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OZET

Kaya K., Karotis Endarterektomi Sirasinda Serebral Kan Akim ve
Metabolizmasimin  Optik izlenmesi, Hacettepe Universitesi Saghk Bilimleri
Enstitiisii Fizyoloji Programi Doktora Tezi, Ankara, 2022. Karotis endarterektomi
(KEA), karotis bifurkasyondaki plak kaynakli embolik inme riski altinda olan
hastalarda bu plag: ortadan kaldirmak i¢in yapilan cerrahi bir operasyondur. Cerrahi
alanda kan akimini durdurmak i¢cin KEA karotis arterlerin (ortak, i¢ ve dig) ¢apraz
klemplenmesini gerektirir, bu da ipsilateral yarimkiirede hemodinamik bir zorluga ve
emboli riskine neden olur. Bu nedenle, serebral hemodinami veya elektrofizyoloji
farkli norogoriintiilleme teknikleri ile intraoperatif izlenir (6rn., yakin kizilotesi
spektroskopisi (NIRS), elektroensefalogram (EEG), somatosensoriyel uyarilmig
potansiyeller, karotis giidiik basinc1 ve transkraniyal Doppler ultrason). KEA sirasinda
EEG yaygin olarak kullanilmakta ve giivenilir bir izleme teknigi olarak goriilmesine
ragmen, serebral kan akiminin (SKA) vekil bir 6l¢iimiidiir. Ek olarak, farkli anestezi
uygulamalar1 EEG dalgalarini baskilayabilir ve yeterli SKA tespitini zorlagtirabilir.
Ayrica, KEA sirasinda SKA'nin izlenmesi igin altin bir standart bulunmamaktadir. Bu
nedenle, KEA hastalarinda birlesik diffiiz korelasyon spektroskopisi (DCS) ve NIRS
sistemi ile SKA indeksi (SKA;) ve serebral metabolizmadaki degisiklikleri aragtirmay1
amacladik. Giivenilir bir EEG spektral analiz yontemi olan desenkronizasyon
fonksiyonunu kullanarak yirmi iic KEA hastasinda EEG gii¢ spektrumlarindaki
degisiklikleri serebral hemodinami ile karsilastirdik. Ayrica, klemp sonuncu olusan
elektrofizyolojik ve norovaskiiler degisiklikleri gostermek icin desenkronizasyon
fonksiyonlarinda farkli indiiksiyon anestezilerini degerlendirdik. Son olarak,
hemisferik farkliliklar1 yakalamak i¢in varyasyon katsayisini dlgerek SKA; ve EEG
gii¢ spektrumlari i¢indeki degiskenligi degerlendirdik. Birlesik bir DCS-NIRS sistemi,
KEA sirasinda elektrofizyolojiyi tamamlayici serebral hemodinami degerlendirmesi
sunabilir. DCS-NIRS birlesik sistemi ile intraoperatif norogoriintileme klemple
indiiklenen serebral hipoperfiizyonun izlenmesine ve yatan hasta bakiminda akut
yonetim degisikliklerinin yapilmasina yardimci olacaktir (6rn., arteriyal sant). Beynin
elektrofizyolojik ve norovaskiiler durumunun degerlendirilmesi, hipoperfiizyon ve
hipoksi gibi istenmeyen olaylar1 ve serebral iskemiyi Onleyebilir ve kisisellestirilmis

perflizyon stratejilerinin belirlenmesine izin verebilir.

Anahtar Kelimeler: Intraoperatif ndrogoriintiileme, karotis endarterektomi, diffiiz korelasyon

spektroskopisi, beyin kan akimi, yakin kiziltesi spektroskopi, anestezi
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ABSTRACT

Kaya K., Optical Monitoring of Cerebral Blood Flow and Metabolism During
Carotid Endarterectomy, Hacettepe University Graduate School of Health
Sciences Doctor of Philosophy Dissertation in Program of Physiology, Ankara,
2022. Carotid endarterectomy (CEA) is a surgical operation to eliminate plaque in the
carotid bifurcation where patients are at risk of embolic stroke. CEA requires cross-
clamping of carotid arteries (common, internal, and external) to halt the blood flow in
the surgical area, causing a hemodynamic challenge to the surgical hemisphere and the
risk of embolus. Therefore, cerebral hemodynamics or electrophysiology is
intraoperatively monitored via different modalities, including near-infrared
spectroscopy (NIRS), electroencephalogram (EEG), somatosensory evoked potentials,
carotid stump pressure, and transcranial Doppler ultrasound. Although EEG is a
commonly used and reliable monitoring technique for CEA, it is a surrogate measure
of cerebral blood flow (CBF). Further, different anesthetic regimens could suppress its
waveforms, making it difficult to rely on to ensure adequate CBF. Furthermore, there
has been no gold standard for monitoring CBF during CEA. Therefore, we aimed to
investigate changes in CBF index (CBF;) and cerebral metabolism via combined
diffuse correlation spectroscopy (DCS) and NIRS system in patients who underwent
CEA. We compared changes in EEG power spectra with cerebral hemodynamics on
twenty-three CEA patients by quantifying a well-known EEG spectral method,
desynchronization function. We also assessed different induction anesthesia on
desynchronization functions to indicate electrophysiological and neurovascular
changes with respect to clamping. Finally, we evaluated variability within CBF; and
EEG power spectra by quantifying the coefficient of variation to capture hemispheric
differences. A combined DCS-NIRS system can deliver complementary cerebral
hemodynamic assessment to electrophysiology during CEA. Furthermore,
intraoperative monitoring of clamp-induced cerebral hypoperfusion with a combined
DCS-NIRS system would help make acute management changes in inpatient care (e.g.,
arterial shunting). Assessing the electrophysiological and neurovascular status of the
brain can avert undesirable events such as hypoperfusion and hypoxia, prevent cerebral

ischemia and allow determining personalized perfusion strategies.

Keywords: Intraoperative neuromonitoring, carotid endarterectomy, diffuse correlation spectroscopy,

cerebral blood flow, near-infrared spectroscopy, anesthesia
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1. INTRODUCTION

)

“Natura valde simplex est et sibi consona.’

Sir Isaac Newton

Carotid endarterectomy (CEA) is a surgery to remove atherosclerotic plaque at
the carotid bifurcation. The mainstay of CEA surgery is to reduce the risk of embolic
stroke by removing the plaque, which is mainly located in the vicinity of the internal
carotid artery (ICA) and common carotid artery (CCA). CEA procedure entails cross-
clamping of the three branches of the carotid artery (common, internal, and external)
at the surgery side, leading to a complete cessation of blood flow (1). During the cross-
clamping, stable cerebral blood flow (CBF) is ensured by cerebral autoregulation,
whereby the ipsilateral brain hemisphere maintains oxygen-rich blood through the
circle of Willis (CoW) and collateral circulation (2,3). Nevertheless, there may not be
adequate delivery and compensation due to abnormal CoW anatomy and/or
autoregulatory disturbance of cerebral hemodynamics. Therefore, cerebral
electrophysiology and hemodynamics must be concomitantly assessed by different

neuroimaging techniques during CEA.

Currently, electroencephalography (EEG) is the most feasible and commonly
used intraoperative neuroimaging technique, among other eligible neuroimaging
techniques (4,5). EEG is a noninvasive method of recording postsynaptic neuronal
activity using either scalp or needle electrodes placed onto the skin. As a surrogate
measure of CBF, EEG relies on deterioration in neuronal activity caused by prompt
reduction in CBF and metabolism. However, different anesthetic regimens produce
different changes in CBF and spectral EEG due to flow-metabolism coupling or
decoupling, such as propofol with higher concentrations of sevoflurane (6,7). During
CEA, EEG is examined in real-time through visual inspection from both raw and
processed data (e.g., compressed spectral function) to detect cerebral hypoperfusion.
While it is easy to interpret processed data than raw data, processed EEG may not
contain substantial information due to conversion, leading to misinterpretation of EEG
data (8,9). As a shunt is utilized with respect to changes in EEG data, this

misinterpretation may trigger unnecessary use of a shunt and induce an embolic event.



Although EEG allows for identifying CBF variations in clinical practice as a
surrogate measure, there are common limitations to EEG recordings during CEA. One
requires the use of a specific anesthetic regimen that can allow reliable recordings
since various anesthetic agents and their doses could suppress EEG waveforms. Thus,
it can be difficult and challenging to rely on EEG to ensure adequate CBF (10).
Another is dependent on expert clinical neurophysiologists who can interpret CBF
adequacy or lack thereof upon clamping from the raw and/or processed EEG (5,11).
These issues can be overcome by employing a complementary neuroimaging
technique that could provide important insight into cerebral hemodynamics and

improve the efficacy of detecting cerebral hypoperfusion and hypoxia.

