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ABSTRACT. Significance: Combining diffuse correlation spectroscopy (DCS) and near-infrared

spectroscopy (NIRS) permits simultaneous monitoring of multiple cerebral hemo-
dynamic parameters related to cerebral autoregulation; however, interpreting these
optical measurements can be confounded by signal contamination from extracere-
bral tissue.

Aim: We aimed to evaluate extracerebral signal contamination in NIRS/DCS data
acquired during transient hypotension and assess suitable means of separating
scalp and brain signals.

Approach: A hybrid time-resolved NIRS/multidistance DCS system was used to
simultaneously acquire cerebral oxygenation and blood flow data during transient
orthostatic hypotension induced by rapid-onset lower body negative pressure
(LBNP) in nine young, healthy adults. Changes in microvascular flow were verified
against changes in middle cerebral artery velocity (MCAv) measured by transcranial
Doppler ultrasound.

Results: LBNP significantly decreased arterial blood pressure (—18% + 14%),
scalp blood flow (>30%), and scalp tissue oxygenation (all p < 0.04 versus base-
line). However, implementing depth-sensitive techniques for both DCS and time-
resolved NIRS indicated that LBNP did not significantly alter microvascular cerebral
blood flow and oxygenation relative to their baseline values (all p > 0.14). In agree-
ment, there was no significant reduction in MCAv (8% + 16%; p = 0.09).

Conclusion: Transient hypotension caused significantly larger blood flow and oxy-
genation changes in the extracerebral tissue compared to the brain. We demon-
strate the importance of accounting for extracerebral signal contamination within
optical measures of cerebral hemodynamics during physiological paradigms
designed to test cerebral autoregulation.
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1 Introduction

The ability to monitor tissue oxygen saturation (StO,) non-invasively by near-infrared spectros-
copy (NIRS) has garnered considerable interest in clinical scenarios associated with a risk of
brain damage, including certain surgical procedures and during intensive care.! More recently,
the combination of NIRS with diffuse correlation spectroscopy (DCS)” offers the opportunity to
simultaneously measure multiple cerebral hemodynamic and metabolic parameters, including
cerebral blood flow (CBF), blood volume, and markers of oxygen metabolism.>” In addition
to clinical bedside monitoring,**!! both DCS and NIRS have the temporal resolution to measure
transient changes in cerebral hemodynamics in response to various physiological paradigms
designed to assess the mechanisms regulating CBF. These paradigms include hypercapnia to
assess chemoregulation,® head-up tilt,'* and thigh-cuff release'*'* to assess autoregulation related
to vessel compliance and myogenic tone, and functional activation to assess neuronal control.'’

Traditionally, non-invasive cerebral autoregulation has been assessed using transcranial
Doppler ultrasound (TCD) to track changes in middle cerebral artery blood velocity (MCAv).
While TCD is also non-invasive, it requires a constant and precise location of the ultrasound
probe and cannot be used for long-term monitoring. Furthermore, since TCD measures blood
velocity and not flow, it relies on the assumption that vascular tone remains stable throughout the
assessment.'® In contrast, the combination of DCS and NIRS offers the ability to measure blood
flow regulation at the microvascular level, and the combination of microvascular CBF and StO,
provides a means of assessing the potential impact of altered flow regulation on oxygen delivery
and energy metabolism in the brain.

Despite the potential of these non-invasive optical techniques to study cerebrovascular regu-
lation, interpreting NIRS and DCS data can be confounded by signal contamination from extrac-
erebral tissue since the depth to the brain in the adult head varies between 1 and 2 cm.'”""
Consequently, over 80% of the signal at source-detector distance of <3 cm originates from hemo-
dynamic changes in the scalp, easily overshadowing the cerebral component and resulting in
substantial errors in StO, and CBF measurements.'*?’ Several approaches have been developed
to reduce the effects of scalp contamination on NIRS and DCS, with the most common being to
acquire data at multiple source-detector distances (rsp).2'™>* More advanced technologies, i.e.,
time-resolved and frequency-domain methods, have proven effective for enhancing the depth
sensitivity of NIRS.**?” Time-resolved detection has also been applied to DCS?¥; however, this
approach is challenging due to the poorer signal-to-noise ratio of current DCS technology.”
Consequently, multi-distance continuous-wave DCS remains the most commonly used approach
in neuromonitoring applications. The substantially higher blood flow in the brain compared to
the scalp gives DCS an inherent advantage in terms of depth sensitivity compared to NIRS.*

The importance of incorporating methods to separate cerebral and extracerebral signal con-
tributions is particularly relevant to physiological stimuli considering many have systemic effects
that likely alter scalp blood flow. For example, by collecting time-resolved NIRS (trNIRS) data at
short and long source-detector distances (rsp = 1 and 3 cm), Milej et al.>'*> demonstrated differ-
ent vasoreactivity in scalp and brain in response to hypercapnia. If DCS and NIRS are to be used
reliably in clinical applications involving bedside neuromonitoring, it is critical to understand the
impact of extracerebral signal contributions on CBF and StO, measurements during physiologi-
cal perturbations, such as by changes in posture.

