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Abstract: Objective: This pilot study aims to show the feasibility of noninvasive and real-time
cerebral hemodynamic monitoring during carotid endarterectomy (CEA) via diffuse correlation
spectroscopy (DCS) and near-infrared spectroscopy (NIRS). Methods: Cerebral blood flow index
(CBFi) was measured unilaterally in seven patients and bilaterally in seventeen patients via DCS. In
fourteen patients, hemoglobin oxygenation changes were measured bilaterally and simultaneously
via NIRS. Cerebral autoregulation (CAR) and cerebrovascular resistance (CVR) were estimated using
CBFi and arterial blood pressure data. Further, compensatory responses to the ipsilateral hemisphere
were investigated at different contralateral stenosis levels. Results: Clamping of carotid arteries
caused a sharp increase of CVR (~70%) and a marked decrease of ipsilateral CBFi (57%). From the
initial drop, we observed partial recovery in CBFi, an increase of blood volume, and a reduction in
CVR in the ipsilateral hemisphere. There were no significant changes in compensatory responses
between different contralateral stenosis levels as CAR was intact in both hemispheres throughout
the CEA phase. A comparison between hemispheric CBFi showed lower ipsilateral levels during
the CEA and post-CEA phases (p < 0.001, 0.03). Conclusion: DCS alone or combined with NIRS
is a useful monitoring technique for real-time assessment of cerebral hemodynamic changes and
allows individualized strategies to improve cerebral perfusion during CEA by identifying different
hemodynamic metrics.

Keywords: diffuse correlation spectroscopy; cerebral blood flow; near-infrared spectroscopy; carotid
endarterectomy; intraoperative neuromonitoring; cerebral autoregulation

1. Introduction

Carotid endarterectomy (CEA) is a surgical procedure performed to reduce the risk of
embolic stroke by removing the atherosclerotic plaque at the carotid bifurcation while pro-
viding normal cerebral blood flow (CBF). This procedure entails unilateral cross-clamping
of the three branches of the carotid artery (common, internal, and external), leading to
a complete cessation of blood flow [1]. During the cross-clamping, oxygen-rich blood is
delivered to the ipsilateral hemisphere via collateral circulation, which originates from the
posterior and the contralateral anterior circulation via the circle of Willis (CoW) [2,3]. While
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cerebral autoregulation (CAR) ensures stable CBF, there may not be adequate delivery
and compensation due to abnormal CoW anatomy and/or autoregulatory disturbance of
intracranial hemodynamics. Therefore, sudden CBF reductions or cerebral hypoperfusion
can lead to neurophysiologic dysfunctions and potential neuronal cell death [4]. To avoid
hypoperfusion, a shunt can be inserted through the clamped carotid arteries, which restore
arterial inflow to the ipsilateral cerebral hemisphere. These are associated with a low
incidence of carotid intimal injury and can encumber the exposure. However, this makes
the procedure technically very challenging. Therefore, there is a need for a continuous,
direct, and noninvasive monitoring of cerebral hemodynamics during CEA to facilitate
timely interventions and prevention.

Currently, CEA patients are often monitored intraoperatively with somatosensory
evoked potential (SSEP), electroencephalogram (EEG), carotid stump pressure, and Tran-
scranial Doppler (TCD) ultrasound, which directly quantify the amount of cerebral hypop-
erfusion and its severity on neuronal function [4–6]. Since SSEP and EEG are noninvasive
methods used to measure postsynaptic neuronal activity, they can show abnormal CBF
changes as surrogate measures. However, various anesthetic agents and their doses affect
neuronal activities that could suppress SSEP and EEG waveforms, making them difficult to
rely on for ensuring adequate CBF [7]. Moreover, the utility of these neurophysiologic tests
is dependent on the availability of expert clinical neurophysiologists and the use of certain
anesthetic regimens that will allow reliable recordings. In addition, some patients’ postop-
erative course results in neurological deficits, even though no significant EEG changes were
shown during the CEA procedure [6,8]. Unlike SSEP and EEG, carotid stump pressure and
TCD ultrasound are perfusion-related measurements. Carotid stump pressure is measured
at the distal end of the internal carotid artery after common and external carotid arteries are
clamped. While indicating the collateral circulation efficiency of the CoW, carotid stump
pressure is a noncontinuous measurement with limited utility [9]. TCD ultrasound can
measure blood flow velocity reductions in the middle cerebral artery and detect emboli [10].
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 [11]. In addition, TCD ultrasound cannot be used on 10–15% of
patients, as they lack a sufficient temporal bone window [12].

In recent years, optical neuroimaging techniques have made notable progress in pro-
viding easy-to-use and noninvasive hemodynamic monitoring devices to augment our
understanding of cerebral hemodynamics during surgeries. Cerebral oximetry based
on near-infrared spectroscopy (NIRS) uses light attenuation in the optical spectrum of
650–850 nm to quantify regional concentration changes in oxy-hemoglobin (HbO), deoxy-
hemoglobin (HbR), total hemoglobin (HbT), and hemoglobin oxygenation (SO2) of the
mixed arterial, capillary, and venous bed under the optical probe [13]. NIRS has been
previously used in CEA to measure changes related to carotid clamping or stent inser-
tion [14]. SO2 reductions correlate with changes in EEG, TCD ultrasound, carotid stump
pressure, and postoperative neurologic deficits [5,15–18]. Furthermore, previous NIRS
studies showed the ranges of sensitivity (30–80%) and specificity (77–98%) for brain is-
chemia detection, which is comparable to the sensitivity and specificity reached with the
other modalities [19,20].