Optical neuroimaging techniques have made notable progress in offering
continuous, easy-to-use, and noninvasive cerebral hemodynamic monitoring devices
for research and clinical practice (12—15). Near-infrared spectroscopy (NIRS) uses
light attenuation on the well-known spectral window of the near-infrared (NIR) range
(650 — 850 nm) wherein absorption of biological tissue enables quantifying
concentrations of oxyhemoglobin ([HbO]), deoxyhemoglobin ([HbR]), total
hemoglobin ([HbT]), and hemoglobin oxygenation (SO2) (16,17). NIRS offers
practicality over EEG as it does not require a gel or a paste to assure connectivity.
While NIRS has a better spatial resolution to consider hemodynamic responses, EEG
offers a better temporal resolution. Nevertheless, NIRS and EEG are complementary

neuroimaging techniques that can be used simultaneously without cross-talk (18,19).

Diffuse correlation spectroscopy (DCS) is an emerging optical technique for
noninvasively measuring a blood flow index (BF;, cm?/s) in biological tissues. Studies
have shown that DCS can monitor BF; in adults and neonates (12,13,20,21). DCS
quantifies the temporal fluctuations in the intensity of the speckle pattern formed when
coherent near-infrared light passes through biological tissue. This speckle pattern
fluctuates by the drift of moving scatterers (e.g., erythrocytes) (22). The time of these
fluctuations is then quantified by the normalized temporal autocorrelation function (g2)
from the detected light. By fitting the correlation diffusion equation to the g2, DCS can

quantify a BF; in the illuminated tissue (23—26). The measuring perfusion index



provided by DCS can potentially offer critical information to the clinical team for

preventing intraoperative complications of CEA (12,27).

As clamping causes a reduction in CBF and a decrease in relative alpha-band
power with respect to the pre-clamping baseline, it can be a reliable indicator of
cerebral ischemia (28). This approach has been demonstrated by the EEG
desynchronization function (D(t)) in the 815 Hz band power reduction for patients
who underwent CEA surgery (4). However, the real-time changes in neuronal and
neurovascular responses and their interactions with anesthesia have not yet been
elucidated. In this dissertation study, therefore, we used a combined DCS-NIRS
system to monitor changes in CBF and hemoglobin concentrations about neuronal

changes for patients who underwent CEA. The purpose of this dissertation is threefold:

Firstly, we aimed to show the feasibility of using a combined DCS-NIRS
system to noninvasively and continuously acquire cerebral BF; (CBF;) and hemoglobin
concentrations in conjunction with EEG recordings during CEA. Together, these
measurements can provide important insight into -electrophysiological and
hemodynamic status of cerebral physiology to better indicate hypoperfusion and help

to facilitate strategies for amplifying optimal cerebral perfusion during CEA.

Secondly, we hypothesized that the effect of clamping might be more notable
in CBF;j data than in EEG power spectra. To address this hypothesis, we first calculated
the EEG D(t), a slope of D(t), the minimum value (D-index), and the time-to-minimum
of D(t) after clamping. Then, we applied the same methodology to the CBF; data to
obtain derivatives of D(t) to compare them with that of EEG in all patients. We also
performed group comparisons between CBF; and EEG power spectra according to the

offline EEG classification (4,28).

Lastly, we hypothesized that the different anesthetics might induce different
hemispheric neuronal and hemodynamic responses. To address this hypothesis,
coupling between neuronal and neurovascular responses was examined for all
induction anesthesia agents. We then quantified the coefficient of variation (CV) for

each hemisphere to capture clamp-induced changes within 30—min for CBF; and EEG.



2. BACKGROUND
2.1. Carotid Endarterectomy

The carotid bifurcation is an anatomical region where the CCA divides into the
ICA and external carotid artery (ECA). While ICA provides blood flow to cerebral
tissue, ECA provides blood flow to extracerebral compartments such as the skin and
scalp. Carotid bifurcation has physiological importance as it contains baroreceptors
and chemoreceptors that regulate homeostasis in response to acute changes in arterial
blood pressure (ABP) and arterial oxygenation, respectively. Moreover, arterial
vascularization of the head and neck area derives from the carotid and vertebral
arteries, which make carotid bifurcation even more critical in different physiological

and pathological processes (29).

The main arterial inflow is delivered to the brain via four major arteries: two
ICAs and two vertebral arteries (Figure 2.1A). Eighty-to-ninety percent of the cerebral
blood supply is delivered via the two ICAs, and the rest comes from the vertebrobasilar
system (30). Therefore, ICAs are quantitatively the most important (31). The CoW
ensures equal pressure on both hemispheres and does not allow crossing over the blood
flow in normal conditions (Figure 2.1A, highlighted area). Moreover, the CoW offers
considerable protection to the brain against occlusion. The CoW is located below the
hypothalamus and is formed by the union of the carotid and vertebrobasilar arteries.
The CoW is the origin of the six large vessels that supply blood flow to the almost

entire cerebral cortex (Figure 2.1B).
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Figure 2.1. Illustration of the establishment of Circle of Willis (A, highlighted area) and
vascular anatomy of the brain (B). The temporal lobe was pulled down in the
B, exposing the left cerebral arteries and ICA. Pial arteries travel through the
brain's surface and constitute penetrating arterioles to supply the
microcirculation. The figure was taken and modified from (30).

Atherosclerosis mainly occurs at the carotid bifurcation (Figure 2.2A) that of
15-20% between CCA and ICA, especially in the region of the carotid sinus (Figure
2.2B). This built-up plaque can cause ischemic stroke through an embolus in the
cerebral circulation that usually ends up in the anterior or posterior cerebral arteries.
To provide normal CBF, as in Figure 2.2C, CEA is performed to eliminate this built-
up plaque at the carotid bifurcation that requires clamping of three branches of the
carotid artery (Figure 2.2D). During cross-clamping, ipsilateral CBF depends upon
perfusion through collateral circulation and might be affected by changes in the
collateral circulation, which is primarily dependent on contralateral circulation (1,32)
(Figure 2.2E). Nonetheless, most strokes are due to embolization or thrombosis in
nature, even though cross-clamping is a major hemodynamic challenge to the cerebral

circulation.

Moreover, cerebral hypoperfusion and hypoxia might be triggered by
inadequate collateral flow and impaired cerebral autoregulation (33). In addition,

ischemic stroke can be induced by dissection, shunt utilization, and unclamping of the



carotid arteries. This hemodynamically impaired perfusion may also not be beneficial

for CEA patients.

Circle of
Willis _

Anterior—____
cerebral
artery

Internal—"|
carotid

artery i
Basilar —
artery

External
carotid artery
(supplies face,
scalp and neck)

Anterior—""
spinal artery

“Vertebral

External —
artery

carotid
artery

Intemal carotid '
artery (supplies
blood to brain)

Right
common
carotid
artery

Figure 2.2. Illustration of the carotid bifurcation position on the neck (A). The CEA
is performed to remove built-up plaque at carotid bifurcation (B) to
restore normal blood flow (C). During the cross-clamping (D), CBF and
metabolism are received from collateral circulation via CoW (E). Figure
A, B, and C were taken from (34), D from (35), and E from (30).

2.1.1.Management of Cerebral Ischemia during CEA

To prevent cerebral ischemia, a shunt can be utilized as a primary intervention
to provide supplemental blood flow from the CCA to the ICA upon cross-clamping
(36). Additionally, systemic blood pressure can be increased at more than 20% of the
preoperative level to maintain adequate CBF via the shunt, and thus, cerebral perfusion

pressure can be maintained.

Although a carotid shunt may be beneficial since it provides supplemental CBF
in patients with high-degree contralateral stenosis or abnormal CoW anatomy, it may
trigger acute complications such as air or plaque embolization and intimal injury as
well as other complications such as infection, nerve injury, hematoma, and carotid re-

stenosis. Therefore, cerebral physiology should be intraoperatively monitored via



different neuromonitoring techniques to detect neurological and/or hemodynamic

changes that may necessitate shunt utilization.

2.1.2.Intraoperative Neuromonitoring during CEA

CEA patients are often monitored intraoperatively via EEG, somatosensory
evoked potential (SSEP), carotid stump pressure (CSP), transcranial Doppler (TCD)
ultrasound, and NIRS (4,5,37). However, none of them is perfect in terms of ease of

use, continuity of monitoring, signal source, and requirement of skilled personnel.

Both EEG and SSEP are noninvasive methods to measure postsynaptic
neuronal activity. As surrogate measures of CBF, they can be effective in detecting
cerebral ischemia and indicating abnormal CBF changes. However, they suffer from
common limitations. First, anesthetic agents and their doses affect neuronal activities
and could suppress EEG and SSEP waveforms, making them difficult to rely on to
ensure adequate CBF (10). Second, the utility of these neurophysiologic tests depends
on the availability of expert clinical neurophysiologists—finally, the requirement of
using specific anesthetic regimens to allow reliable electrophysiological recordings. In

addition, they are measurement-specific limitations for EEG and SSEP.

There are two types of EEG interpretation during CEA: raw and processed
EEG. The interpretation of the real-time raw EEG is difficult because of requiring
substantial skill and experience. Conversely, it is easier to interpret the real-time
processed EEG. However, there is a significant loss of information during the
conversion from raw to processed EEG (8,9). Furthermore, some patients’
postoperative course results in neurological deficits even though no significant

EEG/SSEP changes were shown during the CEA procedure (5,11).