The purpose of this study was to investigate signal contamination from changes in scalp
blood flow during transient hypotension.'* Measuring the CBF response to changes in blood
pressure is a well-established method for characterizing cerebral autoregulation.*® Therefore,
it is critical to evaluate the magnitude of extracerebral signal contamination in NIRS and
DCS data and assess the suitability of technique-relevant methods for separating scalp and brain
signals. For this study, a hybrid trNIRS/multidistance DCS system was used to acquire oxygena-
tion and blood flow data during a rapid-onset lower body negative pressure (LBNP) challenge.
This paradigm is a commonly used technique to mimic orthostatic stress (i.e., standing up) while
the participant remains in a supine posture and is frequently used to assess cerebral autoregu-
lation with TCD.** Analysis of multidistance DCS data was based on the modified Beer-Lambert
approach proposed by Baker et al.>> This approach requires applying pressure to the scalp to
evaluate the sensitivity of DCS probes at different source-detector distances to scalp blood flow.
In addition, a pneumatic tourniquet wrapped around the head was used to reduce scalp blood
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flow. The LBNP experiment was repeated with the tourniquet fully inflated to temporarily restrict
scalp blood flow, thereby isolating the CBF response.’! Similarly, the influence of changes in
scalp oxygenation on trNIRS measurements of StO, and cerebral blood volume during LBNP
was investigated. Time gates and moment analysis were applied to the trNIRS data to extract
signals weighted to the superficial tissue (i.e., early-arriving photons) and brain (i.e., late-arriving
photons). Finally, TCD was used to measure changes in MCAv in response to LBNP for com-
parison to the microvascular CBF responses measured by DCS.

2 Methods

2.1 Instrumentation

All data were collected using an in-house built trNIRS/DCS system.>*® For the DCS module,
light from a continuous laser with a long coherence length (>10 m) emitting at 4 = 852 nm
(DL852-100-SO, CrystaLaser) was coupled into a single fiber (fiber core diameter 400 um,
NA = 0.22, Loptek, Germany). On the detection side, reflected light was collected by one sin-
gle-mode fiber at a source-detector separation (rsp) of 1 cm and three fibers at rqp = 2.5 cm
(core diameter 8 yum, NA = (.12, Loptek, Berlin, Germany). Detection fibers were coupled to a
four-channel single-photon counting module (SPCMAQR-15-FC, Excelitas Technologies,
Canada). Each counting module generated TTL pulses sent to an edge-detecting photon counter
on a PCIe6612 counter/timer data acquisition board (National Instrument).?” Photon counts were
recorded and processed using in-house developed software written in LabVIEW (2019, National
Instruments) and MATLAB (2017, MathWorks). Intensity autocorrelation curves were generated
for 50 delay times (r) ranging from 1y to 1 ms.

The trNIRS module included two pulsed laser heads emitting at 4 = 760 and 830 nm, con-
trolled by a Sepia II laser driver operating at 80 MHz (PicoQuant, Germany). The laser heads
were coupled to multimode bifurcated fiber (core diameter 400 um, NA = 0.39, Loptek,
Germany) to deliver the light to the scalp. A detection fiber bundle (3.6 mm, NA = 0.55,
Loptek, Germany) collected diffusively reflected light from the scalp at rqp = 3 cm and was
coupled to a hybrid photomultiplier tube (PMA Hybrid 50, PicoQuant, Germany).*® A time-cor-
related single-photon counting module (HydraHarp 400, PicoQuant, Germany) was used to rec-
ord photon arrival times and generate a time-of-flight distribution of diffusely reflected photons
(DTOF).*>*’ To acquire trNIRS/DCS data simultaneously, a short-pass interference filter was
placed between collimating lenses in front of trNIRS detector (Spec 3551, 836.5 nm, diameter
25 mm, Alluxa, Santa Rosa, California, United States).3 At the end of every study, the instrument
response function (IRF) was measured using a custom-built light-tight box that connected the
emission fiber to a detection probe with a separation of 10 cm.