Diffuse correlation spectroscopy (DCS) is an emerging alternative optical technique
able to directly measure an index of blood flow (BFi, cm2/s) by quantifying the temporal
fluctuations in the intensity of the speckle pattern formed by coherent near-infrared light
created by moving scatterers (e.g., erythrocytes) [21]. The time of these fluctuations is
quantified by the intensity autocorrelation function (g2) from the detected light intensity.
By fitting the correlation diffusion equation to the g2, DCS can quantify a BFi where the
faster decay of the correlation diffusion function indicates faster blood flow [22–24].

The perfusion index provided by DCS in conjunction with NIRS may provide critical
information to the clinical team for preventing perioperative neurological injury and
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intraoperative complications during CEA. Therefore, this pilot study aimed to show the
feasibility of using a combined DCS-NIRS system to noninvasively and continuously
acquire cerebral BFi (CBFi) and hemoglobin oxygenation. In addition, we estimated CAR
indices in response to fluctuations in mean arterial blood pressure (MAP) and changes in
cerebrovascular resistance (CVR) during CEA. Together, these measurements can protect the
brain from hypo- or hyperperfusion and help to facilitate strategies for maximizing cerebral
perfusion during CEA by accurately determining changes in cerebral hemodynamics.

2. Materials and Methods
2.1. Study Patients and Procedure

Twenty-six patients who underwent CEA between September 2016 and January 2021
were consented, twenty-four of whom (age 68 ± 8, range 53–90, 10 females) were included
in this study. One patient 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 1 indicates the
remaining patients’ demographics, measurement type, optical modality, measurement
and CEA duration, degree of ipsi- and contralateral stenosis, shunt utilization, groups,
and comorbid diseases. CEA patients complying with inclusion criteria were approached
during their preoperative visit. The study was explained to the patients by a physician
and the patients were given sufficient time to decide whether to participate and sign the
informed consent. One or two optical probes (Figure 1A) were secured to the patient’s
forehead alongside the clinically used EEG electrodes during preoperative procedures
(Figure 1B). Measurements were taken in the operating room under general anesthesia from
anesthesia induction until the end of anesthesia administration. Induction was carried out
with sevoflurane in eighteen patients and with isoflurane in six patients. Anesthesia was
also maintained mostly using propofol and in some patients with propofol and fentanyl.

In the first seven patients, we measured unilateral CBFi via DCS on the forehead’s
ipsilateral to the surgery side. As the study evolved, in the next three patients, we measured
bilateral CBFi. In the remaining fourteen patients, we employed both DCS and NIRS bilat-
erally (Table 1, Measurement Type). For all DCS measurements, we used source-detector
separations of 5 and 25 mm (except patient #10, who had separations of 5 and 30 mm) for
the superficial and brain-sensitive measurements, respectively. For NIRS measurements,
we used source-detector separations of 5 and 30 mm and analyzed the data using the
modified Beer–Lambert law under pathlength and initial hemoglobin concentration as-
sumptions [13]. During post-processing, patients were divided into three groups: (1) shunt
utilization (SH group, n = 5), (2) moderate-to-substantial (≥50%) contralateral stenosis
(SCS group, n = 5), and (3) normal-to-mild (<50%) contralateral stenosis (MCS group,
n = 14) [25]. Since the ipsilateral hemisphere is mostly dependent on compensatory blood
flow from the collateral circulation during clamping, the degree of contralateral stenosis
was chosen for grouping. However, shunt utilization was separated into a different group,
since there was supplemental blood supply to the ipsilateral hemisphere. The shunt utiliza-
tion was decided by the clinical team intraoperatively in four patients (#5, #11, #20, and
#22) due to immediate EEG changes and slowing down in fast frequencies after 1–2 min
of 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.
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Table 1. Measurement and patients’ clinical characteristics.

Patient Sex Measurement Type Optical Modality Measurement Duration Clamp Duration Ipsilateral Stenosis Contralateral Stenosis Shunt Group

