi, Taiwan) optimized for NIR light
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Fig. 1 Experimental setup and raw time-series data: (a) A schematic of the Openwater headset,
demonstrating the light source/detector positioning and the theoretical light path. (b) A photograph
depicts the experimental set-up. The Openwater Headset is on the subject’s head, and the TCD
probe is insonating the MCA. The Doppler probe is fixed to the Openwater Headset using a custom
probe holder. The Openwater Headset is tethered to the console and the console is plugged into a
wall outlet power source (i.e., no onboard battery). (c) The frontal lobe is probed by the Openwater
Headset over the lateral aspect of the forehead. The MCA is insonated by TCD. (d) An example of
time-series data demonstrates one subject’'s hemodynamic data during the breath-hold maneuver.
The blue line represents the speckle contrast (informative of flow). The red line represents the light
intensity (informative of volume). The orange line represents CBFv as measured by TCD. The gray
shaded region represents the time during which the subject was holding their breath.
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(QE 60% at 785 nm). The aperture was positioned 36 mm from the source (Fig. S1 in the
Supplemental Material), the pixel width of the sensor was 2 um, and the sensor was recessed

(lamdaxz)?

from the aperture by 7 mm resulting in a coherence area (AC = ) to pixel area

A aperture

(Apixes = 4 um?) ratio, AAffl, of 1.1, where z represents the distance between the aperture and
pixel

sensor.>® Thus, for each camera exposure, about 5 million coherence areas (i.e., speckles) were
sampled. The large aperture increased light collected while only resulting in a modest decrease in
the average speckle contrast (a 30% decrease compared to an idealized scenario wherein
A
to the ability of the device to make measurements at large source detector separations, which
would otherwise have been overwhelmed by the read noise of the sensor. Notably, the average
power was only 16 mW and was spread over an area on the tissue surface that was wide
enough area such that light illumination was below the IEC-60825-1 Maximum Permissible
Exposure and Class 1 limits.

Pulsing the laser light is also a critical part of the measurement method for the following
reason. The laser uses a master oscillator power amplifier (MOPA) configuration. The master
oscillator is run in CW mode and is fiber coupled to the power amplifier. Pulses are formed by
modulating (pulsing) current to the power amplifier. The master oscillator is a volume holo-
graphic grating stabilized laser, and a tapered amplifier was used for the power amplifier. To
maximize the sensitivity to CBF, it is necessary to sample the speckles on a shorter time scale
than is used for single scattering laser speckle contrast imaging (LSCI). This is because the time
scale of the CBF-induced decay of the temporal auto-correlation function is much shorter for
multiply scattered light, which samples tissue far below the surface, as compared to a single
scattered light reflected from surface/near-surface tissue (the case for LSCI). Further, to probe
deeply, we need to maximize the separation between light source and detector.’!*’~%
Unfortunately, collecting sufficient light over such a short period of time at a large source detec-
tor separation requires illumination of the subject with high-power light (i.e., several watts). If a
continuous wave light source is used, then this large average power may burn the subject. The
Openwater device solves this problem by using light pulses with high peak power but at a very
small duty cycle. Thus, the average power is small. The long source-detector separation (com-
pared to the 25 mm separation used in the majority of published DCS studies) increases the depth
of interrogation,39 and when combined with the rapid measurement scheme, increases the sen-
sitivity to CBF changes. Appendix A provides a detailed description of the instrument design,
including laser specifications and supporting data.

For each image acquired on the CMOS sensor, the mean intensity / and variance ¢~ were
computed from the digital values of the pixels on the sensor. Computations were performed by
the embedded computer within the console. The variance was corrected for shot noise and read

2 2 2 .. The speckle contrast (C) was then calculated for

noise according, i.e., 6> = 6%y, — 6%, — O2ad-

> 1). The combination of a megapixel sensor and a large collection aperture contributed

2

each image (without averaging multiple images): C = Vo? /1. To account for other sources of
variance including pixel non-uniformity and vignetting, an offset was subtracted from C. The
offset corresponded to the contrast measured when the wavelength of the laser was modulated
sufficiently rapidly such that its temporal coherence was reduced enough to eliminate the speck-
les. The resulting speckle contrast and mean intensity values were acquired at 40 Hz. We used
linear interpolation to up-sample the (band limited) waveforms to 125 Hz to enable synchroni-
zation with TCD data (described below). Changes in blood flow and blood volume were esti-
mated from changes in speckle contrast and mean intensity, respectively, as described below.

2.3 Transcranial Doppler Ultrasonography

CBFv was assessed using a Multigon Industries® TCD system (Elmsford, New York). The left
middle cerebral artery (MCA) was insonated via the trans-temporal window at a depth of 40 to
65 mm. The vessel was confirmed by its characteristic depth range, Doppler signal, direction, and
velocity.** To ensure signal stability for the duration of the monitoring period, a 2 MHz TCD
probe was secured directly to the Openwater Headset using a custom clamp designed to facilitate
continuous vessel insonation while minimizing motion induced artifacts or signal loss. MCA
waveform (125 Hz sampling) and beat-to-beat mean CBFv were recorded and synchronized with
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optical data. If transient dropouts TCD occurred, these were replaced with linearly interpolated
data points.

2.4 Cerebrovascular Reactivity Protocol

All studies were conducted in a single examination room within the neuro-diagnostic suite at the
Hospital of the University of Pennsylvania. Prior to hemodynamic monitoring, subject demo-
graphics were collected on a case report form. Skin pigmentation was assessed by the Fitzgerald
scale, which quantifies skin color based on a six-point scale. The study room was quiet and
temperature controlled (23°C) throughout the duration of monitoring. Subjects were positioned
in a hospital stretcher with the head-of-bed elevated to 45 deg. The Openwater headset [Fig. 1(a)]
was placed on the participant’s head to ensure the optical probes were along the upper border of
the forehead [Fig. 1(b)]. The headset size was adjusted using a built-in dial to ensure the optical
probes were on the lateral margin of the forehead (while avoiding hair). The TCD probe was
secured to the Openwater headset via an adjustable clamp in order to insonate the left MCA via
the temporal acoustic window [Fig. 1(c)]. TCD and optical data were synchronized at the begin-
ning of each subject’s monitoring session.

After confirming signal quality from both modalities, 30 s of baseline data were collected.
Then, a 30-s breath-hold was performed. The breath-hold was initiated at the end of expiration to
avoid pre-oxygenation and elicit a more reliable hypercapnic response. After 2 min of rest,
another 30-s breath-hold was completed. The first breath-hold was used for analysis, but if the
subject was unable to perform the first breath-hold or if there was signal loss with either imaging
modality, then the second breath-hold was used for analysis. In the case that subjects completed
both breath-holds, only the first was included in the analysis; we did not combine or average the
two breath-holds because the two breath-holds may elicit different responses.*>*’ Raw time
series example data from one subject is shown in Fig. 1(d). Figure 2 shows the histogram of
speckle intensity as it varies in time during the baseline monitoring prior to breath-hold, where
each time point exhibits a histogram of digital signals detected for each pixel across the whole
Sensor.

2.5 Optical and TCD Data Processing

For each modality, a pulse-finding algorithm discriminated beats in the speckle contrast (optical)
and CBFv (TCD) signals, from which beat-to-beat mean and pulsatility index [PI = (peak systolic
value — end diastolic value)/mean] were obtained. A baseline value for each parameter was cal-
culated as the average over the 30 s prior to initiation of the breath-hold. The relative change from
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Fig. 2 The histogram depicts how the speckle intensity varies in time during the baseline resting-
state monitoring (prior to breath-hold) for a representative subject. Each time point (40 per second)
exhibits a histogram of digital signals detected for each pixel across the whole sensor. The change
in the histogram over time is reflective of the subject’s pulse (Video 1, MP4, 178 KB [URL: https://
doi.org/10.1117/1.NPh.11.1.015008.s1]).
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Fig. 3 Waveform morphology before and after breath-hold: Representative raw waveform data are
depicted from a single subject. All waveforms amplitudes are normalized (i.e., setting the y-axis
scale from 0 to 1). (a) Prior to the initiation of the breath-hold, 5 s of data is depicted with both
modalities. The dicrotic notch and three peaks are identified (P1, P2, P3). (b) At the end of the
breath-hold, a change in waveform morphology, in particular an increase in the relative amplitude
of P2, can be appreciated with both modalities. Again, 5 s of data are depicted. CBFv indicates
cerebral blood flow velocity.

baseline was calculated for each beat-to-beat value thereafter (i.e., in this way, changes from
baseline were effectively normalized to facilitate inter-modality comparison):

Cbaseline
1(8) = Toasetine
I baseline

CBFV(I) - CBFVbaseline
CBFVbaseline ’

rBF = rContrast(¢) = 1 —

)

BV = rIntensity(r) = 1 —

)

rCBFv(1) = 1 +

P IContrast(t ) B PICOmrasl Baseline
rPIConlrast(t) =1- =

3

PIConLrast_Baseline

PIIntensity (t ) -P IIntensity_Baseline

rPIInlensily(t ) =1

’