2.2 Experimental Procedure

All procedures were approved by the Health Sciences Research Ethics Board at Western
University (Grant No. 120391) and Lawson Health Research Institute (Grant No. 107985),
adhering to the guidelines of the Tri-Council Policy Statement for research involving humans.
Participants provided written informed consent following verbal and written explanations of the
experimental procedures.

Ten healthy participants (5 women, 26 £ 4 years, 177 £ 6 cm, 75 &+ 15 kg) with no history
of any neurological or psychiatric disorders were recruited. All participants identified with the
sex that was assigned to them at birth. Participants completed two protocols, one with the tour-
niquet [Fig. 1(a)] off and the other with the tourniquet on [Fig. 1(b)]. To create a rapid but brief
(15 s) bout of orthostatic stress, participants were sealed from the waist down in an LBNP cham-
ber. The cerebral hemodynamic responses were assessed for a short (15 s) pulse of rapid-onset
LBNP with suction levels of —80 mmHg. For this protocol, cerebrovascular hemodynamics were
assessed with DCS, trNIRS, and TCD. All three were acquired continuously throughout the
LBNP protocol at a sampling rate of 3.33 Hz for trNIRS/DCS and 3.33 Hz for TCD.

The DCS and trNIRS probes were secured to the forehead using a custom 3D-printed holder
made of flexible resin (Flexible 80A, Formlabs, Somerville, Massachusetts, United States).
Confounding effects related to placing probes close to the sagittal sinus were considered; how-
ever, Liu et al.** showed that NIRS measurements are primarily sensitive to oxygenation in the
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Fig. 1 (a) lllustration of optical probes placement and (b) experimental paradigms used in the
study. Light sources and detectors on the probe holder are color-coded. Red, NIRS source; pink,
DCS source; dark blue, DCS detector (rgp = 1 cm); light blue, DCS detector (rgp = 2.5 cm);
green, trNIRS detector (rgp = 3 cm).

microvasculature as almost all light that interrogates larger vessels, such as the sagittal sinus, is
absorbed. Placing the probes on the midline may have resulted in a greater loss of light, but the
signals from both trNIRS and DCS were found to be adequate for this study. A finger photo-
plethysmography was used to provide continuous arterial blood pressure (ABP) recordings dur-
ing LBNP (Finometer, Finapres Medical Systems, Enschede, The Netherlands). Mean ABP
(MAP) was calculated using the algebraic mean for each cardiac cycle. The finger unit was cali-
brated against three manual sphygmomanometric brachial artery measures. Expired gas was
sampled at the mouth to measure partial pressure end-tidal CO, (PgrCO,; ML206 analyser).
Finally, participants were instrumented with TCD (Neurovision TOC2M, Multigon Industries,
Elmsford, New York, United States) for measures of right MCAv (M1 segment). The ultrasound
probe was held in place with a headband device.

As a means of assessing scalp blood flow contributions to the DCS signal, the LBNP experi-
ment was repeated after inflating a 10-cm wide tourniquet wrapped around the head, just above
the supraorbital ridge.?! The tourniquet was designed to impede blood flow to the scalp by inflat-
ing two bladders positioned over the temples. The tourniquet included an opening for the optical
probe holder (9 cm X 5 cm) that was large enough to ensure the tourniquet did not press down on
the holder when inflated [Fig. 1(a)]. DCS data were acquired continuously while inflating the
tourniquet to 170 or 50 mmHg above systolic blood pressure for 120 s. The tourniquet remained
at the higher pressure while the LBNP protocol was repeated [Fig. 1(b)].

2.3 Data Analysis
2.3.1 trNIRS

To determine baseline optical properties for each subject, a mean DTOF was generated from the
first minute of baseline recordings (i.e., prior to LBNP) for each wavelength. Each DTOF was fit
with the solution to the diffusion equation for a semi-infinite homogeneous medium convolved
with the measured IRF (fminsearch, MATLAB, MathWorks Inc., Natick, Massachusetts, United
States). The fitting parameters were the baseline absorption coefficient (u,), reduced scattering
coefficient (1)) and an amplitude factor that accounts for laser power, detection gain, and cou-
pling efficiency. The fitting range was set to 10% of the peak value of a DTOF on the leading
edge and 1% on the falling edge.