SSEP offers some advantages over EEG in terms of detecting cerebral
ischemia. In SSEP, information travels through a stimulated peripheral nerve carried
by first- and second-order neurons and denotes an evoked response in the
somatosensory cortex. Therefore, SSEP also examines the subcortical structures along
with the cerebral cortex. Nevertheless, SSEP has remained as a theoretical approach

and failed to indicate any particular advantage over EEG (38,39).



As distinct from SSEP and EEG, CSP and TCD ultrasound are perfusion-
related measurements. CSP is measured at the distal end of the ICA after CCA and
ECA are clamped. While indicating the collateral circulation efficiency of the CoW,
CSP is a noncontinuous, invasive measurement, and the available evidence has failed
to validate its efficacy (40). Several studies have shown that the sensitivity of CSP is
not delicate to identify CEA patients who posed EEG changes with respect to cerebral
ischemia upon cross-clamping (41,42). Furthermore, the pressure threshold of CSP
established under general anesthesia is not well defined. Therefore, CSP is not a
completely reliable neuromonitoring method for indicating neurological changes and

cerebral hypoperfusion.

TCD ultrasound can measure blood flow velocity reductions in the middle
cerebral artery to detect emboli and directly quantify the amount of cerebral
hypoperfusion and its severity on neuronal function (43). However, TCD ultrasound
is not generally adopted for intraoperative CEA monitoring because of the difficulty
maintaining alignment with the middle cerebral artery for long periods, the inability to
measure the proximal part of the cerebral arteries, and the need for a skilled technician
(44). In addition, TCD ultrasound cannot be used on 10—15% of patients as they lack

a sufficient temporal bone window (45).

2.1.3. Hemodynamic Changes during CEA

The compelling issue is the management of hypotension and hypertension
episodes during the intraoperative course for hypertensive patients. Since hypertension
is marked among CEA patients, cardiovascular perturbations are common in these
patients under anesthesia (46,47). Consequently, ABP is markedly increased upon
cross-clamping to avoid hypoperfusion. In the same manner, ABP is decreased upon
unclamping to avoid hyperperfusion. The anesthetics and anesthetic regimen are also
essential to maintain adequate cerebral perfusion since anesthetic agents affect cerebral
hemodynamics differently. Sevoflurane facilitates less vasodilation than isoflurane at

the same depth of anesthesia, although both provide rapid recovery (48).



Nevertheless, there are no precise data in favor of any anesthetic regimen with
respect to CBF and metabolism. Studies have shown that some sevoflurane
concentrations (i.e., 1.0 MAC) cause concomitant regional CBF reduction and
metabolism in almost all areas (6), whereas some sevoflurane concentrations (i.e., 1.5
MAC) increase regional CBF in some regions (e.g., frontal cortex, thalamus,
cerebellum) (49). In addition, anesthesia is usually maintained by propofol which leads
to marked reductions in CBF and metabolism (50). Notably, different anesthetic agents
yield marked CBF and metabolic rate reductions due to tight coupling. This is in
contrast to the flow-metabolism decoupling in some anesthetic combinations, such as

propofol with higher sevoflurane concentrations (6).

The postoperative course of CEA is notable for hypotension in 8-10% of
patients and hypertension in 25-58% of patients (51). Indeed, postoperative
deterioration in the sensitivity of the carotid baroreceptor reflex might cause
postoperative hypotension or hypertension (52—54). This is probably due to transient

mechanical injury in baroreflex sensitivity triggered by surgery (55).

2.2. Optical Brain Imaging

In recent years, optical neuromonitoring techniques have augmented our
understanding of the hemodynamic origins of the brain by providing easy-to-use and
bedside neuromonitoring devices (12,13). When NIR passes through to biological
tissue via placed LEDs or optical fibers connected to lasers, optical changes of
illuminated tissue (e.g., absorption or scattering) can be quantified by an optical
detector placed at a distance from the source. By quantifying these properties, we can
noninvasively monitor changes in CBF and metabolism. Although there are several
ways of employing NIR diffuse optical spectroscopies, we will primarily focus on

continuous-wave NIRS (CW-NIRS) and DCS in this dissertation study.

2.2.1.Near-infrared Spectroscopy

NIRS is a noninvasive neuroimaging technique that quantifies light attenuation

by emitting multiple wavelengths in the optical spectrum of 650 — 850 nm to quantify
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regional concentration changes in [HbO], [HbR], and [HbT] (A[HbO], A[HbR], and
A[HbT], respectively) of the mixed arterial, capillary, and venous bed under the optical
probe placed onto the skin (16). There are three types of NIRS modalities: 1) CW-
NIRS, 2) frequency-domain NIRS (FD-NIRS), and 3) time-domain NIRS (TD-NIRS).
Absolute optical properties can be measured by FD-NIRS or TD-NIRS systems, which
utilize light pulses or sinusoidally modulated light. These modalities also allow
quantifying absolute [HbO] and [HbR] (56). This is in contrast to CW-NIRS (a.k.a.
functional NIRS), which quantifies relative concentration changes with respect to a
baseline. By employing the optical tissue properties in the literature (57), the amount
of hemoglobin oxygenation can be calculated by CW-NIRS. Using the modified Beer-
Lambert law (MBLL), we can quantify A[HbO], A[HbR], and A[HbT]. The benefit of
MBLL is to characterize the relationship between light intensity and light absorption

in the illuminated tissue.

To measure changes in hemoglobin concentrations, absorption coefficient
changes of light (Apa(4)) from at least two wavelengths (4) must be measured. MBLL
(Eq. 1) denotes the light intensity changes (AI(A)) relative to the baseline light intensity
changes (Io(4)). This can be translated into Apa(A) at a distance (L) between the source
and detector (58):

1 AIQY) Eq. 1
M) = 5T T
NETNIE)
ppF = VoMY Eq.2

2y Ha (M)

The differential pathlength factor (DPF, see Eq. 2) is a function in which
absorption coefficient (u.) and reduced scattering coefficient (") are used to assume
the absolute optical properties of tissue. DPF delineates the average distance that light
travels through the biological tissue, which is approximately equal to 6 for human

measurements. DPF can be assumed from literature for CW measures or obtained by
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FD or TD systems. A[HbO] and A[HbR] can be derived by assuming the molecular
light extinction coefficient (&) of HbO and HbR from literature (59):

Ap,(A) = Z en(A) - Acy Eq.3

n

where Ac, is the concentration changes of all absorbers. Using at least two 4,
we can distinguish two absorbers (i.e., HbO and HbR). As other absorbers are
primarily constant during a measurement, we can assume constants for other absorbers

from literature, including water, lipids, and melanin.

2.2.2.Diffuse Correlation Spectroscopy

DCS is an emerging optical technique that can directly and noninvasively
measure a BF;. Briefly, DCS quantifies speckle interference patterns formed by
coherent NIR. The speckle pattern fluctuates by moving scatterers (e.g.,
erythrocytes) (22). The time of these fluctuations is quantified by the g»(t) from
the detected light (see Eq. 4).

g2(v) = (I(OI(t + D) /(I(D)* Eq. 4

By fitting the correlation diffusion equation to the gx(t) curve, DCS can
quantify a BF; in different compartments depending on the decay rate as illustrated in

Figure 2.3 (23,24,26). The details about the quantification of BF; are as follows.
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Figure 2.3. Illustration of normalized intensity autocorrelation function decay. Faster
decay indicates faster blood flow (e.g., brain), while slower decay
indicates slower flow (e.g., skin/scalp).

When a beam of coherent laser light travels through a turbid medium, the light
is scattered and emerges from the media as an intensity pattern that composes many
bright and dark spots called speckles. Since the scattering particles in the turbid
medium are moving, the speckle pattern and the light intensity fluctuate over time.
This time-varying intensity is detected by an avalanche photodiode detector (APD).
For the single scattering case, the angle of scatter, #, and the particle's motion
determines the decay rate of the correlation function. Therefore, blood flow in tissue
can be estimated by quantifying the time scale of the fluctuations using the electric
field temporal autocorrelation function (gi(t), Figure 2.4A). More specifically,
quantifying the decay of the correlation function provides information about the mean-
squared displacements of scattering particles, (Ar%(t)), in tissues such as red blood

cells (RBCs), which are approximated quite well as an effective Brownian motion
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(21,24,60,61). Therefore, we can obtain quantitative information on particle motions

by measuring the temporal fluctuations of scattered light (62).

Expanding to the multiple scattering case, which is more realistic when
modeling DCS measurements, light is scattered numerous times by RBCs in tissue.
Photons reaching the detector typically follow different trajectories through the
medium (Figure 2.4B). Under these conditions, the correlation function can be
calculated within the same framework as a single-scattering event. In addition, since
the photon diffusion model in DCS depends on the optical properties of tissue (i.e., ua
and us'), they are either assumed from the literature or measured by more advanced

systems (e.g., FD or TD) (63,64).

| ’rw/\/\/,\/\/\)ﬁ\v/\/\fj\/\

t

Source Fiber Detector Fiber

Figure 2.4. Illustration of a single scattering event (A) and multiple scattering events
(B) along a single photon path in turbid media. k is the wavevectors for
each event (j"). q is the momentum transfer, and @ is the scattering angle
of each scattering. The solid line represents the photon path at time t,
while the dotted line represents the photon path at time t + 1. During the
delay time 1, the scatterer moves Arj(t). The figure was taken and
modified from (22).
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Because optical detectors measure light intensity instead of the electric field, a
model connecting the gi(t) to g2(t) is required. The Siegert relation (see Eq. 5) is then
used to extract the electric field autocorrelation function from the intensity data (65).
Since the decay rate (K (7)) is determined by fitting gi(t) (see Eq. 6), this information

and optical tissue properties allow for the extraction of the tissue BF; (see Eq. 7).