1 F Unilateral DCS 2 h, 52 min 48 min 70–89% No stenosis No MCS

2 M Unilateral DCS 2 h, 29 min 53 min 70–89% 1–19% No MCS

3 F Unilateral DCS 2 h, 20 min 1 h, 4 min 20–49% No stenosis No MCS

4 F Unilateral DCS 3 h, 58 min 1 h, 19 min 70–89% 20–49% No MCS

5 M Unilateral DCS 2 h, 19 min 1 h, 1 min 90–99% 1–19% Yes SH

6 M Unilateral DCS 3 h, 53 min 40 min 1–19% 1–19% No MCS

7 M Unilateral DCS 3 h, 17 min 1 h, 17 min 20–49% 1–19% No MCS

8 M Bilateral DCS 3 h, 34 min 58 min 70–89% 70–99% No SCS

9 F Bilateral DCS 3 h, 14 min 52 min 70–89% No stenosis No MCS

10 F Bilateral DCS 2 h, 48 min 55 min 70–89% 1–19% Yes SH

11 M Bilateral DCS-NIRS 2 h, 48 min 1 h, 5 min 70–89% 20–49% Yes SH

12 M Bilateral DCS-NIRS 2 h, 25 min 1 h, 3 min 70–89% No stenosis No MCS

13 F Bilateral DCS-NIRS 1 h, 35 min 37 min 70–89% No stenosis No MCS

14 F Bilateral DCS-NIRS 2 h, 27 min 1 h, 3 min 20–49% 1–19% No MCS

15 F Bilateral DCS-NIRS 2 h, 33 min 49 min 70–89% 1–19% No MCS

16 M Bilateral DCS-NIRS 1 h, 53 min 46 min 50–69% 100% No SCS

17 M Bilateral DCS-NIRS 2 h, 47 min 1 h, 1 min 70–89% 1–19% No MCS

18 M Bilateral DCS-NIRS 2 h, 55 min 1 h, 4 min 70–89% 20–49% No MCS

19 F Bilateral DCS-NIRS 2 h, 11 min 43 min 70–89% 50–69% No SCS

20 F Bilateral DCS-NIRS 2 h, 24 min 56 min 50–69% 1–19% Yes SH

21 M Bilateral DCS-NIRS 4 h, 4 min 1 h, 34 min 70–89% No stenosis No MCS

22 M Bilateral DCS-NIRS 2 h, 57 min 1 h, 4 min 50–69% 50–69% Yes SH
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Table 1. Cont.

Patient Sex Measurement Type Optical Modality Measurement Duration Clamp Duration Ipsilateral Stenosis Contralateral Stenosis Shunt Group

23 M Bilateral DCS-NIRS 1 h, 15 min 53 min 70–89% 70–89% No SCS

24 M Bilateral DCS-NIRS 2 h, 2 min 56 min 70–89% 50–69% No SCS

MCS (n = 14) SCS (n = 5) SH (n = 5)

Age, years (mean ± SD)
Range

69 ± 10
53–90

69 ± 5
64–74

65 ± 2
62–68

Comorbid Disease

Hypertension 71% 80% 100%

Diabetes-Mellitus 50% 20% 20%

Coronary Disease 35% 0% 20%

Hyperlipidemia 50% 40% 40%

Afib 21% 0% 0%

F, female; M, male; DCS, diffuse correlation spectroscopy; NIRS, near-infrared spectroscopy; CEA, carotid endarterectomy; SH, shunt; SCS, moderate-to-substantial (≥50%) contralateral
stenosis; MCS, normal-to-mild (<50%) contralateral stenosis; Afib, atrial fibrillation; SD, standard deviation.
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Figure 1. (A) The DCS-NIRS probe. The co-localized DCS and NIRS source fiber is marked by the red
square. The co-localized DCS and NIRS short separation detector fiber (blue square) is located at 5 mm
from the source. The short separation detector is employed to measure superficial (extracerebral)
blood flow and hemoglobin oxygenation changes. A DCS long separation detector (orange square) is
located at 25 mm (it includes three detectors to improve SNR), and a NIRS long separation detector
(green square) is located at 30 mm from the source. Long separations are employed to measure
cerebral blood flow and hemoglobin oxygenation. (B) The optical probes after bilateral placement
on one patient in conjunction with EEG electrodes. (C) Schematic timeline of the surgery and data
analysis phases. The signal average of a physiologically stable 3-min period immediately before
clamping was used to normalize the data to quantify the transient ipsilateral changes of clamping
and unclamping across patients (red shaded area, short baseline). The pre-CEA phase (gray and red
shaded areas, long baseline) was used to normalize the data to quantify changes in the CEA (green
shaded area) and post-CEA (blue shaded area) phases with respect to the pre-CEA phase. The 3 min
of transient data between the two phases were discarded from the second analysis.

2.2. Optical Instrument and Clinical Auxiliary Signals

For the measurements, we used a frequency-domain NIRS-DCS system, MetaOx (ISS
Inc., Champaign, IL, USA) [26]. The DCS component of the MetaOx system includes a long-
coherence length laser at 850 nm and eight single-photon counting avalanche photodiode
detectors, while the NIRS component includes eight diode lasers emitting at different
wavelengths (λ) between 670 and 830 nm and four photomultiplier tube detectors. To
achieve bilateral measurements, we added an external DCS system, which has a long-
coherence length laser at 850 nm (CrystaLaser). We also divided the NIRS’ eight diode
lasers into two probes: the right forehead probe with wavelengths of 672, 706, 759, and
830 nm, and the left forehead probe with wavelengths of 690, 726, 784, and 813 nm. To detect
light at a short and long separation on each probe, one DCS detector detected light at 5 mm
and three detected lights at 25 mm from the source. For NIRS in each probe, we used one
detector at 5 and one at 30 mm from the source 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 [27]. Figure 1A shows the optical
probe geometry and Figure 1B shows the right and left probes arranged on a patient’s
forehead. Clinical physiological recordings were co-acquired during our measurements,
including electrocardiogram, EEG, and arterial blood pressure. EPIC electronic medical
record system (Verona, Wis) was used to obtain other data, including pre-surgery Doppler
ultrasound results and stenosis levels.
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2.3. Analysis of Cerebral Blood Flow Index and Oxygenation