Next, each DTOF in a time series recorded at 760 and 830 nm was analyzed to calculate the
first three statistical moments: the number of photons (), the mean time of flight ({¢)), and the
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variance (V). The moments were calculated by setting the lower and upper integration limits
based on arrival times corresponding to 1% of the peak of the DTOFE.*'*> The change in each
moment relative to its initial baseline value was calculated to generate three time series (i.e., AN,
A(t), and AV) for the two wavelengths individually. Time courses for each statistical moment
were converted into absorption changes (Agu,) using sensitivity analysis as described in detail
elsewhere.’”* The sensitivity factors were generated using subject-specific baseline optical
properties obtained through the fitting routine described above (mean y,0 = 0.12 4 0.03 cm™!
and p/; = 9.2 £ 1.2 em™! at 760 nm; mean p,9 = 0.13 +0.03 cm™! and p/, = 8.9+ 1.2 cm™!
at 830 nm). The Ay, time courses recorded at 760 and 830 nm were converted to changes in
concentration of oxyhemoglobin (ACy,o) and deoxyhemoglobin (ACyy,) using their respective
molar extinction coefficients.** ACy,o and ACyy, time courses were used to determine the cor-
responding change in tissue oxygen saturation (AStO,) using the standard definition of StO,:
StO, = Cipo/(Chbo + Chp)- The sum of ACyypo and ACyy, was also used to determine changes
in the total hemoglobin concentration (AtHb), which reflects changes in blood volume, assuming
no change in hemoglobin concentration.

In addition to moment analysis, two gates, one early and one late, were extracted from each
DTOF to generate time-varying changes in attenuation (AA) with sensitivity to the scalp and
cerebral oxygenation, respectively.’? Both gates had a width of 250 ps.*’ The start of the early
gate was positioned at the rising edge of the DTOF when the signal intensity reached 1% of the
peak value, whereas the end of the late gate was located on the opposite DTOF edge where the
intensity dropped to 1%. Analogous to moment analysis, AA time series for the two gates mea-
sured at the two wavelengths were converted to ACypg, ACy, using corresponding sensitivity
factors.*? Similar to the statistical moment analysis described above, time courses of ACyyo and
ACy, were used to calculate AStO, and AtHb. All time courses were smoothed with a 0.9-s
(three data points) moving average with a zero-phase digital filter (filtfilt, MATLAB,
MathWorks Inc., Natick, Massachusetts, United States).

2.3.2 DCS—semi-infinite model

Normalized intensity autocorrelations functions were converted to electric field autocorrelation
data using the Siegert relation.*® Each autocorrelation function was subsequently fit with the
solution to the diffusion approximation for a semi-infinite homogenous medium to estimate the
blood flow index (BFi), assuming tissue perfusion is modeled as a pseudo-Brownian motion.”
The fitting incorporated each subject’s y,( and p/, values measured by trNIRS. Fitting was per-
formed across all correlation times from 1 us to 1 ms. The resulting BFi time courses were
smoothed with the same filter (zero-phase digital filtering, filtfilt, MATLAB, 2016b,
MathWorks, Natick, Massachusetts, United States) as the trNIRS data.

2.3.3 DCS—multilayered model

Depth-enhanced DCS analysis was based on the probe pressure modulation algorithm for CBF
monitoring described by Baker et al.* Based on a two-layer modified Beer-Lambert approach,
changes in CBF during LBNP were extracted from the multidistance DCS data using

1 AOD, P (1)

AFo(r.t) = ol AODy (7.1) — 20D (1)

AODg(z,1) |, (1)

where, 0F ¢, represents the sensitivity to the brain layer for DCS data recorded at rgp = 2.5 cm.
AODg(t) and AODy (¢) are the changes in the DCS optical density measured at the short (1 cm)
and long (2.5 cm) distances, respectively. AODg” and AOD, P are the changes in optical density
measured in response to a change in scalp blood flow. In these experiments, AODg" and AOD, ?
were obtained from inflating the head tourniquet. A change in optical density at a given source-
detector distance is defined by
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Mmm@ﬂz—m4”“““_1, )

9B (z, rsp) — 1
where, g,(z, rsp) is the measured intensity autocorrelation function.