92(0) =1+ Blg,(DI? Eq.5
exp (—K(t)* r, exp (—K(t)* 1 Eq. 6
g:1(0) = -
n o
K = [3uatts + 6KGUEBED) Fq. 7

where B is known as the coherence parameter in Eq. 5, and for typical DCS
experiments taken in the reflection geometry with a high coherence laser source, is

equal to 0.5.

DCS has been validated by several studies towards ‘gold standard’ methods in
humans (24,66), animals (67—69), and human neonates (70). Furthermore, DCS has an
enormous potential to differentiate pathologic conditions (71-74), and DCS-derived
indices, such as cerebral autoregulation and cerebrovascular resistance, hold promise

for inpatient care (12,75,76).
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3. MATERIALS and METHOD

3.1. Study Patients and Procedure

We enrolled twenty-six patients who underwent CEA between September 2016
and January 2021 at the Massachusetts General Hospital. After compliance of potential
CEA patients with inclusion criteria, the study was introduced to the patients by a
physician during their preoperative visit. After providing sufficient time to evaluate
whether to participate, CEA patients signed the informed consent. This study was
reviewed and approved by the Massachusetts General Hospital and Mass General
Brigham Institutional Research Board (#2015P002669). This study was supported by
the National Institutes of Health grants ROIGM116177 and ROITHD0091067.

Twenty-three patients (age 69 + 8, range 53-90, 10 females) were included in
this study. One patient was excluded due to a lack of EEG data, one was excluded due
to a hardware issue, and one was excluded because the optical probe was placed on
the temporal rather than a prefrontal area for evaluation of the signal quality at the very
beginning of the study. Table 3.1 indicates the remaining patients' demographics,
optical measurements, duration of measurement and clamping, degree of ipsilateral

and contralateral stenosis, and comorbid diseases.



Table 3.1. Measurement and patients’ clinical characteristics.
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Patient Age Weight Height  Sex Optical Measurement Clamp Degree of Stenosis
@ e Memsurement LR Duration Ipsilateral  Contralateral
1 70 70 168 F Unilateral 2 h, 52 min 48 min 70-89% No stenosis
2 62 98 178 M Unilateral 2h,29 min 53 min 70-89% 1-19%
3 73 73 157 F Unilateral 2 h, 20 min 1 h, 4 min 20-49% No stenosis
4 64 89 175 F Unilateral 3 h, 58 min 1h, 19 min 70-89% 20-49%
5 66 87 175 M Unilateral 2h, 19 min 1h, 1 min 90-99% 1-19%
6 70 113 175 M Unilateral 3 h, 53 min 40 min 1-19% 1-19%
7 77 89 177 M Unilateral 3h, 17 min 1 h, 17min 20-49% 1-19%
8 74 113 173 M Bilateral 3 h, 34 min 58 min 70-89% 70-99%
9 53 49 160 F Bilateral 3h, 14 min 52 min 70-89% No stenosis
10 64 160 74 F Bilateral 2 h, 48 min 55 min 70-89% 1-19%
11 68 95 175 M Bilateral 2h,48 min 1h, 5 min 70-89% 20-49%
12 90 86 172 M Bilateral 2h,25 min 1h, 3 min 70-89% No stenosis
13 67 77 168 F Bilateral 1 h, 35 min 37 min 70-89% No stenosis
14 63 74 165 F Bilateral 2h,27 min 1h,3 min 20-49% 1-19%
15 78 77 173 F Bilateral 2h,33 min 49 min 70-89% 1-19%
16 66 98 191 M Bilateral 1 h, 53 min 46 min 50-69% 100%
17 56 78 183 M Bilateral 2h,47 min 1h, 1 min 70-89% 1-19%
18 69 107 183 M Bilateral 2 h, 55 min 1h,4 min 70-89% 20-49%
19 74 85 163 F Bilateral 2h, 11 min 43 min 70-89% 50-69%
20 66 100 160 F Bilateral 2 h,24 min 56 min 50-69% 1-19%
21 80 77 170 M Bilateral 4h, 04 min 1 h,34 min 70-89% No stenosis
22 65 73 165 M Bilateral 1 h, 15 min 53 min 70-89% 70-89%
23 64 90 168 M Bilateral 2h,02 min 56 min 70-89% 50-69%
Age, year (mean + SD) 69+8
Range 53-90
FM 10:13
Comorbid Disease n=23
Hypertension 78%
Diabetes-Mellitus 39%
Coronary Disease 26%
Hyperlipidemia 48%

Atrial Fibrillation

13%
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During the surgery day, one or two optical probes (Figure 3.1A, indicating
probe geometry) were secured to the patient’s forehead alongside the clinically used
EEG electrodes during preoperative procedures (Figure 3.1B). Measurements were
taken in the operating room from general anesthesia induction until the end of

anesthesia administration.

A.

Long Separations

25 mm

30 mm

Figure 3.1. (A) The DCS-NIRS probe. Red square is the co-localized DCS and NIRS
source fiber, blue is the co-localized DCS and NIRS short separation
detector fiber, orange is the DCS long separation detector, and green is
the NIRS long separation detector. (B) The optical probes after bilateral
placement on patient #21. The figure was taken and modified from (12).

Anesthesia induction was carried out intravenously via propofol with
sevoflurane, propofol with isoflurane, and propofol alone. Anesthesia was also
maintained with a bolus of propofol. In some patients, fentanyl or remifentanil, and an
additional NO> mixture were also used for anesthesia maintenance. An expert
neurophysiologist visually inspected raw and processed EEGs during the CEA
procedure. Based on the intraoperative inspection, the shunt utilization was decided in
three patients (#5, 11, and 20) due to immediate EEG changes and slowing down in
fast frequencies after 1-2 min clamping. On one patient (#10), the shunt decision was
planned preoperatively, as the patient may have encountered hemodynamic challenges
given the patient’s stroke history and cardiovascular diseases (Table 3.2). For muscle
relaxation, some additional drug is also administered to facilitate tracheal intubation

such as lidocaine.



Table 3.2. Anesthesia induction, maintenance, and shunt utilization.
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Patient Shunt  Induction Maintenance

Propofol Sevoflurane Isoflurane Fentanyl Remifentanil NO;
1 No 100 mg 0.8% 100y 80y 75%
2 No 150 mg 0.8% 50y
3 No 100 mg 1.0% 100y
4 No 150 mg 1.5% 150 y
5 Yes 120 mg 1.0% 25y 50%
6 No 100 mg 0.6% 100 y 55%
7 No 100 mg 1.0% 200y 50%
8 No 100 mg 1.0% 100 y
9 No 100 mg 1.0% 75y 50%
10 Yes 100 mg 1.5% 75y
11 Yes 100 mg 0.8% 50y 70%
12 No 100 mg 150y
13 No 100 mg 1.1%
14 No 100 mg
15 No 100 mg 0.6%
16 No 100 mg 150y
17 No 100 mg 2.0% 100y
18 No 100 mg 150y
19 No 150 mg 100y 150y 50%
20 Yes 200 mg 0.5% 100 y 100 y
21 No 100 mg 1.0% 100y 50%
22 No 100 mg 0.7% 100y 50%
23 No 100 mg 1.0% 100 y 50%
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3.2. Optical Measurements and Clinical Auxiliary Signals

We acquired unilateral CBF; in the first seven patients via DCS on the
ipsilateral forehead to the surgery side. In the next three patients (#8, 9, and 10), we
acquired bilateral CBF;. In all other patients (13 patients), we employed bilateral DCS
and NIRS measurements. Clinical physiological recordings were co-acquired during
our measurements, including electrocardiogram, EEG, and ABP. The mean arterial

pressure (MAP) was computed by

Pressuregygiolic + 2 X Pressuregjaseolic Eq. 8

MAP =
3

For optical measurements, we used the MetaOx system (ISS Inc. Champaign,
IL), which has FD-NIRS and DCS components (64). The DCS component contains a
long-coherence length laser at 850 nm and eight single-photon counting avalanche
photodiode detectors. For all DCS measurements, we used short and long separations
of 5 and 25 mm (except for patient #10, who had separations of 5 and 30 mm) for the
superficial (extracerebral) and brain-sensitive measurements, respectively. DCS long
separation detected lights from three detectors to improve the signal-to-noise ratio

(SNR).

The NIRS component contains eight diode lasers emitting at different A ranging
from 670 to 830 nm and four photomultiplier tube detectors. For NIRS measurements,
we used source-detector separations of 5 and 30 mm for short and long separations,
respectively. The longer separation with NIRS (30 mm instead of 25 mm) was chosen
to account for the lower penetration sensitivity of NIRS with respect to DCS (77).
NIRS data were analyzed using MBLL under pathlength and initial hemoglobin

concentration assumptions (16).