PIIntensity_Base]ine

Plcgr, (1) — P ‘
Plegp, (1) = 1 + cBFy (1) CBFy_Baseline

PICBFV_B aseline

Note, we compute relative blood flow (rBF) and relative blood volume (rBV) from the frac-
tional changes in contrast and intensity, respectively, during the monitoring session (e.g., a 20%
increase in contrast reflects a 20% decrease in blood flow; a 20% increase in intensity reflects a
20% decrease in blood volume). Several models have been proposed for quantifying static and
dynamic optical properties in tissue, and often the blood flow is calculated as % based on an
exponential model of the autocorrelation decay.””** The equations employed here are not reliant
on previously described models and thus are not subject to the associated assumptions. The def-
inition of rBF was selected as the simplest equation with the correct general behavior for
small changes in blood flow. The linear model also has the advantage that it is robust in the
presence of experimental noise. The noise in rBF is simply equal to the relative noise of the
measured contrast (i.e., o,gp = 6¢/Chaseline)- Had we used the exponential model rBF =

BF(#)—BFpaeline _ _BF(t) Czaseine — 1 1 1
1 =g tele = BFbafeu“e ==& then o5 = 206/C(t)). Thus, the noise in the exponential

model is twice as large and may negatively impact the ability to detect subtle waveform features.
Cerebrovascular reactivity was quantified by breath-hold index (BHI) and time to maximum
effect (i.e., seconds from breath-hold initiation to the maximal value for each modality). The BHI

was calculated as follows:**?

Neurophotonics 015008-6 Jan-Mar 2024 e Vol. 11(1)



Favilla et al.: Validation of the Openwater wearable optical system: cerebral. .-

(Maximum value — Baseline value)/(Baseline value)

BHI =
Breath-hold duration(seconds)

x 100.

Waveform morphology was evaluated before and after the breath-hold to facilitate compari-
son between speckle contrast-derived blood flow waveform and the TCD-derived CBFv wave-
form (Fig. 3). Each pulse was normalized such that peak systolic and end diastolic values were 1
and 0, respectively. Pulses were averaged during 30 s of baseline data and separately averaged
during the 10 s window centered at the time of maximum effect after breath-hold initiation,
selected at the time of peak effect post-breath-hold. From these averaged pulses, a peak detection
algorithm identified the dicrotic notch and three peaks: (1) P1 represents ejection of blood from
the left ventricle, (2) P2 represents the pulse wave reflected by the closing aortic valve, and (3) P3
represents the diastolic flow. The augmentation index (AlIx), calculated as the ratio of the ampli-
tude of P2 to P1, provides a measure of cerebrovascular stiffness.*>** AlIx was calculated based
on optical blood flow (rBF-AIx) and TCD (CBFv-Alx) during baseline and hypercapnia (i.e., at
the end of the breath-hold). Peak finding was reviewed independently by two study team mem-
bers and manually corrected if necessary; notably in the pulses where three distinct peaks were
not easily discriminated.

2.6 Statistical Analysis

Summary statistics were presented using means and standard deviations for continuous variables,
medians, and interquartile ranges for ordinal or non-parametric variables and proportions for
categorical variables. After normalizing values to the baseline period, we used correlation,
mixed-effects linear regression, and Bland—Altman analyses to investigate agreement on a
beat-to-beat basis between: (a) mean rBF versus mean CBFv and (b) mean rBV versus mean
CBFv. The Pearson R was also calculated per subject. R is bounded by —1 to 1 and not expected
to be normally distributed, so the average and standard deviation of R were transformed using
Fisher’s transformation (F = arctanh(R), where arctanh is the hyperbolic arctangent). The
resulting values were then transformed back to correlation space via the hyperbolic tangent
to report summary statistics.*> We used Pearson’s correlation and linear regression to investigate
the agreement between the optical and TCD measurements of BHI and time to maximum effect.
The timing of the three peaks (P1, P2, P3) and dichrotic notch were evaluated by correlation and
linear regression in comparing the optical and TCD waveforms. The pre- to post-breath-hold
measured change in PI and Alx were correlated between the two modalities. In addition, the
beat-to-beat optical signals (rfBF and rBV) were compared between the left and right hemi-
spheres. The data that support the reported findings are available from the corresponding author
upon reasonable request.

3 Results

Of the 25 subjects who completed the monitoring protocol, 2 were excluded due to poor TCD
data quality, and 23 were included in the final analysis. The first breath-hold was sufficient for
analysis in 21 subjects, but one subject did not correctly hold their breath on the first attempt, so
the second breath-hold was analyzed for this subject. The protocol was well tolerated without any
adverse events. No subjects reported headset overheating. The mean participant age was 35 years
(£11). 61% of the participants were female, and the median Fitzpatrick scale of skin pigmen-
tation was 2 (IQR: 1 to 2).

The optical and TCD measurements of mean beat-to-beat rBF and rCBFv, respectively, dem-
onstrated good agreement as was evidenced by a strong correlation (overall R = 0.79,
R per subject = 0.88 4= 0.42) and a slope of 0.87 (95% CI: 0.83 to 0.92) in the mixed effects
model [Fig. 4(a)]. Based on a Bland—Altman analysis, the mean difference between the two
modalities was 5%, and the vast majority of the beat-to-beat values were within the 95% con-
fidence interval for agreement [Fig. 4(b)]. Of additional interest was the potential agreement
between beat-to-beat optical blood volume (rBV) and TCD-measured CBFv [Fig. 4(c)]. The
correlation was strong (overall R = 0.72, R per subject = 0.85 4= 0.51), but changes in rBV were
expectedly smaller than changes in rCBFv as evidenced by a slope of 0.18 (95% CI: 0.17 to 0.19)
in the mixed effects model [Fig. 4(d)]. The Bland—Altman analysis indicated a mean difference
between the two modalities of 10%, and there was a negative trend in the Bland-Altman plot
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Fig. 4 Comparing optical and TCD beat-to-beat monitoring: All data are normalized to the 30-s
period preceding the breath-hold. Beat-to-beat mean values are calculated for each metric from the
start of the breath-hold through 5 s after the completion of the breath-hold. Each color represents a
different subject. (a) A scatterplot depicts the beat-to-beat mean rCBFv (x-axis) and the beat-to-
beat mean rBF (y-axis). The overall correlation coefficient is 0.79. The average correlation coef-
ficient (when calculated for each subject individually) is 0.88 (+0.42). The slope of the mixed-
effects linear model is 0.87 (95% ClI: 0.83 to 0.92). (b) A Bland-Altman plot indicates beat-to-beat
mean rCBFv is on average 5% smaller than beat-to-beat mean rBF. The gray shaded region rep-
resents the 95% confidence interval for agreement. (c) A scatterplot depicts the beat-to-beat mean
rCBFv (x-axis) and the beat-to-beat mean rBV (y-axis). The overall correlation coefficient is 0.72.
The average correlation coefficient (when calculated for each subject individually) is 0.85 (+£0.51).
The slope of the mixed-effects linear model is 0.18 (95% CI: 0.17 to 0.19), which indicates that
changes in rBV are smaller than changes in rCBFv. (d) A Bland-Altman plot indicates rCBFv is on
average 10% larger than rBV. The gray shaded region represents the 95% confidence interval for
agreement. A negative trend is evident and indicates that as the average value increases, the
difference between CBFv and rBV increases. TCD indicates transcranial Doppler. rCBFv indicates
TCD measured relative cerebral blood flow velocity. rBF indicates optically measured relative
blood flow. rBV indicates optically measured relative blood volume.

because changes in rCBFv and rBV were not proportional. Strong agreement between optical
parameters collected from the left and right hemispheres was also observed (Fig. S2 in the
Supplemental Material). For example, there was a very strong correlation between the beat-to-
beat mean rBF from the right and left probes (overall R = 0.92; R per subject = 0.96 £ 0.04),
and there was also a very strong correlation between the beat-to-beat mean rBV from the left and
right probes (overall R = 0.82; R per subject = 0.85 £ 0.19).