DCS intensity temporal autocorrelation function was acquired at 2 Hz for patients
#1–10 and at 10 Hz for the remaining patients. In both cases, data were down-sampled to
0.2 Hz via a windowed averaging of g2 traces to enhance the signal-to-noise ratio (SNR).
To obtain a BFi signal, the g2 curves at each source-detector separation were fitted using
the correlation diffusion equations for a semi-infinite medium [21] by assuming a fixed
absorption coefficient (µa = 0.2 cm−1) and reduced scattering coefficient (µs

′ = 8.0 cm−1)
for all subjects [28]. Co-recorded auxiliary signals were also resampled to 0.2 Hz.

NIRS data from eleven patients (patients #11, 12, 13, 14, 17, 18, 19, 20, 21, 22, and
24) were used for this analysis. Three patients were excluded due to hardware issues
(patients #15, 16, and 23). As in DCS, the raw NIRS intensity data were down-sampled to
0.2 Hz from 10 Hz via a windowed averaging. The changes in optical density (∆OD) were
converted into changes in hemoglobin concentration (∆HbO, ∆HbR, and ∆HbT) using the
modified Beer–Lambert law [13]. To fit the absorption coefficients at four wavelengths per
probe, we first calculated absorption coefficients at each wavelength by using the extinction
coefficients in the literature [29] with an assumed 75% concentration of water [30] and
assumed initial HbO of 50 µMol, HbR of 30 µMol, and HbT of 80 µMol. The differential
pathlength factor (DPF) was assumed at each wavelength following a scattering decay
of µs

′ = 8.0 × (λ/850)−1.5 (see Supplementary Table S1 for µa, µs
′, and DPF values). SO2

was also derived by combining NIRS measurements with assumed initial HbO and HbT,
corresponding to an initial SO2 of 62.5%.

Two distinct baselines were defined for analyzing the short-term and long-term
changes in CBFi, HbT, and SO2 during CEA. A 3-min short baseline was used to quantify
the transient ipsilateral changes due to clamping and unclamping. In this case, relative CBFi
(rCBFi, relative = response/baseline), ∆HbT, and changes in SO2 (∆SO2) were calculated
with respect to the signals during a 3-min, physiologically stable period before clamping
(Figure 1C, short baseline, red shaded area). On the other hand, the long baseline, which is
the whole post-induction pre-CEA phase until clamping (Figure 1C, long baseline, grey
and red shaded area), was used to quantify rCBFi, ∆HbT, and ∆SO2 in order to evaluate
changes during the CEA and post-CEA surgery phases with respect to the pre-CEA phase.

2.4. Estimation of Cerebral Autoregulation and Cerebrovascular Resistance

We estimated the indices of dynamic CAR capacity by computing cross-correlation
coefficients between CBFi at 25 mm and MAP in each surgery phase. To isolate the signal
fluctuation related to autoregulatory activities reported in Lee et al. [31], we chose a five-
minute non-overlapping window for cross-correlation and took the average correlation
found in each surgery phase. Nonparametric Spearman’s correlation was computed to
avoid the bias from unintended signal artifacts/outliers in the signal [32]. A correlation
coefficient (r) of 0 denotes intact autoregulation while a value of 1 denotes loss of autoreg-
ulation. To evaluate CAR, we set a threshold of r ≥ 0.3 for loss of autoregulation [33,34].
CVR was calculated as CVR = MAP/CBFi. The long baseline was used to normalize CVR
data, followed by quantification of relative CVR (rCVR) changes during CEA and post-CEA
phases with respect to the pre-CEA phase.

2.5. Statistical Analysis

The short- and long-term cerebral hemodynamic changes were investigated between
groups during the different surgery interventions (Figure 1C). To analyze clamp- and
unclamp-induced short-term transient changes in cerebral hemodynamics, all data were
normalized by the short baseline. The Kruskal-Wallis test was used to compare transient
changes (drop and overshoot) in rCBFi, ∆HbT, and ∆SO2 between groups.

For the comparisons of long-term hemodynamic responses (rCBFi, rCVR, ∆HbT, and
SO2), all data were normalized by the long baseline and compare changes in CEA and
post-CEA phases with the pre-CEA phase. In the CAR analysis, all surgery phases were
compared. For these comparisons, a two-way analysis of variance (ANOVA) test is per-
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formed to analyze between-group differences and hemispheric responses, followed by a
Tukey post hoc test for pairwise comparisons. We also performed the nonparametric Fried-
man ranking test to assess within-group repeated measure differences in hemodynamic
changes and CAR.