To achieve bilateral measurements, an external DCS system was added to
systems with a long-coherence length laser at 850 nm (CrystalLaser). Eight diode lasers
of NIRS were divided into two probes: the right forehead probe emitted A of 672, 706,
759, and 830 nm, and the left forehead probe emitted A of 690, 726, 784, and 813 nm.
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3.3. Optical Data Processing

Optical data were analyzed using an in-house MATLAB (ver. R2018a,
MathWorks Inc) pipeline. DCS intensity temporal autocorrelation function was
acquired at 2 Hz for patients #1-10 and at 10 Hz for the remaining patients. DCS and
MAP data were down-sampled to 0.2 Hz for 5-sec resolution via a windowed
averaging of g» traces to enhance the SNR. To obtain a BF; signal, the g» curves at
each source-detector separation were fitted using the correlation diffusion equations
for a semi-infinite medium (22) by assuming a fixed g2 = 0.2 cm™! and u¢' = 8.0 cm™!
for all subjects (78). The signal was then smoothened by sliding window averaging (4

data samples = 20 sec) using the smooth function built in MATLAB.

NIRS data from ten patients (patients #11-14, 17-21, and 23) were used for
this analysis. Three patients were excluded due to hardware issues (patients #15, 16,
and 22). The raw NIRS intensity data were also down-sampled to 0.2 Hz from 10 Hz
via a windowed averaging. The changes in optical density (AOD) were converted into
A[HbO], A[HbR], and A[HbT] using the MBLL (16). To fit the absorption coefficients
at four A per probe, we first calculated u. at each wavelength by using extinction
coefficients (&) in the literature (59) with an assumed 75% concentration of water (79).
We also assumed an initial [HbO] of 50 uMol, [HbR] of 30 uMol, and [HbT] of 80
puMol. DPF was assumed at each wavelength following a scattering decay of us' = 8.0
x (1/850)7!1. Calculated pa, us', and DPF values in each A for the right and left forehead

probes are indicated in Table 3.3.

Table 3.3. u., us', and DPF values of right and left forehead probe.

Forehead Probe A (nm) ta(cm™) us' (em™) DPF
672 0.26 11.38 5.78
706 0.17 10.57 6.77
Right
759 0.21 9.48 5.84
830 0.19 8.29 5.60
690 0.20 10.94 6.41
726 0.16 10.13 6.87
Left
784 0.18 9.03 6.19

813 0.18 8.55 6.01
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3.4. EEG Recordings and Data Analysis

EEGs were acquired using a Natus system (Middleton, WI) at a sampling
frequency of 512 Hz (#21), 256 Hz (#1 and 2), and 250 Hz for the rest of the patients.
Scalp electrodes were placed with respect to the 10-20 International System with
linked-ear reference (Al and A2) and ground in Fpz. Postsynaptic potentials were
acquired via 19 Ag/AgCl scalp electrodes (Fpl, Fp2, Fz, F3, F4, F7, F8, Cz, C3, C4,
T3, T4, T5, T6, Pz, P3, P4, O1, and O2). The impedance level was maintained at less

than five kQ for each channel.

During the preprocessing, electrodes of interest were defined as the left
hemisphere (Fpl, F3, F7, C3, P3, T3, TS5, and O1) and the right hemisphere (Fp2, F4,
F8, C4, P4, T4, T6, and O2). Then, a Butterworth bandpass filter of 0.05 — 40 Hz was
applied using a second-order zero phase shift to remove baseline drift and high-
frequency noise. The EEG data were then detrended with polynomial order of twenty
and tapered by 300—sec Hanning’s window. Further, power spectral density (PSD) was
estimated using the pwelch function built into MATLAB. Averaged PSDs within the
8—15 Hz band were then extracted from a I-min pre-clamping period to serve as a

reference and a 5—min post-clamping period.

For the reference period, PSDs were estimated every 2—sec, and thirty single
PSDs were averaged to obtain a single spectral index in each electrode. Post-clamping
PSDs were calculated from the 20—sec sliding window or one epoch in each electrode,
which allows for reliable spectral content. Each sliding window was shifted for 2—sec
and partially overlapped with the previous epoch to allow a temporally reliable trend
of the power spectrum (Figure 3.2). Finally, an averaged spectral index was obtained

in each hemisphere by averaging the power spectra of each electrode of interest.
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Figure 3.2. Schematic representation of desynchronization function analysis. Each
rectangle denotes a 2—sec epoch. Reference power (Prf) within 1-min pre-
clamping time was obtained by means of averaging thirty epochs, indicated
by dark rectangles. Clamp-induced power spectra changes (P) at time ¢ are
estimated via averaging the spectral power of each epoch (20-sec) with a 2—
sec time shift. The figure was taken and modified from (4).

The desynchronization function D(t) was then allocated (Eq. 9) with respect to

the averaged alpha band power of the pre-clamping or reference phase (Pref) by

P(t) - Pref

ref

D) = x 100 Eq. 9

where P(t) is the 8-15 Hz band power centered at time ¢. This function is
designed to determine the percentage of power modification during clamping with

respect to the Prer.

After calculation of the D(t), the minimum value and the time of this value
during the 1-min period of post-clamping were defined as D-index and time-to-

minimum, respectively. Since most drastic changes in D(t) occur within 30—sec upon
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clamping (to), the slope index () was calculated to quantify the rate of response within

this period (Eq. 10) by

¢ _ Dt +30) — D(to)

Eq. 10
30 4

3.5. Comparing Clamp-induced CBF; and EEG Changes

Changes in CBF; and EEG spectral power were compared by employing the
same desynchronization method for CBF;. To perform the same methodology, the

relative CBF; (rCBF;) was obtained with respect to 1-min pre-clamping baseline

response
baseline

(relative = ), followed by allocating derivatives of D(t), slope, D-index, and

time-to-minimum responses.

During the post-processing, patients were divided into three groups with

respect to changes in EEG power spectra (4,28).

e Group A: patients with major EEG changes (D-index > 50%)
¢ Group B: patients with moderate EEG changes (25%> D-index <50%)
e Group C: patients with no EEG changes (D-index < 25%)

CBF; and EEG power spectra were assessed with respect to induction
anesthesia as (1) propofol alone, (2) propofol with isoflurane, and (3) propofol with
sevoflurane to evaluate coupling or decoupling between neuronal and neurovascular
responses. Finally, the variability within CBF; and EEG spectral power according to
induction anesthesia was assessed by the coefficients of variation (CV) method. The
CV is a ratio of standard deviation to the mean, which allows the comparison of the
degree of variation between different time series. The CV of CBF; and EEG spectral

power data was computed by using a 20-sec sliding window with 2—sec overlap for
ipsilateral and contralateral hemispheres (CVipSi and cv:gsgtggse, respectively)

response

within the period of 3—min pre-clamping to 30—min post-unclamping.
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3.6. Statistical Analyses

All statistical analyses were carried out using IBM SPSS (ver. 26, IBM Corp).
The independent sample #-test was performed to investigate differences in D-index, S,
and time-to-minimum between CBF; and EEG D(t) for all patients. The same analysis

Vipsi

was also conducted to compare CVyegponse

and CVi&ionse for all patients. Statistical

significance was assessed by using a two-tail ¢-distribution with a 95% confidence
interval. To compare CBF; and EEG D(t) with respect to three power spectra groups
(e.g., A, B, and C), the Mann-Whitney U test was performed.

To assess the different anesthetic agents within CBF; and EEG power spectra,

a one-way analysis of variance (ANOVA) test was performed for D-index, S, time-to-

minimum, cvrig;;onse, and CV oaoase, followed by a Tukey post hoc test for pairwise

comparisons. To compare different responses (e.g., D(t) and CV) in the same
anesthetics agents, the Mann-Whitney U test was performed to further elucidate the

relation between CBF; and EEG power spectra.

Data are represented as mean + standard error of the mean (SEM) for
parametric tests and median with interquartile range (IQR) as (median, IQR) for non-
parametric tests unless otherwise noted. CV results are also represented as percentages.

For all tests, P-value < 0.05 was considered statistically significant.
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4. RESULTS
4.1. Hemodynamic Changes During Carotid Endarterectomy

The average duration of the surgery was 162 + 44 min (standard deviation),
and the average CEA time was 58 + 13 min. Figure 4.1 indicates a typical measurement
from a patient (#21). Carotid cross-clamping caused a marked decrease in ipsilateral
CBF; (Figure 4.1A). The reductions in ipsilateral CBF; also caused a decrease of
A[HDbO] and an increase of A{[HbR] (Figure 4.1B and C, respectively). Once ipsilateral
CBF; reached a minimum value, it was weakly recovered over a short period and
congregated to a new value lower than the pre-clamping value during plaque removal
(Figure 4.1A, after clamping). An increase of blood volume (A[HbO] + A[HbR]) was
observed in the ipsilateral hemisphere during the clamping. This led to a slight
recovery of CBF; (Figure 4.1A—C, respectively).