The mean BHI calculated based on optically measured blood flow was 1.71 (£1.07), and the
mean BHI calculated based on TCD was 1.85 (£0.99). Good agreement was observed between
the BHI calculated by the two modalities [Fig. 5(a)]. The correlation coefficient was 0.78 and the
slope of the line of the best fit was 0.85 (95% CI: 0.54 to 1.16). There was also a strong corre-
lation between BHI values calculated based on blood volume and CBFv [Fig. 5(b); R = 0.75],
but again rBV-based BHI values were expectedly smaller (slope = 0.22; 95% CI: 0.13 to 0.31).
The time from breath-hold initiation to maximum cerebral hemodynamic effect was also com-
pared across modalities (Fig. 6), and there was strong agreement between the rBF and rCBFv
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Fig. 5 Calculating BHI with optics and TCD: The BHI was calculated for each metric. (a) A scat-
terplot depicts the BHI based on TCD-derived CBFv (x-axis) and the BHI based on optically
derived rBF (y-axis). The correlation coefficient is 0.78. The linear regression coefficient is
0.85 (95% Cl: 0.54 to 1.16). (b) A scatterplot depicts the BHI based on TCD-derived CBFv (x-axis)
and the BHI based on optically derived rBV (y-axis). The correlation coefficient is 0.75. The linear
regression coefficient is 0.22 (95% CI: 0.13 to 0.31). TCD indicates transcranial Doppler. rBF indi-
cates optically measured relative blood flow. rBV indicates optically measured relative blood vol-
ume. rCBYV indicates TCD measured relative CBFv. BHI indicates breath-hold index.
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Fig. 6 Timing of the cerebral hemodynamic effect: Time (seconds) was calculated from the ini-
tiation of the breath-hold to the maximum effect for each metric. (a) A scatterplot depicts the time to
maximum effect for rCBFv (x-axis) and for rBF (y-axis). The correlation coefficient is 0.92. The
linear regression coefficient is 0.90 (95% CI: 0.72 to 1.08). (b) A scatterplot depicts the time to
maximum effect for rCBFv (x-axis) and for rBV (y-axis). The correlation coefficient is 0.92.
The linear regression coefficient is 0.91 (95% CI: 0.74 to 1.08). rBF indicates optically measured
relative blood flow. rBV indicates optically measured relative blood volume. rCBYV indicates relative
CBFv. S indicates seconds.

timing [R = 0.92, slope = 0.90 (95% CI: 0.72 to 1.08)], as well as the rBV and rCBFv timing
[R = 0.92, slope = 0.91 (95% CI: 0.74 to 1.08)].

Finally, we compared the timing of morphologic features of the rBF and rCBFv waveform
(i.e., P1, P2, P3, and the dichrotic notch; see Fig. 3). There was good agreement between the two
modalities with respect to peak timing within the pulse, based on correlation and slope of the best
fit line for each peak [Fig. 7(a)]. There was similarly good agreement between the two modalities
with respect to the timing of the dicrotic notch within the pulse, with a correlation coefficient of
0.84 and a slope of 0.70 (95% CI: 0.50 to 0.91) for the best fit line [Fig. 7(b)].

Of further note, an expected reduction in PI was observed during hypercapnia as the pulse
width became reduced, and this effect was very strongly correlated between the two modalities
[R = 0.84; Fig. 8(a)]. Similarly, an expected increase in Alx observed during hypercapnia as the
amplitude of P2 increased, and this change was strongly correlated between the two modal-
ities [Fig. 8(b)].
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Fig. 7 Timing of waveform features: For each subject, waveforms were averaged across the 30 s
baseline period. A peak-finding algorithm identified the dicrotic notch, P1, P2, and P3. (a) A scat-
terplot depicts the timing of each peak based on rCBFv (x-axis) and rBF (y-axis). The correlation
coefficient for P1 is 0.69, and the linear regression coefficient is 0.86 (95% CI: 0.63 to 1.08). The
correlation coefficient for P2 is 0.82, and the linear regression coefficient is 0.75 (95% CI: 0.51 to
0.99). The correlation coefficient for P3 is 0.86, and the linear regression coefficient is 0.85 (95%
Cl: 0.45 to 1.26). (b) A scatterplot depicts the timing of the dicrotic notch based on CBFv (x-axis)
and rBF (y-axis). The correlation coefficient is 0.84, and the linear regression coefficient is 0.70
(95% CI: 0.50 to 0.91). rBF indicates optically measured relative blood flow. rCBV indicates relative
cerebral blood flow velocity. S indicates seconds.
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Fig. 8 Change in Pl and Aix during breath-hold: (a) A scatterplot depicts Pl based on rCBFv (x-
axis) and rBF (y-axis). Each subject has a data point pre-hold and post-hold. Pl is smaller post-hold
because the pulse pressure is reduced during hypercapnia. The correlation coefficient is 0.84.
(b) A scatterplot depicts the Aix (i.e., P2/P1) based on rCBFv (x-axis) and rBF (y-axis). Each sub-
ject has a data point pre-hold and post-hold, and the Aix is larger post-hold that reflects a relative
increase in the P2 amplitude. The correlation coefficient is 0.82. rBF indicates optically measured
relative blood flow. rCBFv indicates relative cerebral blood flow velocity. Pl indicates pulsatility
index. Alx indicates augmentation index.

4 Discussion

The Openwater Headset is a promising non-invasive optical system that can be leveraged to
monitor cerebral hemodynamics at the bedside. This study is the first in-vivo validation of the
Openwater system. Validation was obtained by comparing changes in optically derived metrics
with changes in TCD-metrics during a breath-hold maneuver. Changes in the speckle contrast
reflect changes in blood flow and were shown to strongly correlate with TCD at the beat-to-beat
level. The BHI measures the overall change in CBF associated with breath-hold and can be cal-
culated with both speckle contrast and TCD with good agreement. Although TCD flow velocity
correlated with optical blood volume, as expected, the changes were not proportional because
cerebral blood volume pulsatility during the cardiac cycle and blood volume responses to
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hypercapnia are smaller than the corresponding flow changes.***® Importantly, high frequency
data collection with the Openwater Headset allows for characterization of blood flow waveform
morphology. Openwater and TCD measurement of peak times and clinically useful waveform-
based metrics, such as PI and a vascular stiffness index, were very strongly correlated. This initial
validation of the Openwater Headset motivates and justifies future validation in larger cohorts
and in clinically relevant disease states, such as stroke.

The origin of the Openwater system’s blood flow signal is the speckle intensity fluctuations
induced by moving red blood cells. The first technique to exploit speckle intensity fluctuations
for non-invasive optical monitoring of deep tissue blood flow in humans was DCS.**° DCS uses
a long-coherence length laser and homodyne single-photon detection to directly measure the
temporal intensity autocorrelation function of the detected light. Correlation diffusion theory
is then used to derive a tissue blood flow index from the decay of the autocorrelation function.
Several reviews have documented the extensive demonstrations of DCS for CBF monitoring.
DCS measurements of the brain, however, are often confounded by low SNR, especially for
large source-detector separations. To address this challenge, other methods have been proposed
to increase SNR of intensity or electric field autocorrelation function measurements.”>>! These
methods include the use of highly parallelized homodyne single photon detection,’*~® hetero-
dyne interferometric detection,”’ " heterodyne holographic detection,®’*> source light with
wavelength beyond the water peak,*>~°® and high coherence pulsed sources.®”’* The Openwater
system does not use high-SNR temporal autocorrelation function measurements to derive blood
flow. Instead, it uses speckle contrast to derive blood flow, which is based on an integral of the
autocorrelation function. Speckle contrast flow monitoring with low-cost CMOS/CCD has been
studied by several groups,?’ =271 including with wearable probes without fibers, similar to the
Openwater system.*>>#! Concurrent speckle contrast and DCS monitoring of relative CBF
changes have been compared in murine and neonatal swine models,**> as well as in human
skeletal muscle during cuff-induced forearm ischemia.?”*-% Note, however, the source-detector
separations used in these comparisons, while appropriate for the respective applications, were
comparatively small (i.e., <20 mm); larger separations are needed for sensitivity in the adult
human brain.’ The key difference between the Openwater system and other speckle-con-
trast-based demonstrations employed to date is the former’s use of very short light pulses
(250 us) to boost SNR (discussed further below). This feature was essential for the high fre-
quency data sampling at 36 mm source-detector separation that enabled discernment of several
morphologic features of individual beat-to-beat changes in blood flow. To our knowledge, this
discernment of changes in CBF waveform features has not been demonstrated with prior
continuous-wave speckle contrast measurements in adult humans. Note, one prior study did dem-
onstrate beat-to-beat changes; it used a rotating chopper wheel outside of the laser system to
produce light pulses (>2 ms) longer than those of the Openwater system (250 us).>> We discuss
the SNR advantages of the Openwater pulses compared to chopper wheel generated pulses
(below).

The correlation between rBF and rCBFv is particularly noteworthy because it was observed
not just for steady-state changes during breath-holding, but also for individual beat-to-beat
changes. Although the 95% confidence interval of agreement was relatively broad, beat-to-beat
values are particularly sensitive to movement artifacts or changes in signal quality over the course
of monitoring. Still, the beat-to-beat correlation for each subject was strong. Any subject-level
variability that exists is not explained here but could be addressed in a larger cohort with attention
to potential contributions from skin pigmentation, age, or skull thickness. In future work, com-
parison with additional modalities, such as O-PET or ASL-MRI, would provide further val-
idation in a different experimental model.