Quadratic regression analysis was performed to quantify the relationship between the
MAP changes by a patient and the corresponding hemispheric CBFi levels for each phase.
Our quadratic regression model was CBFi = ß0 + ß1 × MAP + ß2 × MAP2. All data are
presented as median with interquartile range (IQR) unless otherwise noted. For all tests, a
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Intraoperative Hemodynamic Changes

The average duration of the surgery was 163 ± 43 min (mean ± SD, standard devia-
tion), and the average CEA time was 58± 13 min. Figure 2 indicates a typical measurement
from a patient (#21, MCS group). After clamping carotid arteries, ipsilateral rCVR increased
sharply (Figure 2B, blue line), causing a steep and rapid decreased in ipsilateral rCBFi
(Figure 2A). The reductions in ipsilateral rCBFi also caused a decrease of both ∆HbT and
∆SO2 (Figure 2C,D, respectively). Once ipsilateral rCBFi reached a minimum value, it
was weakly recovered over a short period and congregated to a new value lower than the
pre-CEA baseline during the CEA phase (Figure 2A, green area).
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cannula in the arm. All data are normalized with respect to the pre-CEA phase (long baseline),
represented in grey and red shaded areas, except MAP. A three-minute short baseline is represented
in the red shaded area. CEA and post-CEA phases are represented in shaded light green and blue
areas, respectively. CEA, carotid endarterectomy; rCBFi, relative cerebral blood flow index; rCVR,
relative cerebrovascular resistance; ∆SO2, changes in oxygen saturation; ∆HbT, changes in total
hemoglobin concentration; MAP, mean arterial pressure.
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In the ipsilateral hemisphere, throughout the CEA phase, we observed an increase
of blood volume, a small reduction in rCVR, and a slight increase of rCBFi with respect
to initial changes (Figure 2A–C, respectively). Additionally, an increase of ∆HbT on
the contralateral side (Figure 2C, orange line) caused a decrease of contralateral rCVR
and thus increased contralateral rCBFi throughout the CEA phase (Figure 2A,B, respec-
tively). Finally, ipsilateral ∆SO2 remained close to its baseline value, although the contralat-
eral ∆SO2 was increased during the CEA phase due to the increase of the contralateral
rCBFi (Figure 2D).

Upon unclamping, there was a marked overshoot in rCBFi and ∆HbT on the ip-
silateral side, leading to an increase of ∆SO2. After the overshoot, rCBFi, and ∆HbT
recovered to the initial baseline, but at different rates. rCBFi recovered slowly (after 30 min),
whereas ∆HbT reached its baseline more rapidly (Figure 2A,C, respectively, blue area). The
slow recovery in rCBFi was likely due to the medically reduced MAP by the anesthesia
provider using vasodilators to reduce the risk of bleeding and reperfusion injury during the
post-CEA phase.

3.2. Quantification of Transient Ipsilateral Changes in rCBFi, ∆HbT, and ∆SO2

Figure 3 shows the average ipsilateral rCBFi, ∆HbT, and ∆SO2 transient changes at
clamping and unclamping with respect to a short baseline for each group. Between-group
differences were analyzed via the Kruskal-Wallis test and showed no statistical significance
in rCBFi, ∆HbT, and ∆SO2 either at clamping or unclamping. However, the transient
changes at unclamping were noticeably more elevated in the SCS and SH groups than in
the MCS group. The average transient changes of ∆HbT and ∆SO2 at clamping were higher
in the SCS group (median ∆HbT = −3.5 µM, ∆SO2 = −5%) than in other groups (MCS:
∆HbT = −2.5 µM, ∆SO2 = −3%; SH: ∆HbT = −2 µM, ∆SO2 = −2%). Across all patients,
the averaged transient changes at clamping were −57 (IQR 15) % for rCBFi, −3 (2) µM
for ∆HbT, and −3 (3) % for ∆SO2. The changes at unclamping were 21 (52) % for rCBFi,
5 (4) µM for ∆HbT, and 1 (3) % for ∆SO2.
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Figure 3. A quantified summary of short-term transient changes in clamping and unclamping in
each group. rCBFi, ∆HbT, and ∆SO2 were quantified with respect to the short baseline. All data are
represented in a whisker plot. Black-filled circles represent outliers. rCBFi, relative cerebral blood
flow index; ∆HbT, changes in total hemoglobin concentration; ∆SO2, changes in oxygen saturation;
MCS, normal-to-mild contralateral stenosis group (<50%); SCS, moderate-to-substantial contralateral
stenosis group (≥50%); SH, shunt utilization group.
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3.3. Intraoperative Hemodynamic Changes during CEA and Post-CEA Phases

Between groups, rCBFi and rCVR did not significantly differ in each phase (see
Supplementary Figure S1). When averaging all patients, during the CEA and post-CEA
phases, ipsilateral rCBFi was significantly lower than contralateral rCBFi (F1,35 = 39.42,
p < 0.001 during CEA phase and F1,35 = 5.19, p = 0.03 during post-CEA phase) (Figure 4).
Accordingly, ipsilateral rCVR was significantly higher than contralateral rCVR in the CEA
(F1,35 = 24.89, p < 0.001) and post-CEA phases (F1,35 = 4.57, p = 0.04). MAP was elevated
during the CEA phase (10 ± 12%) and was reduced (11 ± 10%) during the post-CEA phase
with respect to the pre-CEA phase. ∆HbT and ∆SO2 did not significantly differ during
CEA and post-CEA phases for all subjects (not shown).
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Figure 4. Hemodynamic changes in rCBFi, rCVR, and MAP of all patients during CEA and post-CEA
phases. All changes were normalized with respect to the pre-CEA phase (long baseline, gray dashed
line). All data are represented in mean ± standard error of the mean. Changes in the ipsilateral
hemisphere were statistically significant than in the contralateral hemisphere both during CEA
(indicated as *) and post-CEA phases (indicated as #). CEA, carotid endarterectomy; rCBFi, relative
cerebral blood flow index; rCVR, relative cerebrovascular resistance; MAP, mean arterial pressure.