Upon unclamping, there was a marked overshoot in CBF; and A[HbO], and a
decrease in A[HbR] on the ipsilateral side. After the overshoot, CBF; and A[HbO] -
A[HbR] recovered to the pre-clamping value, but at different rates. CBF; recovered
slowly (after 30 minutes), whereas A[HbO] and A[HbR] reached their pre-clamping
value more rapidly (Figure 4.1A—C, respectively). The slow recovery in CBF; was
likely due to the medically reduced MAP to reduce the risk of bleeding and reperfusion
injury with the post-clamping. MAP was also elevated during clamping (9 + 12%),
and reduced (11 + 10%) starting pre-unclamping and continued post-unclamping

(Figure 4.1D).



26

>

| (cmz/sec) )
~

CBFI
-
T

x10°

—Ipsilateral
— Contralateral

w

1
Clamping — | < Unclamping

=

A[HbO] (M) *

Q

A[HbR] (zM) *

o
_
N
S

1

MAP (mmHg)
®x 5 B
= =) =l
j
[ )
=l

60 L
30 60 90 1 150 180 210 240
time ( min)

Figure 4.1. A typical CEA time course from a patient (#21). Ipsilateral and
contralateral responses are demonstrated in blue and orange,
respectively, for CBF; (A), A[HbO] (B), and A[HbR] (C). MAP was
invasively measured via an arterial cannula in the arm and is
demonstrated in black (E). Clamping and unclamping are demonstrated
as red and green dashed lines, respectively.

4.2. Quantification of Desynchronization Function

Figure 4.2 indicates a time course of D(t) of EEG and CBF; from a patient
(#21). The D-index of —68% was reached by CBF; within 15 sec (Figure 4.2, bottom),
whereas EEG reached its minimum value of —25% within 26 sec (Figure 4.2, top).
While EEG D(t) also showed fluctuations over 2—min, CBF; D(t) showed a constant
recovery. Table 4.1 summarizes the D(t) results of CBF; and EEG power spectra.
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Figure 4.2. Desynchronization function, D(t), time course from a patient (#21). The

time zero denotes clamping. The top panel indicates D(t) for EEG and
the bottom panel indicates for CBF; for the first 2—min of clamping.
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Table 4.1. The results of D-index, slope, and time-to-minimum for CBF; and EEG

power spectra in each patient.

Patient CBF; EEG
D-index (%)  Slope Time-to-minimum (sec) D-index (%) Slope Time-to-minimum (sec)

1 -57.57 -1.21 25 -5.74 -0.10 22
2 -76.50 -2.05 25 -10.64 -0.73 18
3 -50.04 -1.46 30 -33.17 -0.82 16
4 -55.88 -1.51 20 -43.78 -0.57 38
5 -45.93 -1.60 40 -30.30 -1.00 36
6 -69.00 -1.96 20 -14.96 0.19 20
7 -56.12 -1.68 20 -42.67 -1.04 16
8 -36.01 -0.07 15 -21.24 -0.35 32
9 -51.68 -1.21 25 -29.01 -1.52 56
10 -40.58 -1.34 35 -29.30 -1.62 18
11 -52.70 -1.70 20 -43.09 -2.19 60
12 -11.55 -0.72 60 -58.94 2.44 36
13 -49.80 -0.66 30 -33.74 -0.54 8
14 -26.23 -0.48 15 -62.89 -2.10 50
15 -70.90 -2.04 30 -25.88 0.54 18
16 -69.97 -2.14 35 -36.42 -0.01 22
17 -58.19 -2.08 20 -40.89 -1.08 14
18 -82.63 -3.01 35 -26.32 -0.70 54
19 -52.55 -1.74 55 -29.54 -0.11 38
20 -63.82 -1.72 20 -33.68 -0.28 14
21 -68.73 -1.76 15 -24.89 0.04 26
22 -54.65 -1.46 40 -99.97 -3.42 54
23 -57.91 -2.21 25 -42.92 -1.76 34

The D-index changes in EEG (36 = 4%) was significantly lower than CBF; (55
+ 3%, t44 = 3.6, P = 0.001, Figure 4.3 left). The slope changes in EEG (S=1 + 0.19)
was significantly lower than CBF; (S = 1.6 + 0.13, 14 = 3.1, P = 0.02, Figure 4.3
middle), indicating faster decrease in CBFi. Although time-to-minimum was attained
faster in CBF; (28 + 2 sec) than EEG (30 + 3 sec), there was no statistically significant

differences for time-to-minimum (#44 = 0.5, P = 0.64, Figure 4.3 right).
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Figure 4.3. The comparison of D-index, slope, and time-to-minimum between CBF;
and EEG power spectra in all patients. * P < (.05 and ** P < 0.001. All
data are represented in mean + SEM.

Considering the literature, patients were divided into three groups with respect
to the degree of EEG D(t) changes as more than 50% changes (group A), between 25—
50% (group B), and less than 25% (group C). Figure 4.4 demonstrates a time course
of D(t) of EEG and CBF; based on this classification.
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Figure 4.4. Desynchronization function time course of EEG power spectra (top
panel) and CBF; (bottom panel) in three groups. The groups were
established according to the degree of decrease in EEG. Group A
indicates major EEG changes (dashed line), group B indicates moderate
EEG changes (straight line), and group C (dashed dot line) indicates no

EEG changes.

In group A (#12, 14, and 22), the Mann-Whitney U test revealed that the D-
index of CBF; (median = 26%) was significantly lower than that of EEG (63%, P =
0.05). The slope of EEG (S = 2.4) was significantly a faster decrease than CBF; (S =
0.72, P = 0.05). There were no statistically significant differences between CBF; and

EEG in any group A for time-to-minimum (Figure 4.5).
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Figure 4.5. The comparison of D-index, time-to-minimum, and slope between CBF;
and EEG power spectra in group A. * P <0.05. All data are represented
in a whisker plot.

In group B (#3, 4,5, 7,9, 10, 11, 13, 15, 16, 17, 18, 19, 20, and 23), D-index
of CBF; (56%) was significantly higher than EEG (34%, P = 0.05). In addition, CBF;
(S = 1.7) decrease significantly faster than EEG (S = 0.8, P = 0.002). There were no

statistically significant differences between CBF; and EEG in any group B for time-

to-minimum (Figure 4.6).
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Figure 4.6. The comparison of D-index, time-to-minimum, and slope between CBF;
and EEG power spectra in group B. * P <0.05 and ** P <0.001. All data
are represented in a whisker plot.
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In group C (#1, 2, 6, 8, and 21), the D-index of CBF; (69%) was significantly
higher than EEG (15%, P = 0.009). Although CBF; (S = 1.8) decrease faster than EEG

(S = 0.2), there was no significant differences (P = 0.08). There were no also

statistically significant differences between CBF; and EEG in any group C for time-

to-minimum (Figure 4.7).
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Figure 4.7. The comparison of D-index, time-to-minimum, and slope between CBF;
and EEG power spectra in group C. ** P <0.001. All data are represented
in a whisker plot.

4.3. CBF; and EEG Changes in Different Anesthetic Agents

Figure 4.8 demonstrates a time course of D(t) of EEG and CBF; with respect to

the anesthetic agent used for induction.
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Figure 4.8. Desynchronization function time course of EEG power spectra (top
panel) and CBF; (bottom panel) with respect to induction anesthesia. The
crimson color indicates propofol, brown indicates propofol with
isoflurane, and turquoise indicates propofol with sevoflurane.

Within EEG spectral power, there were no significant differences between
anesthetic agents for D-index (F220 = 2.9, P = 0.08, Figure 4.9A right), slope
(F220=1.9, P=0.18, Figure 4.9B right), and time-to-minimum (F> 2= 1.7, P =
0.2, Figure 4.9C right). There were no significant differences within CBF; for D-
index (F220=1.5, P=0.2, Figure 4.9A left) and slope (F2,20=1.1, P= 0.4, Figure
4.9B left). The time-to-minimum significantly differed between anesthetics
agents for CBF; (F2,20= 0.9, P =0.001, Figure 4.9C left). A Tukey post hoc test
revealed that the time-to-minimum of CBF; under propofol alone (46 + 7 sec) was
significantly longer than that of propofol with sevoflurane (25 + 2 sec, P =0.001)
and propofol with isoflurane (23 + 1 sec, P = 0.003).
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Figure 4.9. The D-index (A), slope (B), and time-to-minimum (C) results of CBF;
(left) and EEG power spectra (right) in each induction anesthesia. The
crimson color indicates propofol, brown indicates propofol with
isoflurane, and turquoise indicates propofol with sevoflurane. All data
are represented in mean + SEM. ** P <(.001.
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Further, comparing CBF; and EEG D(t) showed significant differences in
anesthetic agents. The Mann-Whitney U test revealed that the D-index of CBF; was
significantly higher than EEG spectral power under propofol with sevoflurane
(median, IQR — CBF; = 53, 12% and EEG = 34, 14%, P = 0.007, Figure 4.10A right)
and propofol with isoflurane (CBF; = 66, 16% and EEG = 13, 22%, P = 0.02, Figure
4.10A middle). However, there were no significant differences in the D-index of CBF;

and EEG under propofol (P = 0.4, Figure 4.10A left).