Change in blood volume was expected to be smaller than the change in flow.***® The rela-
tionship between flow and volume can be summarized by the central volume principle (CBV =
CBF x mean transit time).*> With hypercapnia, as flow increases, there is an observed reduction
in transit time, which indicates an increase in venous drainage, thereby blunting the increase in
volume.*® Cerebral blood volume is a key contributor to intracranial pressure, so blunting the
increase in blood volume helps to avoid a potentially catastrophic increase in intracranial
pressure.®? Alternatively, the increase in blood volume may be counterbalanced by displacement
of cerebrospinal fluid in order to minimize the effect on intracranial pressure.* In clinical
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settings, quantifying both rBF and rBV is useful because the combination provides a more
thorough characterization of cerebral hemodynamics; e.g., the ratio of flow and volume is
informative of transit time and regional perfusion pressure,*®*> which has implications across
a range of neurologic disorders, including ischemic stroke, hemorrhagic stroke, subarachnoid
hemorrhage, and traumatic brain injury. There are potential systematic errors in quantifying
blood volume. Changes in oxygenation could impact intensity without a change in blood volume,
but the wavelength of the source laser (785 nm) is very close to the isosbestic point of hemo-
globin; therefore, even large changes in oxygenation are expected to result in very small changes
in intensity.®® Further, at 785 nm, any difference in the overall absorption of hemoglobin should
be very small relative to the isosbestic point. Hypercapnia may briefly impact pH, which in turn
may affect the hemoglobin absorption spectrum, but this effect is expected to be very small at the
end of the breath-hold.®’

The high frequency data acquisition allows the Openwater Headset to discern several mor-
phologic features of the blood flow waveform. Visualizing the expected peaks and dicrotic notch
within the rBF waveform provides an important degree of face validity, and the strong agreement
between morphologic features between optical and TCD waveforms is reflective of both con-
struct and content validity. Finally, the correlation between dynamics of PI and AIx provides
criterion validity.

The Openwater optical technique described here has sufficient SNR to resolve the CBF
waveform because of its use of short pulses of intense light; this approach is unlike
continuous-wave SCOS as has previously been reported in the literature.”**33-35 In a fiber-based
SCOS system, Kim et al. observed an improvement in SNR and blood flow waveform detection
using a rotating chopper wheel to pulse (>2 ms) the light.*> The Openwater system uses shorter
pulse lengths (250 us) that are generated within the laser system, rather than by modulating out-
put laser light. By generating the pulses inside an amplifier section within the laser system rather
than outside the laser system, the gain medium is more efficiently used and higher peak power
pulses are achieved. The Openwater approach thus enables dynamics to be probed at a shorter
time scale, thereby increasing the sensitivity of contrast to small changes in flow and improving
waveform detection. The contrast measured using the shorter pulses at large source-detector sep-
aration render the Openwater instrument effectively more sensitive to longer photon pathlengths,
i.e., pathlengths more biased toward brain than scalp.

In practice, using short intense pulses is technically challenging. Short-pulse high peak
power laser operation can lead to chirping, which degrades coherence, and high power laser
amplification can result in multiple fluctuating spatial modes that can also reduce SNR.
However, our study explicitly shows that these potential complications were not significant
(at least for the present measurements at 36 mm source-detector separations on the forehead).
The Openwater system is also uniquely designed to include the cameras within the headset
(rather than fiber-based headsets), thus ameliorating motion artifacts. The Openwater
Headset’s small portable design improves convenience in certain clinical applications. DCS has
been used to quantify waveform features®®*° but with lower SNR.*?

In clinical practice, CBF waveforms are expected to be informative of cerebrovascular re-
sistance, compliance, and intracranial pressure.go‘92 TCD-derived CBFv waveform is often inter-
preted to that end,”® but a low-cost user-friendly optical system may have distinct advantages as
it evades the need for a trained ultrasonographer and is not limited to patients with adequate
temporal acoustic windows. Data in patients with abnormal cerebral hemodynamics would
contribute to instrument validation and would help to assess feasibility in an eventual clinical
application. For example, a hallmark of acute stroke care is optimization of CBF, but CBF is
rarely measured in practice, so there is an opportunity to apply a bedside hemodynamic monitor
to facilitate physiology-guided care. As previously described, the ability to measure the blood
flow waveform may prove useful, but further study is needed to determine if the optical wave-
form morphology is informative of clinically relevant pathology, such as elevated intracranial
pressure or impaired cerebrovascular compliance.”>** In acute stroke patients, the TCD wave-
form may have a role in detection of large vessel occlusions,” but this has not yet been described
with biomedical optics.

Despite the encouraging results, this study has several important limitations. Generaliz-
ability is limited because of its small numbers and its relatively narrow range of ages and skin
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pigmentation. Darker skin pigments absorb more light,”® so it is critical to demonstrate that the
agreement reported here is not pigment-dependent. No test-retest analysis was performed to
assess intra-rater reliability because breath holding is often inconstant, but a future study could
use a more reproducible change in CBF to evaluate test-retest reliability. Using TCD as the com-
parator is noteworthy because it provides a measure of CBFv rather than CBF. However, in this
experimental model changes are monitored over a very short period of time during which the
MCA trunk diameter is expected to remain stable, so relative changes in TCD are reflective of
changes in CBF. TCD insonated the MCA trunk, and the Openwater system probes downstream
microcirculation. The optical probes were positioned over the lateral aspect of the forehead to
monitor the MCA territory, but at this position, there may be some contribution from the anterior
cerebral artery. Fortunately, the CBF response to hypercapnia is similar in both the anterior and
middle cerebral arteries (i.e., both terminal branches of the internal carotid artery).97‘99 Thus, this
limitation is not expected to meaningfully impact the correlation between the two modalities.
Further, comparison with TCD is reasonable considering it is commonly used to calculate the
BHI in clinical practice.'®!%!°! The BHI values reported here are within the range of what is
expected in a healthy young cohort but is higher than has been reported in some healthy
cohorts.'”>~!% The difference may be explained by the fact that some groups identify the maxi-
mum CBF at the moment the breath-hold ends,*"'° which underestimates the BHI because the
maximum CBF is expected to occur a few seconds after the completion of the breath-
hold.'%*1%6:197 Apother consideration is the focus on a single breath-hold, rather than averaging
multiple breath-holds as is performed by some groups. The hemodynamic response to sequential
breath-holds may vary,'**!%1% and the goal of the current study was to simply induce a large
change in CBF to assess agreement between modalities. Thus, a single breath-hold was suffi-
cient. The degree of hypercapnia was not quantified in each subject, which may appear to be a
shortcoming, but in actuality the precise change in PaCO, is not relevant to the validation
because both modalities were observing the same change in CBF. However, if any subjects had
a very small change in CBF, it may have been helpful to know if those subjects had a very small
change in PaCO,.

5 Conclusions

The Openwater system is a promising non-invasive laser speckle-based cerebral hemodynamic
monitor. The compact design facilitates portability and the simple user interface emphasizes the
potential for future clinical translation. This system’s first in vivo validation was demonstrated
herein via comparison to TCD. Several data elements were scrutinized to allow for a more robust
validation: (1) beat-to-beat changes, (2) BHI, (3) waveform morphology, and (4) dynamics of
waveform-based metrics. In total, these analyses are encouraging of future work aimed at val-
idating the Openwater system in disease states, such as stroke, in which a significant need for a
practical bedside cerebral hemodynamic monitor exists.

6 Appendix A: Instrument Design and Supporting Data

The instrument was designed to maximize sensitivity to small changes in blood flow. That is, for
any change in flow, the goal is for the corresponding change in speckle contrast to be as large as
possible, without increasing the noise in the system. One key parameter in this optimization is the
duration of time over which detected scattered light is hitting the sensor. In the Openwater sys-
tem, this is determined by the temporal length of the illuminating laser pulse. In traditional
speckle contrast experiments, the illuminating laser is continuous (cw), and the shutter-time
of the detector is adjusted. In the present approach, since the light is pulsed, the detection
“shutter-time” or gating time is the duration of the laser pulse. This scheme maximizes utilization
of the illuminating photons, which is particularly valuable when measuring over short time dura-
tions; for such cases, the illuminating light intensity often must be very high in order to deliver
sufficient light in a short period of time.

In mathematical terms, the optimal laser pulse length maximizes the derivative where
C is the speckle contrast, T is the pulse length, and F is the flow. This should be computed for
physiologically relevant flow rates and optical properties. In general, this derivative will approach

AC(F.T)

Neurophotonics 015008-13 Jan-Mar 2024 e Vol. 11(1)



Favilla et al.: Validation of the Openwater wearable optical system: cerebral.- -

zero at the pulse length extremes. For very short pulses, the speckles will not have time to decor-
relate and the contrast will remain high over the physiological range of flow rates. For long
pulses, during which the speckles have time to decorrelate, the contrast will always be low.
In general, for faster flow rates and longer pathlengths (i.e., more scattering events), one expects
this change in contrast maximum to occur for shorter laser pulses.

One can readily use the formalism of DCS to model the sensitivity of the speckle contrast to
changes in flow.”® See Appendix B for details of these calculations. The results are summarized
in Fig. S3 in the Supplemental Material. Figure S3(a) in the Supplemental Material depicts the
expected speckle contrast as a function of laser pulse length for a wide range of flow rates, i.e.,
encompassing the rates we have observed in human measurement. As expected, at short pulse
widths, the contrast for all flow rates approaches unity, and for longer pulse lengths the contrasts
all approach zero. Figure S3(b) in the Supplemental Material depicts the derivative of the contrast
with respect to a change in flow as a function of pulse length for the same flow rates. For all flow
rates the (negative) peak occurs at ~200 us and less. This time is much shorter than the typical
exposure times used in LSCI and is a result of the multiple scattering events that occur for each
photon in the diffusive transport regime. (Note, these calculations were done with generic optical
properties of y, = 0.015 mm~" and x/ = 1.5 mm~! and a source detector separation of 36 mm.)
The exact results vary depending on the geometry and optical properties, with higher scattering
and longer separations resulting in more scattering events and a shift of the peaks to shorter pulse
lengths. However, for physiologically relevant values, the peaks are always well below the
>1 ms exposure times used for single scattering LSCI.