Baseline blood flow indices for scalp and brain (Fg and F ¢, respectively) were estimated
using a three-layered DCS model that represents blood flow in scalp, skull and brain.”* The
model was applied to intensity autocorrelation data acquired at rqp = 2.5 cm before and after
inflating the tourniquet. Analysis was performed assuming F', did not change between the two
conditions and skull blood flow was set to 1% of Fg since bone blood flow is expected to be
low.* #lo was assumed to be the same in all three layers and set to the value measured by trNIRS
for each subject. Similarly, u,, for the brain and scalp was set to subject-specific values from
trNIRS, and y, for the skull was set equal to 60% of u,, based on Strangman et al.*®

The thicknesses of the scalp and skull layers were set to average values from a previous
study: 0.65 cm for scalp and 0.55 cm for the skull.*® The final step was to estimate 5F ¢, which
was obtained from the three-layered model for a 1% change in CBF and using subject-specific
values of Fg and F . For the data obtained for a fully inflated (170 mmHg) head tourniquet,
the change in optical density at rgp = 2.5 cm measured for each subject was scaled by subject-
specific F¢( and 6F ¢. Since the distance to the brain (dgc) was not measured for each subject,
the analysis described above was performed for dg.- values from 1 to 1.4 cm, assuming a fixed
ratio of the scalp to skull thicknesses of 1.2.

2.3.4 Numerical simulations

For comparison to the experiment data, the three-layered model was used to generate simulated
data at rqp = 1 and 2.5 cm over a range of dg- values from 0.9 to 1.4 cm and using average
values of p,0 = 0.13 cm™" and p, = 9 cm~!. Simulated data were generated for a reduction in
scalp blood flow of 85% to reflect the effect of the tourniquet and for comparison an 85% reduc-
tion in CBF. Data at the two source-detector distances were analyzed individually using the semi-
infinite model to predict the expected change in BFi.

2.4 Statistical Analysis

All data are presented as mean * standard deviation unless otherwise noted. Statistical signifi-
cance was defined as p < 0.05. Paired 7-tests were used to assess the effect of LBNP on each
variable (i.e., the last 5 s of LBNP compared to the 10-s baseline). For DCS variables, an addi-
tional paired #-test was used to assess the difference between CBF calculations derived from the
multilayer model with and without the tourniquet inflation. A two-way analysis of variance
(ANOVA) of time (two levels: baseline, nadir) and rgp (two levels: 1 cm, 2.5 cm) evaluated
the BFi response to LBNP between long and short rgp. For trNIRS, paired #-tests were used
to evaluate differences between variance and both early or late gates and the early gate compared
to the number of photons. Changes in MCAv were assessed using one-way repeated measures
ANOVA with a fixed factor of time (10 levels: 3 s bins across 30 s) for LBNP trials
at —80 mmHg.

3 Results

Of the 10 participants, 1 was omitted due to large intensity fluctuations (>50% of the g, curve
mean) in the autocorrelation curves and low photon count (<50 k) in the DTOFs, which were
attributed to poor skin-to-probe contact. All participants tolerated the LBNP and tourniquet infla-
tion. Figure 2(a) illustrates relative BFi (rBFi) changes measured at the two source-detector dis-
tances in response to inflating the head tourniquet to 170 mmHg. The rBFi reduction was greater
at rgp = 1 cm than 2.5 cm for 7 out of 9 participants (all p < 0.01), with an average difference of
5% + 3% (n = 7). For the remaining two participants, the measured rBFi reductions at rgp =
2.5 cm were within the range found for the other participants. The smaller responses measured at
rsp = 1 cm may have been due to unequal pressure around the probes when the tourniquet was
inflated. Due to this unexpected experimental issue, these two data sets were excluded from the
calculation of AF using Eq. (1).
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Fig. 2 (a) Measured change in rBFi for each subject in response to inflating the tourniquet to
170 mmHg. (b) Predicted change in rBFi at two source-detectors distances (rgp = 1, squares and
2.5 cm, circles) as a function of distance to the brain. Results are presented for an 85% reduction in
scalp blood flow (black lines) and an 85% reduction in CBF (red lines).

The numerical simulations [Fig. 2(b)] predicted a BFi decrease of 77% at rqp = 2.5 cm and
83% at rqp = 1 cm when the distance to the brain is 1.2 cm, which is the average distance on the
forehead measured previously by magnetic resonance imaging (MRI).*® This prediction in good
agreement with the experimental results. Of note, a change in CBF at the same distance is pre-
dicted to cause approximately a 20% change in the BFi measured at rqp, = 2.5 cm and only 1.5%
at rgp = 1 cm.