For slope, there was a significant difference under propofol with isoflurane
where CBF; (median, IQR— S = 2, 0.7) decreased faster than EEG power spectra (S =
0.2, 0.5, P =0.02, Figure 4.10B middle). There were no statistical slope differences
between CBF; and EEG spectral power under propofol (P = 0.2, Figure 4.10B left) and
propofol with sevoflurane (P = 0.4, Figure 4.10B right).

There were no statistical differences between CBF; and EEG spectral power
for time-to-minimum in any anesthetic agents (P = 0.6 for propofol, P = 0.1 for
propofol with isoflurane, and P = 0.4 for propofol with sevoflurane, Figure 4.10C,

respectively).
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The D-index (A), slope (B), and time-to-minimum (C) comparison
between CBF; (cyan) and EEG power spectra (purple) in each induction
anesthesia. * P < 0.05 and ** P < 0.001. All data are represented in a

whisker plot.
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4.4. Variations in Hemispheric CBF; and EEG Power Spectra

Table 4.2 indicates hemispheric variations for CBF; and EEG and Figure 4.11
demonstrates typical hemispheric CV results of CBF; and EEG power spectra from
patient #21.

Table 4.2. The results of hemispheric CV for CBF; and EEG power spectra in each

patient. All data are represented in percentages.

Patient CBF; EEG
Cvipsi (% ) (Cycontra (% ) Cvipsi (% ) (Cycontra (% )

1 2 NA 100 102
2 1 NA 67 66
3 2 NA 83 82
4 1 NA 111 115
5 2 NA 59 57
6 2 NA 48 47
7 2 NA 82 84
8 2 2 81 82
9 2 3 62 62
10 1 3 69 75
11 2 3 65 64
12 3 5 64 68
13 3 4 90 92
14 2 4 69 67
15 3 1 &3 86
16 7 6 &3 92
17 4 4 110 114
18 4 8 64 64
19 4 2 73 75
20 1 1 102 101
21 3 2 45 50
22 4 8 52 52
23 4 4 67 66
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Figure 4.11. A typical time course of hemispheric CV results from a patient (#21).
Panels one and two indicate CV of ipsilateral and contralateral CBF;,
respectively. Panels three and four indicate CV of ipsilateral and
contralateral EEG power spectra, respectively. Ipsilateral and
contralateral responses are demonstrated in blue and brown, respectively.

There was less variation in ipsilateral EEG (75 + 4%) than that of contralateral
(77 £ 4%, taa =—0.27, P = 0.8, Figure 4.12 right). In addition, although there was more
variation for hemispheric CBF; (CVPS! = 3 + 0.3% and CV¢°"U"a = 4 + (.5%), there
were no statistical differences (44 =—1.9, P = 0.06, Figure 4.12 left).
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Figure 4.12. The differences between ipsilateral (blue) and contralateral (orange) CV

within CBF; (left) and EEG power spectra (right) responses. All data are
represented in mean + SEM.

The CVé%si:ii significantly differed between anesthetic agents (F220 = 8.2, P =

0.002). A Tukey post hoc test revealed that there were more variations in CVé%SFii under

propofol anesthesia (4.5 + 0.9%) than propofol with sevoflurane (2.5 + 0.3%, P =
0.009) and propofol with isoflurane (1.5 + 0.3%, P = 0.002, Figure 4.13A left). In

addition, there were no significant differences for CVSRR™ for any anesthetic agents

(F213=2.2, P=0.15, Figure 4.13A right). There were also no significant differences

for CV::%Sé (F220=1.2, P=0.3) and CVSRe™@ (F220 = 1.3, P = 0.3) for any anesthetic

agents (Figure 4.13B).
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Figure 4.13. The variation results of CVé%ifi (A left), CVERRT™ (A right), CVire (B
left), and CVERE™ (B right) in each induction anesthesia. The crimson
color indicates propofol, brown indicates propofol with isoflurane, and
turquoise indicates propofol with sevoflurane. There was only one data
point for CVERE™, and thus statistical analysis could not be performed.

All data are represented in mean + SEM. ** P <(.001.
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4.5. Perioperative Complications

Patients tolerated the procedure well, and their entire operative course
remained neurologically intact, with no signs of transient ischemic attack (TIA) or
stroke. However, the postoperative period of some patients was notable for mild
headache, hypotension, or hypertension. During the postoperative course, these
symptoms were resolved without issues. In two patients (#4 and #12), there was a
weakness in the left lower extremity. There were also postoperative transient
neurological changes in two patients (#4 and #23) with slightly asymmetric smiles.
The weakened smile is often induced by bupivacaine that is injected with the incision
and can last 24 hours. However, these symptoms improved throughout the patient's
stay, and the patients were discharged in stable condition with no new neurologic
deficits. Furthermore, 30—day follow-ups of our patients reported no sign of symptoms

of TIA or stroke. Additionally, their blood pressure was well controlled.
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5. DISCUSSION

In this dissertation, we demonstrated the feasibility of noninvasive cerebral
hemodynamic monitoring via a combined DCS-NIRS system and also utilized these
measurements with clinically acquired EEG measurements. Indeed, monitoring
neuronal and neurovascular responses can help the clinical team to establish better

inpatient management, and therefore achieve optimal perfusion for CEA patients.

We also compared changes in the desynchronization function of CBF; and EEG
as we hypothesized that there might be notable differences between neuronal and
neurovascular responses. We addressed this hypothesis in two ways. To begin with,
we categorized patients with respect to well-established EEG spectral criteria.
Accordingly, patients were divided into three groups based on major, moderate, and
no EEG spectral changes. Then, we compared these EEG spectra changes with CBF;
since some anesthetic agents may trigger flow-metabolism coupling or decoupling.
For further investigation, we divided patients into three groups with respect to the
anesthesia used for induction and compared outcomes of desynchronization function
to elucidate responses in CBF; and EEG power spectra. Thus, we indicated anesthesia-
induced differences for CBF; and EEG power spectra due to tight coupling.
Subsequently, we captured clamp-induced variations for CBF; and EEG in each
hemisphere and then detailed these variations with reference to each induction

anesthesia.

5.1. Intraoperative Neuromonitoring during CEA

Under local anesthesia, the clinical team can delineate the patient's condition
by performing simple arithmetic tasks or asking the patient to rotate the extremities
contralateral to the surgical side since they can maintain verbal communication (7,80).
Consequently, the shunt utilization can be decided based on an intraoperative
assessment to restore arterial inflow to the ipsilateral cerebral hemisphere. However,
the decision of whether to utilize a shunt is more challenging under general anesthesia
(81-83). Since shunt utilization accompanies a low incidence of carotid intimal injury

and can encumber exposure, some surgeons evade routine shunt insertion. Fortunately,
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there are several neuromonitoring techniques so that shunt utilization can be decided
intraoperatively based on the patient's condition under general anesthesia (84).
Nonetheless, there is no proper neuromonitoring technique to examine optimal

cerebral perfusion, and the ideal method remains debatable (37).

To summarize, most of the available neuromonitoring techniques offer
indirect measures of cerebral perfusion (e.g., EEG, SSEP, and NIRS). Among
them, NIRS can indicate oxygen saturation changes with respect to carotid
clamping or stent insertion (85) since a decrease in oxygen saturation was
correlated with postoperative neurologic deficits. This was also demonstrated for
CEA patients by other neuromonitoring techniques such as EEG, TCD ultrasound,
and CSP (37,82,86-88). In addition, NIRS also showed comparable sensitivity (30—
80%) and specificity (77-98%) results during CEA, which were also achieved by

other monitoring techniques (89-91).

EEG is an easy-to-use and feasible neuromonitoring technique, though it has
several limitations. EEG readings rely on expert neurophysiologists to interpret raw
and processed data. However, each has constraints and trade-offs over another. The
raw data is noisy due to other devices in the operation room. Moreover, some patients
developed neurological deficits and indicated clinically significant cerebral ischemia
even though EEG maintains unaltered (92). While processed EEG presents readability,
conversion might lead to the loss of considerable information. One method is density
spectral array analysis, which facilitates smooth interpretation of EEG. Still, it might
not reliably indicate cerebral ischemia (9). Another is compressed spectral array

analysis, although it is less sensitive than the raw EEG to detect cerebral ischemia (8).

This is where optical neuromonitoring techniques step in. Over the past
decades, optical neuromonitoring techniques have made remarkable progress in
providing easy-to-use, reliable, and noninvasive devices to enlighten the
underpinnings of cerebral physiology during surgeries. Since DCS is sensitive to blood
flow, intraoperative monitoring of clamp-induced hypoperfusion or unclamp-induced
hyperperfusion would significantly contribute to inpatient care (75,78,93,94). As we
demonstrated with this dissertation study, the additional perfusion index provided by

DCS to NIRS and EEG offers a complementary assessment of cerebral physiology.