To demonstrate the effect of pulse length on human measurements, waveforms for one of the
subjects were acquired using both 200 and 1000 us pulse lengths (Fig. 9). For these measure-
ments, the instantaneous power of the 1000 ys pulses was decreased 5X such that the energy per
pulse was kept constant for the two pulse lengths at 400 pJ. We found that the shorter pulse width
resulted in both a higher speckle contrast and, more importantly, a >3X increase in the amplitude
of the waveform [Fig. 9(a)]. The benefit of the increased amplitude translates to improved wave-
form characteristics with the 200 s pulses [Figs. 9(b) and 9(c)]. The waveforms derived from the
200 ps pulsed light were more uniform (i.e., were distributed more closely around the average
waveform) and had more favorable signal compared to noise.

The same two laser pulse widths were also applied to a static optical phantom with similar
optical properties as human tissue. As expected, the resulting contrast values were much higher
with C = 0.28 & 0.00051 at 200 ps, and C = 0.29 4 0.00065 at 1000 us. In both cases, the
variation in the measured contrast was about 0.2% of the mean value. Given that phantom was
static, ideally the measured speckle contrast should be the same for both pulse lengths. The slight
decrease (~3%) in speckle contrast between the 1000 us pulses and the 200 s pulses is attrib-
uted to a slight decrease in laser performance resulting from the combination of the 5X pulse
length decrease, and the 5X instantaneous power increase.
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Fig. 9 The effect of pulse length on speckle contrast data: While maintaining a constant total
energy per pulse (400 uJ), blood flow measurements were compared between two pulse lengths
(200 and 1000 us). (a) The 200 ps pulse width resulted in higher contrast and larger waveform
amplitude. For both the (b) 200 s and (c) 1000 us pulse widths, each individual heartbeat was
readily isolated and waveforms normalized; each waveform was plotted on the same axis. The
dark black line represents the average of individual beats. The increased amplitude using
200 ps resulted in a higher SNR.
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7 Appendix B: Analytic Expressions for Speckle Contrast
and Its Sensitivity to Changes in Flow

In this appendix, we derive analytic expressions for the speckle contrast C, and the derivative of
the speckle contrast as a function of blood flow %. These expressions are used in the laser
pulse length analysis of Appendix A. They also provide a straightforward and rapid way to pre-
dict the effect of optical properties and source detector separations on the speckle contrast.

Working within the framework of DCS, we use a homogeneous semi-infinite model to
calculate the electric field temporal autocorrelation function:

exp{—K(7)p}
Gy (T) = T .
Assuming that the moving scatterers (e.g., red blood cells) undergo Brownian motion, and

all other scatterers are motionless we have:
K*(7) = 3pap! + pu?kiabD,.

Here, p is the source-detector separation of point-like source/detector on the surface, y; is the
reduced scattering coefficient, u, is the absorption coefficient, k is the light wavenumber, « is
the fraction of moving scatterers, D, is the effective Brownian diffusion coefficient of the moving
scatterers, and 7 is the delay time. In this model, the blood flow is defined as aD,,. This term is the
product of the fraction of scatterers that are moving (a) and rate, D, at which these scatterers
diffuse through the tissue.>* In order to calculate the speckle contrast, we integrate the normalized
electric field autocorrelation function:

91(7) = exp{(K(0) - K(7))p},

c= %/OT(I —%> g, (2)|2dz.

Here, T is the light exposure time (laser pulse length in the present case), and C is the speckle
contrast. This integral can be solved analytically. To do so, it is easier to proceed if we define the
following parameters

according to

a=3upu(2p)* and b= pukiadD,(2p)>.

Using this notation, the solution is

2 1/2
Cﬁ{eﬁ—v“H’T {2(a+bT)+6\/a+bT+6} - {2a+6\/5+6] +bT<\/E+ 1)} :

From this equation, it is straight forward to compute the derivative of the contrast with respe
to flow (i.e., aDy). It is

e e (A S |

d(aD,) aD, \bTC

Note, these equations represent the case of polarized light and a pixel size much smaller than
the spatial coherence area on the sensor. In practice, all values of the contrast are scaled by a
constant less than one, often represented by +/B. in the speckle contrast imaging literature.

Disclosures

SC and RG declare no potential conflicts of interest with respect to the research, authorship, or
publication of this article. CGF received an investigator initiated grant from Openwater. AGY has
patents that are not directly relevant to this work but are related to biomedical optical imaging
(United States patents 10,342,488, 10,827,976, 8,082,015, and 6,076,010) that do not currently
generate income. SK and BH are full-time employees of Openwater.

Neurophotonics 015008-15 Jan-Mar 2024 e Vol. 11(1)



Favilla et al.: Validation of the Openwater wearable optical system: cerebral.- -

Code and Data Availability

The data that support the reported findings are available from the corresponding author upon
reasonable request.

Acknowledgments

The authors greatly appreciate the technical and engineering support provided by Peter
Herzlinger. This work was supported by NIH (K23-NS110993, CGF; P41-EB015893, AGY) and
an investigator initiated grant from Openwater (CGF).

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

P. Herscovitch, J. Markham, and M. E. Raichle, “Brain blood flow measured with intravenous H,(15)O.
I. Theory and error analysis,” J. Nucl. Med. 24(9), 782-789 (1983).

M. E. Raichle et al., “Brain blood flow measured with intravenous H,(15)O. II. Implementation and
validation,” J. Nucl. Med. 24(9), 790-798 (1983).

F. Calamante et al., “Measuring cerebral blood flow using magnetic resonance imaging techniques,”
J. Cereb. Blood Flow Metab. 19(7), 701-735 (1999).

J. A. Chalela et al., “Magnetic resonance perfusion imaging in acute ischemic stroke using continuous
arterial spin labeling,” Stroke 31(3), 680-687 (2000).

A. Cenic et al.,, “Dynamic CT measurement of cerebral blood flow: a validation study,” AJNR Am. J.
Neuroradiol. 20(1), 63-73 (1999).

J. Hua et al., “MRI techniques to measure arterial and venous cerebral blood volume,” Neuroimage 187,
17-31 (2019).

. D. Zeng et al., “Basis and current state of computed tomography perfusion imaging: a review,” Phys. Med.

Biol. 67(18), 18TRO1 (2022).
S. Sinha et al., “Unraveling the complexities of invasive multimodality neuromonitoring,” Neurosurg.
Focus 43(5), E4 (2017).

. G. Tsivgoulis, A. V. Alexandrov, and M. A. Sloan, “Advances in transcranial Doppler ultrasonography,”

Curr. Neurol. Neurosci. Rep. 9(1), 46-54 (2009).

J. Naqvi et al., “Transcranial Doppler ultrasound: a review of the physical principles and major applications
in critical care,” Int. J. Vasc. Med. 2013, 629378 (2013).

M. N. McDonnell et al., “Transcranial Doppler ultrasound to assess cerebrovascular reactivity: reliability,
reproducibility and effect of posture,” PeerJ 1, €65 (2013).

C. K. Willie et al., “Utility of transcranial Doppler ultrasound for the integrative assessment of cerebro-
vascular function,” J. Neurosci. Methods 196(2), 221-237 (2011).

J. M. Valdueza et al., “Changes in blood flow velocity and diameter of the middle cerebral artery during
hyperventilation: assessment with MR and transcranial Doppler sonography,” AJNR Am. J. Neuroradiol.
18(10), 1929-1934 (1997).

A. D. Wijnhoud et al., “Inadequate acoustical temporal bone window in patients with a transient ischemic
attack or minor stroke: role of skull thickness and bone density,” Ultrasound Med. Biol. 34(6), 923-929
(2008).

M. Marinoni et al., “Technical limits in transcranial Doppler recording: inadequate acoustic windows,”
Ultrasound Med. Biol. 23(8), 1275-1277 (1997).

A. N. Sen, S. P. Gopinath, and C. S. Robertson, “Clinical application of near-infrared spectroscopy in
patients with traumatic brain injury: a review of the progress of the field,” Neurophotonics 3(3),
031409 (2016).

M. Calderon-Arnulphi, A. Alaraj, and K. V. Slavin, “Near infrared technology in neuroscience: past, present
and future,” Neurol. Res. 31(6), 605-614 (2009).

W. B. Baker et al., “Continuous non-invasive optical monitoring of cerebral blood flow and oxidative
metabolism after acute brain injury,” J. Cereb. Blood Flow Metab. 39(8), 1469-1485 (2019).