LBNP of —80 mmHg produced a significant decrease in MAP of —17 £ 11 mmHg
[-24% + 16%; p < 0.01; Fig. 3(a)]. The average change in MAP during LBNP after tourniquet
inflation was not statistically different (—12 £ 7 mmHg; p = 0.12). End-tidal CO, decreased
slightly, albeit not significant during LBNP (37+4 to 33+ 8 mmHg, p =0.10).
Corresponding time-varying changes in rBFi recorded at the two source-detector distances are
presented in Fig. 3(b). Both distances showed a significant reduction in rBFi (p < 0.01 versus
baseline). The decrease calculated for the last 5 s of LBNP was —36% =+ 25% for rgp = 1 cm

0 5 10 15 20 25 30 35
Time (s)

Fig. 3 Average changesin (a) MAP and (b) rBFi plotted as a function of time during LBNP, which is
indicated by the grey region between 10 and 25 s. DCS data were recorded at rsp = 1 and 2.5 cm
without inflating the head tourniquet. Shadowing surrounding each time course represents the
standard deviation across subjects.
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Fig. 4 Average ACppo, ACH, AStO,, and AtHb responses to LBNP (between 10 and 25 s). Time
courses are presented for the change in attenuation measured in an early time gate and from the
total number of photons (AN). All time courses were averaged across nine subjects. Shadowing
represents the standard deviation across subjects.

and —36% + 20% for rgp = 2.5 cm. No statistical difference was observed in the responses
obtained at the two source-detector separations (time X rgp interaction and the main effect of
rsp: p = 0.97).

Time-varying changes in the NIRS parameters (i.e., ACypo, AChy, AStO,, and AtHb)
during the LBNP challenge are presented in Fig. 4. These time courses were generated from
the metrics with the poorest depth sensitivity, namely AA from the early gate and AN. For both
measurements, decreases in StO, during LBNP were statistically significant (both p < 0.04 ver-
sus baseline). No significant difference was found between AStO, obtained for the early gate and
AN (p = 0.62). LBNP did not drive a significant change in Cyyg, Cyy, or AtHb for AA or AN
(all p > 0.16 versus baseline).

ACHDbO, ACHD, AStO,, and AtHb time courses derived from the two metrics with the high-
est depth sensitivity (i.e., AA from a late gate and AV) are presented in Fig. 5. No significant
change occurred during LBNP for any variable obtained by the late gate and AV analyses
(all p >0.17). However, changes in AStO, obtained from the variance and late-gate were
significantly smaller than the corresponding AStO, changes obtained from the early-gate analy-
sis (p <0.02).

Figure 6 presents representative autocorrelation curves obtained at the baseline (¢3) and
increased tourniquet pressure (¢g5) measured at the two source-detector separations and the cor-
responding ratio of AOD;?/AODgP. For each subject, AOD.?/AODgP was calculated for 7
values from 10 to 100 us, as this range avoided instabilities evident at shorter and longer delay
times.> Table 1 provides subject-specific baseline optical properties obtained with trNIRS,
AOD,; ?/AODgP measurements, and estimates of Fg,, F¢o and 6F from the three-layered
DCS model. Note, AOD;?/AODgP values are not presented for the two subjects with the
unexpected tourniquet response at the short rgp.

Figure 7(a) presents average time courses of the microvascular CBF response to LBNP
across the seven subjects. Time courses are shown for DCS data acquired with or without the
tourniquet inflated. For each subject, the CBF response derived using Eq. (1) was scaled by a
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Fig.5 Average ACypo, AChp, AStO,, and AtHb responses to LBNP (between 10 and 25 s). Time
courses are presented for metrics with greater depth sensitivity (i.e., AA from the late gate and the
change in variance, AV). All time courses were averaged across nine subjects. Shadowing rep-
resents the standard deviation across subjects.
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Fig. 6 Representative autocorrelation curves (one subject) for the two source-detector separa-
tions (left) measured at baseline (superscript “0”) and after inflating the tourniquet (superscript
“P”). Corresponding AOD,”/AODgP ratio as a function of correlation time is shown on the right.
Dashed red lines represent a range of delay times ¢ selected to calculate the average
AOD,_P/AODgP ratio.

subject-specific F¢, from the three-layered model. The reconstructed changes in CBF during
LBNP [Fig. 7(a)] were significantly smaller than the BFi values obtained using the semi-infinite
model (Fig. 3; p <0.01) and did not show a significant change during LBNP (both p > 0.13
versus baseline). Further, the reconstructed blood flow changes (—1.9% =+ 2.8%) and the blood
flow response measured after the tourniquet was inflated (—1.3% =+ 2.6%) were not significantly
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Table 1 Subject-specific estimates of baseline optical properties measured by trNIRS,
AOD,”/AODgP, baseline blood flows (F s, F ¢ ), and the cerebral sensitivity factor obtained from
the three-layered DCS model.