3.4. Relationship between CBFi and MAP, and Dynamic CAR Changes

A scatter plot from one patient (#21, MCS group) illustrates the relationship between
CBFi and MAP during the pre-CEA, CEA, and post-CEA phases in the ipsilateral and con-
tralateral hemispheres (Figure 5A and B, respectively). Overall, ipsilateral CBFi and MAP
were more correlated in this patient during the post-CEA phase (CAR = 0.5, R2 = 0.625) than
the CEA (CAR = 0.3, R2 = 0.163) and pre-CEA phases (CAR = 0.2, R2 = 0.032, Figure 5A).
Our regression model showed that MAP accounted for 62.5% variability in ipsilateral CBFi
during the post-CEA phase, which aligns with the loss of CAR indicated by a value of
r = 0.5. In a similar line, contralateral CBFi and MAP were more correlated during the
post-CEA phase (CAR = 0.4, R2 = 0.714) than the CEA (CAR = 0.3, R2 = 0.071) and pre-CEA
phases (CAR = 0.2, R2 = 0.013, Figure 5B). On the contralateral side, MAP accounted for
71.4% variability in CBFi during the post-CEA phase, and loss of CAR was indicated by a
value of r = 0.4.
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Figure 5. A representative case of ipsilateral (A) and contralateral (B) CBFi versus MAP in a patient
(#21, MCS group). In the ipsilateral hemisphere, there was a decrease of CBFi for MAP below 85
mmHg during the post-CEA phase, suggesting the loss of cerebral autoregulation for these MAP
values. In contrast, during the pre-CEA and CEA phases, CBFi did not increase despite MAP being
above 120 mmHg, as this patient was still in the autoregulatory range. The pre-CEA, CEA, and post-
CEA phases are represented as grey diamond, green dotted, and blue triangle symbols, respectively.
CAR values are the computed cross-correlation coefficients with respect to our method. The least-
squares method is used to find a polynomial fit of the maximum degree of two and R2 values are the
results of curve fitting. The fit results are shown in color with respect to phases. CBFi, cerebral blood
flow index; MAP, mean arterial pressure; CEA, carotid endarterectomy; CAR, cerebral autoregulation.

During the pre-CEA phase, there were significant differences between groups
(F2,35 = 6.34, p < 0.05) and between the hemispheres (F1,35 = 4.01, p < 0.05) in the CAR
correlation coefficients. A Tukey post hoc test revealed that CBFi was more autoregulated
in the SCS group (CAR = 0.1 ± 0.05) than in the MCS (CAR = 0.26 ± 0.05) and SH groups
(CAR = 0.37 ± 0.12, p = 0.003) during the pre-CEA phase (Figure 6). When combining
all groups to investigate hemispheric differences, we found that the contralateral hemi-
sphere (CAR = 0.12 ± 0.05) was also more autoregulated than the ipsilateral hemisphere
(CAR = 0.24 ± 0.04, p = 0.04) during the pre-CEA phase (see Supplementary Figure S2). In
the SCS group, the Friedman test revealed that ipsilateral CBFi showed significant autoreg-
ulatory responses during the CEA phase (CAR = 0.1 ± 0.1) than in the post-CEA phase
(CAR = 0.28 ± 0.1, p = 0.03, Figure 6). Lastly, the loss of ipsilateral CAR indicated by a
value of r ≥ 0.3 was seen in the SH group both during the pre-CEA (CAR = 0.37 ± 0.12)
and post-CEA phases (CAR = 0.41 ± 0.08).
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Figure 6. Mean correlation coefficients (r) between CBFi and MAP during pre-CEA, CEA, and post-
CEA phases in the MCS, SCS, and SH groups. The ipsilateral hemisphere is blue, and the contralateral
hemisphere is represented in orange color. CBFi was more autoregulated in the SCS group than
MCS and SH groups during the pre-CEA phase (indicated as #, p = 0.003). The intact CAR threshold
(r = 0.3) is indicated as a red dashed line. Data are shown as mean ± standard error of the mean.
* p = 0.03. CAR, cerebral autoregulation; CBFi, cerebral blood flow index; MAP, mean arterial pressure;
CEA, carotid endarterectomy; MCS, mild contralateral stenosis group (<50%); SCS, substantial
contralateral stenosis group (≥50%); SH, shunt group.

3.5. Perioperative Complications

Our patients tolerated the procedure well and their full operative course remained
neurologically intact, with no signs of transient ischemic attack (TIA) or stroke. However,
the postoperative course 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 #24) who had
a slightly asymmetric smile. These improved throughout the patients’ 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.