M. Smith, “Shedding light on the adult brain: a review of the clinical applications of near-infrared spec-
troscopy,” Philos. Trans. A Math. Phys. Eng. Sci. 369(1955), 4452-4469 (2011).

S. A. Carp, M. B. Robinson, and M. A. Franceschini, “Diffuse correlation spectroscopy: current status and
future outlook,” Neurophotonics 10(1), 013509 (2023).

T. Durduran and A. G. Yodh, “Diffuse correlation spectroscopy for non-invasive, micro-vascular cerebral
blood flow measurement,” Neuroimage 85(Pt 1), 51-63 (2014).

M. Giovannella et al., “Validation of diffuse correlation spectroscopy against '>O-water pet for regional
cerebral blood flow measurement in neonatal piglets,” J. Cereb. Blood Flow Metab. 40(10), 2055-2065
(2020).

E. M. Buckley et al., “Validation of diffuse correlation spectroscopic measurement of cerebral blood flow
using phase-encoded velocity mapping magnetic resonance imaging,” J. Biomed. Opt. 17(3), 037007
(2012).

Neurophotonics 015008-16 Jan-Mar 2024 e Vol. 11(1)


https://doi.org/10.1097/00004647-199907000-00001
https://doi.org/10.1161/01.STR.31.3.680
https://doi.org/10.1016/j.neuroimage.2018.02.027
https://doi.org/10.1088/1361-6560/ac8717
https://doi.org/10.1088/1361-6560/ac8717
https://doi.org/10.3171/2017.8.FOCUS17449
https://doi.org/10.3171/2017.8.FOCUS17449
https://doi.org/10.1007/s11910-009-0008-7
https://doi.org/10.1155/2013/629378
https://doi.org/10.7717/peerj.65
https://doi.org/10.1016/j.jneumeth.2011.01.011
https://doi.org/10.1016/j.ultrasmedbio.2007.11.022
https://doi.org/10.1016/S0301-5629(97)00077-X
https://doi.org/10.1117/1.NPh.3.3.031409
https://doi.org/10.1179/174313209X383286
https://doi.org/10.1177/0271678X19846657
https://doi.org/10.1098/rsta.2011.0242
https://doi.org/10.1117/1.NPh.10.1.013509
https://doi.org/10.1016/j.neuroimage.2013.06.017
https://doi.org/10.1177/0271678X19883751
https://doi.org/10.1117/1.JBO.17.3.037007

Favilla et al.: Validation of the Openwater wearable optical system: cerebral. .-

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

G. Yu et al., “Validation of diffuse correlation spectroscopy for muscle blood flow with concurrent arterial
spin labeled perfusion MRL” Opt. Express 15(3), 1064—1075 (2007).

M. N. Kim et al., “Noninvasive measurement of cerebral blood flow and blood oxygenation using
near-infrared and diffuse correlation spectroscopies in critically brain-injured adults,” Neurocrit. Care
12(2), 173-180 (2010).

T. Durduran et al., “Diffuse optical measurement of blood flow, blood oxygenation, and metabolism in a
human brain during sensorimotor cortex activation,” Opt. Lett. 29(15), 1766-1768 (2004).

R. Bi, J. Dong, and K. Lee, “Deep tissue flowmetry based on diffuse speckle contrast analysis,” Opt. Lett.
38(9), 1401-1403 (2013).

C. P. Valdes et al., “Speckle contrast optical spectroscopy, a non-invasive, diffuse optical method for
measuring microvascular blood flow in tissue,” Biomed. Opt. Express 5(8), 27692784 (2014).

C. Huang et al., “Low-cost compact diffuse speckle contrast flowmeter using small laser diode and bare
charge-coupled-device,” J. Biomed. Opt. 21(8), 080501 (2016).

T. Dragojevic et al., “Compact, multi-exposure speckle contrast optical spectroscopy (SCOS) device for
measuring deep tissue blood flow,” Biomed. Opt. Express 9(1), 322-334 (2018).

J. Xu, A. K. Jahromi, and C. H. Yang, “Diffusing wave spectroscopy: a unified treatment on temporal
sampling and speckle ensemble methods,” APL Photonics 6(1), 016105 (2021).

B. Kim et al., “Measuring human cerebral blood flow and brain function with fiber-based speckle contrast
optical spectroscopy system,” Commun. Biol. 6 (1), 844 (2023).

C. Huang et al., “A wearable fiberless optical sensor for continuous monitoring of cerebral blood flow in
mice,” IEEE J. Sel. Top. Quantum Electron. 25(1), 6900108 (2019).

X. Liu et al., “Simultaneous measurements of tissue blood flow and oxygenation using a wearable fiber-free
optical sensor,” J. Biomed. Opt. 26(1), 012705 (2021).

X. Liu et al., “A wearable fiber-free optical sensor for continuous monitoring of neonatal cerebral blood flow
and oxygenation,” https://doi.org/10.1101/2023.09.21.23295914 (2023).

J. W. Goodman, Speckle Phenomena in Optics: Theory and Applications, Roberts & Company (2007).

R. C. Mesquita et al., “Direct measurement of tissue blood flow and metabolism with diffuse optics,” Philos.
Trans. A Math. Phys. Eng. Sci. 369(1955), 4390—4406 (2011).

J. Selb et al., “Sensitivity of near-infrared spectroscopy and diffuse correlation spectroscopy to brain hemo-
dynamics: simulations and experimental findings during hypercapnia,” Neurophotonics 1(1), 015005
(2014).

M. M. Wu et al., “Complete head cerebral sensitivity mapping for diffuse correlation spectroscopy using
subject-specific magnetic resonance imaging models,” Biomed. Opt. Express 13(3), 1131-1151 (2022).

R. Bi, J. Dong, and K. Lee, “Multi-channel deep tissue flowmetry based on temporal diffuse speckle con-
trast analysis,” Opt. Express 21(19), 22854-22861 (2013).

M. Muller et al., “Assessment of cerebral vasomotor reactivity by transcranial Doppler ultrasound
and breath-holding: a comparison with acetazolamide as vasodilatory stimulus,” Stroke 26(1), 96100
(1995).

Y. Bian et al., “Assessment of cerebrovascular reserve impairment using the breath-holding index in patients
with leukoaraiosis,” Neural Regen. Res. 14(8), 1412-1418 (2019).

A. Kurji et al., “Differences between middle cerebral artery blood velocity waveforms of young and post-
menopausal women,” Menopause 13(2), 303-313 (2006).

J. Hashimoto, B. E. Westerhof, and S. Ito, “Carotid flow augmentation, arterial aging, and cerebral white
matter hyperintensities,” Arterioscler. Thromb. Vasc. Biol. 38(12), 2843-2853 (2018).

N. C. Silver and W. P. Dunlap, “Averaging correlation-coefficients: should fisher z-transformation be used,”
J. Appl. Psychol. 72(1), 146-148 (1987).

H. Ito et al., “Changes in human cerebral blood flow and cerebral blood volume during hypercapnia and
hypocapnia measured by positron emission tomography,” J. Cereb. Blood Flow Metab. 23(6), 665-670
(2003).

S. P. Lee et al., “Relative changes of cerebral arterial and venous blood volumes during increased cerebral
blood flow: implications for bold fMRI,” Magn. Reson. Med. 45(5), 791-800 (2001).

R. L. Grubb, Jr. et al., “The effects of changes in PaCO, on cerebral blood volume, blood flow, and vascular
mean transit time,” Stroke 5(5), 630-639 (1974).

D. A. Boas, L. E. Campbell, and A. G. Yodh, “Scattering and imaging with diffusing temporal field cor-
relations,” Phys. Rev. Lett. 75 (9), 1855-1858 (1995).

D. A. Boas and A. G. Yodh, “Spatially varying dynamical properties of turbid media probed with diffusing
temporal light correlation,” J. Opt. Soc. Am. A 14 (1), 192-215 (1997).

E. James and P. R. T. Munro, “Diffuse correlation spectroscopy: a review of recent advances in ptimiza-
tionon and depth discrimination techniques,” Sensors 23(23), 9338 (2023).

M. A. Wayne et al., “Massively parallel, real-time multispeckle diffuse correlation spectroscopy using a 500
x 500 SPAD camera,” Biomed. Opt. Express 14(2), 703-713 (2023).