Subject Haos Mg F Feco 6Fc

50
no. Sex (cm™) AOD,P/AODg? (1078.cm?/s) (1078-cm?/s) (108 - s/cm?)
1 F 0.14, 9.6 — 0.42 1.29 2.81
2 F 0.12, 8.7 0.77 0.75 2.25 2.01
3 M 0.08, 10.4 0.68 0.18 0.94 3.22
4 F 0.17, 6.6 1.10 0.75 1.66 2.51
5 M 0.12, 84 0.82 0.28 1.42 2.56
6 F 0.12, 8.5 0.93 0.41 2.25 1.91
7 F 0.11,9.7 1.04 0.51 1.70 2.37
8 M 0.19, 10.9 — 0.25 3.92 1.18
9 M 0.12,7.8 0.65 0.61 2.33 1.91
Average + SD 0.13 = 0.03,9.0 = 1.3 0.86 = 0.17 0.46 = 0.21 197 + 0.87 2.27 = 0.60
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Fig. 7 (a) Average relative CBF (rCBF) response to the LBNP challenge between 10 to 25 s. Time
courses are shown for DCS data acquired with and without the tourniquet inflated. (b) Mean MCAv
(MCAVean) during LBNP. TCD data were acquired simultaneous to DCS (the tourniquet off con-
dition). Shadowing represents the standard deviation across seven subjects.

different from each other (p = 0.75). For comparison, the average MCAv response to LBNP is
shown in Fig. 7(b). The MCAVv response to LBNP was not significant across time. At the nadir,
the average reduction was 8% 4 16% (one-way ANOVA: p = 0.09).

4 Discussion

This study utilized a hybrid trNIRS/multidistance DCS system to assess the magnitude of extrac-
erebral signal contamination in NIRS and DCS data acquired during transient hypotension
(induced by LBNP) and the suitability of technique-relevant methods for separating scalp and
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brain measurements. The motivation was to improve the confidence when applying these non-
invasive optical technologies to applications in critical-care settings, given the clinical interest in
using flow and metabolic markers to assess brain health and prevent secondary brain injury. The
primary outcome was demonstrating that transient hypotension caused significantly larger blood
flow and oxygenation changes in the extracerebral tissue compared to the brain. Further, depth-
enhanced methods proved effective at removing this signal contamination.

The impact of extracerebral signal contamination on DCS blood flow measurements was
evaluated by acquiring data at two source-detector distances. A large (i.e., >30%), statistically
significant decrease in blood flow was detected when data acquired at the two distances were
analyzed separately using the semi-infinite model, which neglects the layered structure of the
head. There was no significant difference in the magnitude of the blood flow responses measured
at the two distances; moreover, the two time courses were extremely similar, as reflected by the
non-significant time X rgp interaction (Fig. 3). These results suggest a common signal contri-
bution, which was likely the scalp considering the limited brain sensitivity for the detector
at rgp = 1 cm [Fig. 2(b)]. Similar decreases in blood flow measured by DCS at a single
source-detector distance have also been reported in response to thigh cuff deflation, which causes
a comparable MAP reduction to the rapid-onset LBNP used in the current study.'*!'* Further
evidence of a substantial signal contribution from the scalp was the large reduction in the
DCS BFi measured at both distances when the head tourniquet was inflated (~80%). These
results indicate that the DCS data acquired at rqp = 2.5 cm are susceptible to extracerebral signal
contamination and should not be treated solely as a marker of CBF.

To isolate the CBF response to LBNP, the multidistance DCS data were analyzed using a
two-layer model that incorporated a pressure modulation procedure aimed at assessing the sen-
sitivity of the two distances to scalp blood flow.*> The large contrast between the reconstructed
CBF time course obtained from the model (Fig. 7) and the blood flow changes measured at the
two distances individually (Fig. 3) demonstrates the importance of using multi-layered models to
separate scalp and brain signal contributions. Similar approaches have been used to isolate CBF
responses to thigh cuff-induced transient hypotension'* and to hypercapnia.’' To confirm the
CBF time course derived from the model, the LBNP experiment was repeated after inflating
a pneumatic tourniquet to impede scalp blood flow. In agreement with the modeling results,
the measured blood flow response showed no significant decrease during LBNP (Fig. 7).
Similarly, no significant reduction in MCAv as measured by TCD was found (Fig. 7).

The small discrepancy between the average reductions in MCAv and DCS-CBF could be
explained by the error in the DCS analysis introduced by assuming an average scalp/skull thick-
ness of 1.2 mm. To investigate the impact of this assumption, the analysis of the LBNP data was
repeated while varying the distance to the brain from 1 to 1.4 cm. The corresponding CBF reduc-
tions ranged from —1.10% =+ 2.01% to —2.08% =+ 3.91%, none of which were significantly dif-
ferent from baseline (all p > 0.13), indicating that the cerebral microvasculature had minimal
response to LBNP. The discrepancy between MCAv and DCS, despite neither being significant,
may have been due to increased vascular compliance, designed to protect the microcirculation
from hypoperfusion.