In summary, we found that both ipsilateral CEA and post-CEA CBFi levels were signif-
icantly lower than that of contralateral due to significantly higher CVR levels. Furthermore,
CAR analysis showed that CBFi was more significantly autoregulated in the SCS group
than in other groups during the pre-CEA phase. In the SCS group, although CAR was
intact during the post-CEA phase, ipsilateral CBFi was significantly less autoregulated than
in the CEA phase.

4. Discussion

This is the first study that utilized CAR and CVR estimates from DCS-derived CBFi
and MAP measurements during the CEA procedure. This pilot study also demonstrated
(1) the feasibility of noninvasive CBF monitoring during CEA, acquired by DCS alone
and in combination with NIRS, (2) the transient cerebral hemodynamic changes due to
clamping and unclamping of carotid arteries, and (3) hemodynamic compensation in
different degrees of contralateral stenosis and shunt utilization.
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4.1. Clamp- and Unclamp-Induced Transient Hemodynamic Changes

Both clamping and unclamping caused marked changes in cerebral hemodynamics.
In the ipsilateral hemisphere, clamping caused a mechanical increase of CVR, and thus, a
transient interruption of perfusion, resulting in a rapid drop of CBFi (Figure 2A,B, respec-
tively). This decreased perfusion triggered an increase of ∆HbT (i.e., blood volume) and
provided a partial recovery of CBFi (Figure 2A,C, respectively). Conversely, unclamping
caused a marked overshoot of CBFi, ∆HbT, and ∆SO2 (Figure 2A,C,D, respectively) due to
a rapid drop of CVR (Figure 2B).

There were also marked changes in the contralateral hemisphere due to clamping
and unclamping. Medically elevated MAP at clamping contributed to an increase of
blood volume and CBFi (Figure 2A,E, respectively). This contralaterally increased CBFi at
clamping also contributed to the aforementioned recovery to ipsilateral CBFi due to vascular
pressure difference. Upon unclamping, while MAP was medically reduced, there was a
decrease of contralateral CBFi, ∆HbT, and ∆SO2 due to the gradual recovery of vascular
pressure (Figure 2A,C–E, respectively). However, these transient changes due to clamping
and unclamping did not reveal a significant difference between groups, indicating adequate
collateral compensation for our patients (Figure 3). It is also worth noting that clamping
of ipsilateral carotid arteries produced changes in the EEG activity with attenuation of
amplitude and fast frequencies for four patients in the SH group, which led to the decision
to place a shunt intraoperatively. Therefore, the lack of difference in the SH group might be
due to shunt-provided supplemental blood flow.

4.2. Intraoperative Changes in CBFi and CVR

During the CEA phase, ipsilateral CVR was significantly higher than that of the
contralateral due to additional clamp-induced resistance (Figure 4, p < 0.001). Therefore,
the average ipsilateral CBFi was significantly lower than contralateral (Figure 4, p < 0.001).
A previous study reported that both ipsilateral and contralateral CBFi was lower than
their baseline values during the CEA phase [35]. We found a different response in the
contralateral CBFi, which was higher than its baseline value. This might be due to several
reasons such as contralateral flow compensation, the presence of communicating arteries,
and thus, the integrity of CoW, and MAP management during the procedure. Nevertheless,
an increase of contralateral CBFi would be expected during unilateral clamping as it
provides quantitatively significant compensative blood flow through CoW [36]. Our results
showed an adequate collateral compensation by means of increased contralateral CBFi in
our patients. However, the ipsilateral CBFi levels were different between groups. There
was a lower ipsilateral CBFi in the SCS and MCS groups, indicating the limited collateral
compensation due to contralateral stenosis. In the SH group, however, the shunt provided
supplemental blood flow, and therefore, the ipsilateral CBFi reduction was lower than in
other groups (see Supplementary Figure S1).

During the post-CEA phase, we observed that averaged ipsilateral CBFi recovered
gradually to its baseline. However, this ipsilateral CBFi was significantly lower than that of
the contralateral (Figure 4, p = 0.03). This was mainly due to the presence of high ipsilateral
CVR. Interestingly, we observed that ipsilateral CBFi was higher than the baseline in the
SH group, demonstrating the efficacy of shunt utilization, as the additional blood flow can
help in recovery (see Supplementary Figure S1).

4.3. Dynamic CAR Indices

During the pre-CEA phase, we observed that the highest correlation greater than 0.3
was in the SH group on the ipsilateral hemisphere (Figure 6, SH group). Since the shunt
utilization was decided either intraoperatively based on EEG changes or pre-surgically
based on the patient’s stroke history and neurological evaluation, ipsilaterally weakened
CAR in the SH group during this phase may reflect the degrees of their past ischemic
stroke or transient ischemic attacks [37,38]. The better CAR in the SCS group than in other
groups during the pre-CEA phase may actually be an indication of the ability to maintain
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constant CBFi for elevated MAP (Figure 6, p = 0.003). Regardless, we observed significantly
worsened CAR in the ipsilateral hemisphere compared to the contralateral hemisphere
during the pre-CEA phase (see Supplementary Figure S2).