Neurophotonics 015008-17 Jan-Mar 2024 e Vol. 11(1)


https://doi.org/10.1364/OE.15.001064
https://doi.org/10.1007/s12028-009-9305-x
https://doi.org/10.1364/OL.29.001766
https://doi.org/10.1364/OL.38.001401
https://doi.org/10.1364/BOE.5.002769
https://doi.org/10.1117/1.JBO.21.8.080501
https://doi.org/10.1364/BOE.9.000322
https://doi.org/10.1063/5.0034576
https://doi.org/10.1038/s42003-023-05211-4
https://doi.org/10.1109/JSTQE.2018.2854597
https://doi.org/10.1117/1.JBO.26.1.012705
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1101/2023.09.21.23295914
https://doi.org/10.1098/rsta.2011.0232
https://doi.org/10.1098/rsta.2011.0232
https://doi.org/10.1117/1.NPh.1.1.015005
https://doi.org/10.1364/BOE.449046
https://doi.org/10.1364/OE.21.022854
https://doi.org/10.1161/01.Str.26.1.96
https://doi.org/10.4103/1673-5374.251332
https://doi.org/10.1097/01.gme.0000177905.94515.24
https://doi.org/10.1161/ATVBAHA.118.311873
https://doi.org/10.1037/0021-9010.72.1.146
https://doi.org/10.1097/01.WCB.0000067721.64998.F5
https://doi.org/10.1002/mrm.1107
https://doi.org/10.1161/01.STR.5.5.630
https://doi.org/10.1103/PhysRevLett.75.1855
https://doi.org/10.1364/JOSAA.14.000192
https://doi.org/10.3390/s23239338
https://doi.org/10.1364/BOE.473992

Favilla et al.: Validation of the Openwater wearable optical system: cerebral.- -

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

F. M. Della Rocca et al., “Field programmable gate array compression for large array multispeckle diffuse
correlation spectroscopy,” J. Biomed. Opt. 28(5), 057001 (2023).

W. H. Liu et al., “Fast and sensitive diffuse correlation spectroscopy with highly parallelized single photon
detection,” APL Photonics 6(2), 026106 (2021).

E. J. Sie et al., “High-sensitivity multispeckle diffuse correlation spectroscopy,” Neurophotonics 7(3),
035010 (2020).

J. D. Johansson et al., “A multipixel diffuse correlation spectroscopy system based on a single photon
avalanche diode array,” J. Biophotonics 12(11), 201900091 (2019).

W. J. Zhou et al., “Highly parallel, interferometric diffusing wave spectroscopy for monitoring cerebral
blood flow dynamics,” Optica 5(5), 518-527 (2018).

M. B. Robinson et al., “Interferometric diffuse correlation spectroscopy improves measurements at long
source-detector separation and low photon count rate,” J. Biomed. Opt. 25(9), 097004 (2020).

J. Xu et al., “Interferometric speckle visibility spectroscopy (ISVS) for human cerebral blood flow
monitoring,” APL Photonics 5(12), 126102 (2020).

0. Kholiqov et al., “Time-of-flight resolved light field fluctuations reveal deep human tissue physiology,”
Nat. Commun. 11(1), 391 (2020).

E. James and S. Powell, “Fourier domain diffuse correlation spectroscopy with heterodyne holographic
detection,” Biomed. Opt. Express 11(11), 6755-6779 (2020).

E. James, S. Powell, and P. Munro, “Performance ptimization of a holographic Fourier domain diffuse
correlation spectroscopy instrument,” Biomed. Opt. Express 13(7), 3836-3853 (2022).

S. A. Carp et al., “Diffuse correlation spectroscopy measurements of blood flow using 1064 nm light,”
J. Biomed. Opt. 25(9), 097003 (2020).

L. Colombo et al., “Time-domain diffuse correlation spectroscopy above the water absorption peak,” Opt.
Lett. 45(13), 3377-3380 (2020).

M. B. Robinson et al., “Diffuse correlation spectroscopy beyond the water peak enabled by cross-correlation
of the signals from InGaAs/InP single photon detectors,” IEEE Trans. Bio-Med. Eng. 69(6), 1943-1953
(2022).

C. S. Poon et al., “First-in-clinical application of a time-gated diffuse correlation spectroscopy system at
1064 nm using superconducting nanowire single photon detectors in a neuro intensive care unit,” Biomed.
Opt. Express 13(3), 1344-1356 (2022).

S. Samaei et al., “Time-domain diffuse correlation spectroscopy (TD-DCS) for noninvasive, depth-
dependent blood flow quantification in human tissue in vivo,” Sci. Rep.-UK 11(1), 1817 (2021).

A. Dalla Mora et al., “Time-gated single-photon detection in time-domain diffuse optics: a review,” Appl.
Sci.-Basel 10(3), 1101 (2020).

J. Sutin et al., “Time-domain diffuse correlation spectroscopy,” Optica 3(9), 1006-1013 (2016).

M. Pagliazzi et al., “Time domain diffuse correlation spectroscopy with a high coherence pulsed source: in
vivo and phantom results,” Biomed. Opt. Express 8(11), 5311-5325 (2017).

M. Pagliazzi et al., “Time-gated diffuse correlation spectroscopy at quasi-null source-detector separation,”
Opt. Lett. 43(11), 2450-2453 (2018).

D. Tamborini et al., “Portable system for time-domain diffuse correlation spectroscopy,” IEEE Trans.
Bio-Med. Eng. 66(11), 3014-3025 (2019).

V. Damagatla et al., “Interstitial null-distance time-domain diffuse optical spectroscopy using a super-
conducting nanowire detector,” J. Biomed. Opt. 28(12), 121202 (2023).

R. Bi et al., “Fast pulsatile blood flow measurement in deep tissue through a multimode detection fiber,”
J. Biomed. Opt. 25(5), 055003 (2020).

K. Murali et al., “Recovery of the diffuse correlation spectroscopy data-type from speckle contrast
measurements: towards low-cost, deep-tissue blood flow measurements,” Biomed. Opt. Express 10(10),
5395-5413 (2019).

T. Dragojevic et al., “High-speed multi-exposure laser speckle contrast imaging with a single-photon count-
ing camera,” Biomed. Opt. Express 6(8), 2865-2876 (2015).

C. P. Lin et al.,, “Multi-mode fiber-based speckle contrast optical spectroscopy: analysis of speckle
statistics,” Opt. Lett. 48(6), 1427-1430 (2023).

B. Liu et al., “Measurements of slow tissue dynamics with short-separation speckle contrast optical
spectroscopy,” Biomed. Opt. Express 14(9), 4790-4799 (2023).

K. Murali and H. M. Varma, “Multi-speckle diffuse correlation spectroscopy to measure cerebral blood
flow,” Biomed. Opt. Express 11(11), 6699-6709 (2020).

S. Zilpelwar et al., “Model of dynamic speckle evolution for evaluating laser speckle contrast measurements
of tissue dynamics,” Biomed. Opt. Express 13(12), 6533-6549 (2022).

A. Biswas, A. Takshi, and A. B. Parthasarathy, “Towards a low-cost portable deep tissue blood flow monitor
utilizing integrated diffuse speckle contrast spectroscopy,” in Tech. Digest Ser., Biophotonics Congr.:
Biomed. Opt. 2022 (Transl., Microsc., OCT, OTS, BRAIN), p. OS4D.6 (2022).

Neurophotonics 015008-18 Jan-Mar 2024 e Vol. 11(1)


https://doi.org/10.1117/1.JBO.28.5.057001
https://doi.org/10.1063/5.0031225
https://doi.org/10.1117/1.NPh.7.3.035010
https://doi.org/10.1002/jbio.201900091
https://doi.org/10.1364/OPTICA.5.000518
https://doi.org/10.1117/1.JBO.25.9.097004
https://doi.org/10.1063/5.0021988
https://doi.org/10.1038/s41467-019-14228-5
https://doi.org/10.1364/BOE.400525
https://doi.org/10.1364/BOE.454346
https://doi.org/10.1117/1.JBO.25.9.097003
https://doi.org/10.1364/OL.392355
https://doi.org/10.1364/OL.392355
https://doi.org/10.1109/TBME.2021.3131353
https://doi.org/10.1364/BOE.448135
https://doi.org/10.1364/BOE.448135
https://doi.org/10.1038/s41598-021-81448-5
https://doi.org/10.3390/app10031101
https://doi.org/10.3390/app10031101
https://doi.org/10.1364/OPTICA.3.001006
https://doi.org/10.1364/BOE.8.005311
https://doi.org/10.1364/OL.43.002450
https://doi.org/10.1109/TBME.2019.2899762
https://doi.org/10.1109/TBME.2019.2899762
https://doi.org/10.1117/1.JBO.28.12.121202
https://doi.org/10.1117/1.JBO.25.5.055003
https://doi.org/10.1364/BOE.10.005395
https://doi.org/10.1364/BOE.6.002865
https://doi.org/10.1364/OL.478956
https://doi.org/10.1364/BOE.497604
https://doi.org/10.1364/BOE.401702
https://doi.org/10.1364/BOE.472263

Favilla et al.: Validation of the Openwater wearable optical system: cerebral. .-

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

. G. N. Stewart, “Researches on the circulation time in organs and on the influences which affect it:

Parts L-1IL” J. Physiol. 15(1-2), 1-89 (1893).

. B. Schaller and R. Graf, “Different compartments of intracranial pressure and its relationship to cerebral

blood flow,” J. Trauma 59(6), 1521-1531 (2005).

T. Heldt et al., “Intracranial pressure and intracranial elastance monitoring in neurocritical care,” Annu. Rev.
Biomed. Eng. 21, 523-549 (2019).

N. V. Todd, P. Picozzi, and H. A. Crockard, “Quantitative measurement of cerebral blood flow and cerebral
blood volume after cerebral ischaemia,” J. Cereb. Blood Flow Metab. 6(3), 338-341 (1986).