44

5.2. Intraoperative Neuronal and Neurovascular Changes

Clamping caused marked changes in ipsilateral CBF;, A[HbO], A[HbR], and
EEG power spectra. There was a steep drop of CBF; and A[HbO] and a slight increase
in A[HbR] due to transient interruption of perfusion. This reduction in perfusion due
to clamping triggers an increase of blood volume (A[HbO] + A[HbR]) and caused a
partial recovery of CBFi. Conversely, unclamping caused a marked overshoot of CBF;
and A[HbO] while causing a drop of A[HbR] (Figure 4.1A—C, respectively). There
were also changes in the contralateral hemisphere due to clamping and unclamping.
Medically elevated MAP at clamping caused a contralateral increase of blood volume
and CBF; which also contributed to the aforementioned recovery to the ipsilateral CBF;
due to vascular pressure differences (Figure 4.1A, D, respectively). Upon unclamping,
there was a decrease of contralateral CBF; and A[HbO] due to gradual recovery of

vascular pressure since MAP was medically reduced (Figure 4.1A, B, respectively).

The desynchronization function is a useful analysis method to quantify spectral
changes in alpha band power in relation to CBF;. We found that the minimum value
(D-index) of CBF; was significantly higher than spectral EEG (Figure 4.3 left). This is
expected since neuronal activity depends on blood flow and transient blood flow
cessation due to clamping may trigger a slower reduction in EEG power spectra. This
was confirmed with slope results. The decrease in CBF; was significantly faster than
EEG power spectra as we demonstrated with slope changes (Figure 4.3 middle). This
implies that the changes in EEG power spectra are slower in response to a reduction
in CBFj, although the time of these changes was not significantly differed between
them (Figure 4.3 right). These results were similar to those that employed the same

methodology between CBF; and spectral EEG (27).

However, there were different responses between CBF; and EEG power spectra
when patients are grouped with respect to robust spectral EEG criteria. Patients with
moderate and no spectral changes showed significantly higher CBF; D-index than EEG
power spectra (Figure 4.6 and 4.7 left, respectively), whereas patients with major
spectral changes showed significantly lower CBF; D-index than EEG power spectra
(Figure 4.5 left). Moreover, patients with major spectral changes had a significantly

faster reduction in EEG power spectra (Figure 4.5 right) whilst patients with moderate
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spectral changes had a faster reduction in CBF; (Figure 4.6 right). Potentially severe
EEG changes may occur due to pre-existing subcortical ischemia and therefore
clamping might superimpose with previous electrophysiologic anomalies, resulting in
such differences between CBF; and spectral EEG (95). Likewise, CBF; changes might
be more notable in the prefrontal cortex than spectral EEG from the whole hemisphere.
As we acquired optical data from the prefrontal area, clamp-induced changes may be
more evident in CBF; than in hemispheric spectral EEG since decrements of CBF; is
different throughout the hemisphere. Nevertheless, many factors could lead to these
differences between CBF; and spectral EEG such as bilateral stenosis, comorbid
diseases, smoking status, intraoperative MAP management, heart rate, anesthetics for

induction and maintenance, and cerebral adaptive capacity.

5.3. Neuronal and Neurovascular Changes in Anesthetic Agents

Probably the most critical question is how anesthetic agents affect CBF and
cerebral metabolism. Indeed, each anesthetic agent used for induction or maintenance
diminishes cerebral metabolism. Currently, no reliable data indicates specific
advantages of one anesthesia over the other (96). It has been proposed that sevoflurane
produces less vasodilation in general while offering instantaneous recovery (48).
Though, different concentrations of sevoflurane produce different changes in CBF and
cerebral metabolism. In addition, higher sevoflurane concentrations also produce flow-
metabolism decoupling and reduce ipsilateral ICA pressure more than that of
contralateral (97). Propofol causes an evident reduction in CBF and cerebral
metabolism although higher propofol concentrations resulted in further hemodynamic
stability (6,49,98). Isoflurane poses fewer EEG changes and reduces CBF with respect
to clamping (99). Nevertheless, these anesthetic agents pose a degree of
neuroprotection (100-102). Additionally, it has been proposed that hemodynamic

stability can be improved with opioids, including fentanyl and its derivatives (103).

In a similar line with the literature, we found relatively the same reduction in
CBF; and spectral EEG for propofol alone and propofol with sevoflurane (Figure
4.9A). However, we found less spectral EEG changes and more reduced CBF; D-index

for propofol with isoflurane (Figure 4.9A). We found no significant differences within
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spectral EEG for any induction anesthesia. However, although there were no
significant differences in D-index and slope within CBF; (Figure 4.9A, B,
respectively), the time of D-index was significantly longer in propofol than propofol
with sevoflurane and propofol with isoflurane (Figure 4.9C). This can be explained by
the neuroprotective effect of propofol, allocating greater hemodynamic stability than

others as proposed in the literature.

We also compared CBF; and spectral EEG under the same anesthetic agent.
There were no significant differences between CBF; and spectral EEG under propofol
for D-index, slope, and time-to-minimum (Figure 4.10A—C left, respectively). Since
isoflurane produces less EEG changes than CBF;, we found a significantly higher D-
index in CBF; than in spectral EEG (Figure 4.10A middle). Moreover, the reduction
in CBF; was significantly faster than spectral EEG only under propofol with isoflurane
anesthesia (Figure 4.10B middle). The D-index was also significantly higher in CBF;
than EEG for propofol with sevoflurane (Figure 4.10A right), which can be explained
by the vasodilation induced by sevoflurane. There were no other significant differences
between CBF; and spectral EEG. This might be because all these anesthetic agents

offer rapid recovery and a degree of neuroprotection.

5.4. Clamp-induced Hemispheric Variations

Overall, there were no significant hemispheric variations for averaged CBF; or
spectral EEG (Figure 4.12). However, while there were no significant differences in
D-index within CBF; with respect to anesthetic agents (Figure 4.9A left), there were
large variations in ipsilateral CBF; (Figure 4.13A left). We detected significantly
increased ipsilateral CBF; signal variability in propofol than in other anesthetic agents.
It can be suggested that physiological cardiopulmonary pulsations can influence
cerebral hemodynamics more under propofol anesthesia. Therefore, it can be
hypothesized that propofol offers more hemodynamic integrity as it distinguishes from
other anesthetic agents by showing significantly large variations in the ipsilateral
CBFi. However, we acknowledge that this is a big statement, requiring further

validation.
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5.5. Significance of Multimodal Approach

EEG measurements are important with respect to estimating cerebral ischemia
under general anesthesia regardless of its limitations. However, it is hard to purely rely
on EEG for assessing cerebral physiology since the EEG waves oscillate differently
under local and general anesthesia even with different chemical or volatile anesthetics.
Several attempts to replace the EEG with another neuroimaging modality could not
find a robust place in clinical practice. This depends on several reasons such as
feasibility, robustness, and not interfering with the surgical area. Even though EEG
provides important insight into neurophysiology as a surrogate measure of CBF, a
multi-modal approach for measuring cerebral perfusion is necessary. Therefore, we
believe that a combined DCS-NIRS system and EEG extensively address every

requirement of assessing cerebral physiology under general anesthesia during CEA.

5.6. Limitations

We are intrinsically limited by NIRS and DCS, as our model assumes
consistent head anatomy and no extracerebral interference differences across patients.
One limitation of our study is the small number of patients enrolled for CBF;-NIRS
and spectral EEG comparisons between anesthetic agents. Another limitation of our
study is the assumption of the same optical properties among all patients. These
limitations may contribute to the inter-subject variability in CBF;, A[HbO], and
A[HDbR]. Considering the small number of patients enrolled for propofol and propofol
with isoflurane in this study, it is not possible to state whether the desynchronization
function can be distinguished between CBF; and spectral EEG. We are also limited by
the dose and exact application time of anesthetics for maintenance during the
intraoperative course as it differs patient by patient. Nevertheless, most of our patients

showed similar hemodynamic trends throughout the CEA procedure.
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6. CONCLUSION and FUTURE PERSPECTIVE

In conclusion, a combined optical DCS-NIRS system can provide important
insight into cerebral hemodynamics during CEA, preventing undesirable events in
ischemia-sensitive organs such as the brain. Since DCS is sensitive to changes in blood
flow, it can be very useful to pose cerebral hypoperfusion which can lead to
neurophysiologic dysfunctions and potential neuronal cell death. In addition, DCS
requires neither online visual inspection nor offline power spectral analysis since it is
more sensitive to determine CBF changes than EEG. This can potentially allow early
detection of cerebral hypoperfusion and concomitantly brain injury. Moreover, by
monitoring CBF; and EEG-derived indices, we showed a comprehensive assessment
of cerebral physiology during CEA. Thus, we conclude that DCS alone or combined
with NIRS can provide a complementary cerebral hemodynamic assessment to EEG
during surgery, which can potentially guide the clinical team to mitigate perioperative
stroke and neurological injury by determining personalized perfusion strategies.
Nevertheless, further studies are needed in order for demonstrating the strength of

CBF; and EEG under different combinations of anesthetic regimens.

What remains to be understood is the reperfusion with unclamping and effects
on CBF;j and spectral EEG under specific anesthesia. Therefore, we consider applying
advanced algorithms to disentangle the multimodality of our data sets, such as
multimodal source power correlation analysis or temporally embedded canonical
correlation analysis. This will allow us to consider physiological variations, including

MAP and superficial blood and metabolism.
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