The considerable differences in blood flow response in brain and scalp to LBNP illustrate the
expected differences in flow regulation in central and peripheral tissues. Myogenic, metabolic,
endothelial, and neurogenic mechanisms are involved in the maintenance of CBF during fluc-
tuations in blood pressure. However, the degree of flow regulation is not as critical to scalp tissue
considering the low metabolic demands of resting skin and muscle and its ability to store oxygen
in myoglobin. The contrasting responses between scalp and brain have also been observed with
respect to vascular reactivity to hypercapnia. While it is well known that the cerebral vasculature
is exquisitely sensitive to changes in arterial CO, tension,*’ vascular reactivity in the scalp is
considerably muted and slower by comparison.> Considering that blood pressure management
is a central component of critical care, differences in vascular regulation between brain and scalp
again highlight the need for multi-layer modeling approaches for disentangling flow changes in
the two tissues.

The lack of cerebral response to the rapid-onset LNBP was also observed in the trNIRS
results. Although multidistance measurements can be combined with trNIRS to improve the sep-
aration of the scalp and cerebral components, a time gate positioned at the rising edge of a DTOF
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recorded at a distance typically used for neuromonitoring (7sp = 3 cm) will be predominately
sensitive to extracerebral tissue.*” Likewise, a time gate placed at the trailing edge of a DTOF or a
higher moment will provide greater sensitivity to the brain. Using the depth-sensitivity built into
time-of-flight data, this study demonstrated that oxygenation changes sensitive to superficial
tissue were significantly reduced during LBNP (Fig. 4). Reduced StO, during LBNP has been
reported in previous studies using commercial NIRS systems.’**! However, scalp contamination
could not be ruled out as StO, also correlated with skin blood flow measured by laser Doppler
flowmetry during LBNP.> In the current study, none of the oxygenation metrics derived from
either the late gate or variance exhibited a significant change in response to LBNP (Fig. 5).
Furthermore, StO, changes obtained from these two depth-sensitive methods were significantly
smaller than the changes derived from the early gate and AN analyses, reflecting the differences
in scalp and brain vascular responses to a sudden drop in blood pressure. The total hemoglobin
concentration was used as a marker of relative blood volume changes, and the negligible
decrease during LBNP (Fig. 5) confirms the CBF results obtained from the multidistance
DCS data.

A limitation of deriving CBF from a multi-layer model is the increase in the number of
variables, including the optical properties of the different tissue layers and the thicknesses of
the extracerebral layers.”> While trNIRS provided estimates of baseline optical properties in the
current study, estimates of scalp and skull thickness were based on previously MRI measure-
ments. As discussed above, calculating the tCBF response to LBNP using a range of skull/scalp
thicknesses did not substantially change the time course shown in Fig. 7. However, the uncer-
tainty introduced using an assumed value likely contributed to high inter-subject variability
observed in Fgy and Fc (Table 1). In comparison, inter-subject variability in baseline
CBF is typically <20%. It is noteworthy that the two participants with the largest discrepancies
in baseline p, o (numbers 3 and 8) and highest baseline y/, values (10.4 cm™" and 10.9 cm™!,
respectively) contributed the most to the intersubject variability in F¢ . Removing these two
lowered the variability from ~40% to 23%. Note that the outcomes of the LBNP experiment
were the same with and without including these participants. Incorporating the extracerebral
thickness as an additional fitting parameter in the optimization routine has been suggested and
warrants further investigation.*>>*

5 Conclusions

The current study demonstrated significantly greater changes in extracerebral hemodynamics
than cerebral hemodynamics during a period of transient hypotension. These findings illustrate
the importance of accounting for extracerebral signal contamination with DCS and NIRS mea-
sures of cerebral hemodynamics during standard physiological paradigms for evaluating cerebral
autoregulation. Specifically, we demonstrated that multilayered analysis applied to DCS data
acquired at two source-detector distances and trINIRS substantially reduced the effects of extrac-
erebral signal contamination on cerebral hemodynamic and oxygenation measurements during
transient hypotension. The lack of a substantial cerebral hemodynamic response was further con-
firmed by simultaneously measuring MCAv by TCD and by repeating the LBNP challenge while
scalp blood flow was impeded by a head tourniquet, which resulted in a substantially lower blood
flow response measured by DCS.
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