J. G. Kim, M. N. Xia, and H. L. Liu, “Extinction coefficients of hemoglobin for near-infrared spectroscopy
of tissue,” IEEE Eng. Med. Biol. 24(2), 118-121 (2005).

W. G. Zijlstra and A. Buursma, “Spectrophotometry of hemoglobin: absorption spectra of bovine oxyhemo-
globin, deoxyhemoglobin, carboxyhemoglobin, and methemoglobin,” Comp. Biochem. Phys. B 118(4),
743-749 (1997).

T. M. Urner et al., “Normative cerebral microvascular blood flow waveform morphology assessed with
diffuse correlation spectroscopy,” Biomed. Opt. Express 14(7), 3635-3653 (2023).

W. B. Baker et al., “Noninvasive optical monitoring of critical closing pressure and arteriole compliance in
human subjects,” J. Cereb. Blood Flow Metab. 37(8), 2691-2705 (2017).

A. Ruesch et al., “Estimating intracranial pressure using pulsatile cerebral blood flow measured with diffuse
correlation spectroscopy,” Biomed. Opt. Express 11(3), 1462—-1476 (2020).

D. D. Mc, “The relation of pulsatile pressure to flow in arteries,” J. Physiol. 127(3), 533-552 (1955).
N. Westerhof et al., “Forward and backward waves in the arterial system,” Cardiovasc. Res. 6(6), 648—656
(1972).

C. Robba et al., “Transcranial Doppler: a stethoscope for the brain-neurocritical care use,” J. Neurosci. Res.
96(4), 720-730 (2018).

N. de Riva et al., “Transcranial Doppler pulsatility index: what it is and what it isn’t,” Neurocrit. Care 17(1),
58-66 (2012).

A. Y. Dorn et al., “A review of the use of transcranial Doppler waveform morphology for acute stroke
assessment,” J. Clin. Neurosci. 81, 346-352 (2020).

Y. Mantri and J. V. Jokerst, “Impact of skin tone on photoacoustic oximetry and tools to minimize bias,”
Biomed. Opt. Express 13(2), 875-887 (2022).

M. Sebok et al., “Mapping cerebrovascular reactivity impairment in patients with symptomatic unilateral
carotid artery disease,” J. Am. Heart Assoc. 10(12), 020792 (2021).

H. S. Byeon et al., “Effects of GV,, acupuncture on cerebral blood flow velocity of middle cerebral artery
and anterior cerebral artery territories, and CO, reactivity during hypocapnia in normal subjects,” J. Altern.
Comp. Med. 17(3), 219-224 (2011).

Y. Inoue et al., “Arterial spin-labeling evaluation of cerebrovascular reactivity to acetazolamide in healthy
subjects,” AJINR Am. J. Neuroradiol. 35 (6), 1111-1116 (2014).

H. S. Markus and M. J. Harrison, “Estimation of cerebrovascular reactivity using transcranial Doppler,
including the use of breath-holding as the vasodilatory stimulus,” Stroke 23(5), 668—673 (1992).

H. A. Nicoletto and L. S. Boland, “Transcranial Doppler series part V: specialty applications,” Am. J.
Electroneurodiagn. Technol. 51(1), 31-41 (2011).

J. L. Koep et al., “The reliability of a breath-hold protocol to determine cerebrovascular reactivity in
adolescents,” J. Clin. Ultrasound 48(9), 544-552 (2020).

L. Petrusic et al., “Transcranial Doppler evaluation of the cerebral vasculature in women patients who have
migraine with aura,” Pain Med. 21(11), 3012-3017 (2020).

1. Zavoreo et al., “Breath holding index in detection of early cognitive decline,” J. Neurol. Sci. 299(1-2),
116-119 (2010).

1. Zavoreo and V. Demarin, “Breath holding index in the evaluation of cerebral vasoreactivity,” Acta Clin.
Croat. 43(1), 15-19 (2004).

M. Alwatban et al., “The breath-hold acceleration index: a new method to evaluate cerebrovascular
reactivity using transcranial Doppler,” J. Neuroimaging 28(4), 429—435 (2018).

S. Harris and A. Rasyid, “Objective diagnosis of migraine without aura with migraine vascular index: a
novel formula to assess vasomotor reactivity,” Ultrasound Med. Biol. 46(6), 1359-1364 (2020).

A. Arjona, R. Espino, and L. A. Perula de Torres, “Cerebrovascular reactivity by means of the breath
holding index (voluntary apnea): the reliability of early repetition,” Rev. Neurol. 30(7), 640-642 (2000).
M. G. Bright and K. Murphy, “Reliable quantification of bold fMRI cerebrovascular reactivity despite poor
breath-hold performance,” Neuroimage 83, 559-568 (2013).

Christopher G. Favilla received his MD from the University of Florida in 2012. He completed
residency training in neurology at the University of Pennsylvania in 2016 and fellowship training
in vascular neurology in 2017. He is an assistant professor of neurology at the University of

Neurophotonics 015008-19 Jan-Mar 2024 e Vol. 11(1)


https://doi.org/10.1113/jphysiol.1893.sp000462
https://doi.org/10.1097/01.ta.0000197402.20180.6b
https://doi.org/10.1146/annurev-bioeng-060418-052257
https://doi.org/10.1146/annurev-bioeng-060418-052257
https://doi.org/10.1038/jcbfm.1986.57
https://doi.org/10.1109/MEMB.2005.1411359
https://doi.org/10.1016/S0305-0491(97)00230-7
https://doi.org/10.1364/BOE.489760
https://doi.org/10.1177/0271678X17709166
https://doi.org/10.1364/BOE.386612
https://doi.org/10.1113/jphysiol.1955.sp005275
https://doi.org/10.1093/cvr/6.6.648
https://doi.org/10.1002/jnr.24148
https://doi.org/10.1007/s12028-012-9672-6
https://doi.org/10.1016/j.jocn.2020.09.062
https://doi.org/10.1364/BOE.450224
https://doi.org/10.1161/JAHA.121.020792
https://doi.org/10.1089/acm.2010.0232
https://doi.org/10.1089/acm.2010.0232
https://doi.org/10.3174/ajnr.A3815
https://doi.org/10.1161/01.STR.23.5.668
https://doi.org/10.1080/1086508X.2011.11079798
https://doi.org/10.1080/1086508X.2011.11079798
https://doi.org/10.1002/jcu.22891
https://doi.org/10.1093/pm/pnaa292
https://doi.org/10.1016/j.jns.2010.08.062
https://doi.org/10.1111/jon.12508
https://doi.org/10.1016/j.ultrasmedbio.2020.01.012
https://doi.org/10.1016/j.neuroimage.2013.07.007

Favilla et al.: Validation of the Openwater wearable optical system: cerebral.- -

Pennsylvania where he also serves as the director of the Non-Invasive Cerebral Hemodynamic
Evaluation Center. His research focus is using non-invasive cerebral hemodynamic monitoring
techniques to study acute stroke physiology and personalize stroke care.

Sarah Carter is a senior research coordinator and predoctoral candidate at the University of
Pennsylvania with extensive experience using bedside cerebral hemodynamic monitoring in
acute ischemic stroke patients.

Brad Hartl received his PhD from UC Davis in 2016. He is a biomedical engineer with extensive
experience developing innovative optical tools at all stages of translational medical research.
He is the director of bioengineering at Openwater.

Rebecca Gitlevich is a research assistant and a predoctoral candidate at the University of
Pennsylvania. She has experience with multiple modalities used to assess cerebral hemodynam-
ics at the bedside in clinical practice.

Michael T. Mullen received his MD from the University of Pennsylvania in 2005. He completed
residency training in neurology at the University of Pennsylvania in 2009 and fellowship training
in vascular neurology in 2010. He is an associate professor of neurology at Temple University,
where he also serves as the director of the stroke program.

Arjun G. Yodh is the chair of the Department of Physics and Astronomy and James M. Skinner
Professor of Science at the University of Pennsylvania. From 2009 to 2020, he was a director
of Penn’s Materials Science and Engineering Research Center (NSF-MRSEC). He was awarded
the 2021 Feld Prize in biophotonics by the Optical Society of America (Optica) for contributions
to functional imaging and monitoring of tissues with diffuse light. He has mentored more than
100 PhD students and postdoctoral associates.

Wesley B. Baker received his PhD in physics from the University of Pennsylvania in 2015. He is
an assistant professor at the University of Pennsylvania and Children’s Hospital of Philadelphia
where is the director of biomedical optical devices to Monitor Cerebral Health Frontier Program.
His research interests include cerebral blood flow and oxygen metabolism monitoring with
optical spectroscopy/imaging techniques.

Soren Konecky received his PhD from the University of Pennsylvania in 2008. Between 2008
and 2012, he completed a postdoctoral training at the Beckman Laser Institute at UC Irvine. He
has decades of experience in optical imaging and algorithm development for both life science and
semiconductor applications. He previously held top architect positions at Perkin Elmer and KL A.
He now serves as the chief technology officer for Openwater.

Neurophotonics 015008-20 Jan-Mar 2024 e Vol. 11(1)