During the CEA phase, CAR was intact in both hemispheres for each group, as
CAR curves were still in the autoregulatory range, as we demonstrated in Figure 5A,B,
respectively. During the post-CEA phase, worsened CAR was found in the SH group,
which may be due to an acute inability to adapt to removing supplemental blood flow and
thus tightly controlled MAP. Furthermore, in general, CAR was not improved immediately
in the post-CEA phase, which was probably due to the intraoperatively reduced MAP to
avoid hyperperfusion syndrome (see post-CEA phase in Figure 2E and the high correlation
between CBFi and MAP at 70–90 mmHg in Figure 5A,B). Nevertheless, the CAR estimates
in the post-CEA phases might be impacted by medications to control patients’ arterial
blood pressure.

4.4. Hemodynamic Changes in the Superficial Compartment

Most patients showed similar hemodynamic trends in the extracerebral measurements
(detected at 5 mm) throughout the CEA procedure: significant decreases in the ipsilateral
superficial BFi (SBFi) and oxygenation upon clamping, followed by a small recovery
during CEA (see Supplementary Figure S3). These changes in SBFi are consistent with
the procedural clamping of the external carotid artery, and the partial recovery of SBFi is
probably due to perfusion via collateral circulation through the ophthalmic artery [39].

4.5. Limitations

As limitations, we are intrinsically limited by NIRS and DCS, as our model assumes
consistent head anatomy and no extracerebral interference differences across subjects.
One limitation of our study is the small number of patients enrolled for CBFi and NIRS
comparisons between groups. 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 CBFi and ∆HbT. However, many other factors could lead to such variations in
cerebral hemodynamics, including the severity of the bilateral stenosis, comorbid diseases,
smoking status, blood pressure, heart rate, anesthetics, and cerebral adaptive capacity. In
particular, different anesthetic regimens produce different reductions in cerebral blood
flow and metabolic rate due to tight coupling. This is in contrast to the flow-metabolism
decoupling in some anesthetic regimens, for example, propofol with higher concentrations
of sevoflurane [40]. Since our study is not a clinically controlled study, we did not aim to
investigate the dosage and combination of anesthetics. Nevertheless, most of our patients
showed similar hemodynamic trends throughout the CEA procedure.

5. Conclusions

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, intraoperative
monitoring of clamping-induced cerebral hypoperfusion and unclamping-induced reperfu-
sion would help make acute management changes in inpatient care (e.g., arterial shunting)
to avoid brain tissue damage. Moreover, by monitoring CBFi and DCS-derived indices,
such as CAR (which was mostly intact throughout the surgery phases), our dataset can
provide additional information about brain health. Thus, we conclude that DCS alone
or combined with NIRS can provide complementary cerebral hemodynamic assessment
during surgery, which can potentially guide the clinical team to minimize perioperative
stroke and neurological injury by determining personalized perfusion strategies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12081025/s1, Table S1: Calculated µa, µs’, and DPF
values in each wavelength for the right and left forehead probe. Figure S1: Hemodynamic changes
in rCBFi, rCVR, and MAP in each group during the CEA and post-CEA phases. Figure S2: Mean
correlation coefficients (r) between hemispheres during the pre-CEA phase. Figure S3: A typical
measurement on a patient (#21, MCS group) at 5 mm during CEA.

Author Contributions: Conceptualization: M.A.F. and E.T.P. Data curation: M.A.F. and J.S. Formal
analysis: K.K. and F.O.-E. Funding acquisition: M.A.F. Investigation: K.K., A.I.Z. and G.M.L. Method-
ology: M.A.F., E.T.P. and J.S. Resources: E.T.P. and M.V.S. Supervision: M.A.F., E.T.P., M.V.S. and J.S.
Visualization: K.K. Writing—original draft preparation: K.K. Writing—review and editing: A.I.Z.,
F.O.-E., M.V.S., G.M.L., E.T.P., M.A.F. and J.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Institutes of Health grants R01GM116177
and R01HD0091067.

Institutional Review Board Statement: This study was reviewed and approved by the Massachusetts
General Hospital Institutional Research Board (IRB; #2015P002669), in accordance with the Declaration
of Helsinki.

Informed Consent Statement: Informed consent was obtained from all patients involved in the study.

Data Availability Statement: The data sets used and/or analyzed for this study are available from
the corresponding authors upon reasonable request.

Acknowledgments: The authors thank Zack Starkweather for designing and fabricating the optical
probes. We also thank Juliette Selb, Melissa Wu, Parya Farzam, Parisa Farzam, Adriano Peruch, and
Vidhya V. Nair for their contributions to data acquisition.

Conflicts of Interest: M.A.F. has a financial interest in 149 Medical, Inc., a company developing DCS
technology for assessing and monitoring cerebral blood flow in newborn infants. M.A.F. interests were
reviewed and managed by Massachusetts General Hospital and Mass General Brigham according to
their conflict-of-interest policies. All other authors reported no conflicts of interest.

References
1. Howell, S.J. Carotid Endarterectomy. Br. J. Anaesth. 2007, 99, 119–131. [CrossRef] [PubMed]
2. Romero, J.R.; Pikula, A.; Nguyen, T.N.; Nien, Y.L.; Norbash, A.; Babikian, V.L. Cerebral Collateral Circulation in Carotid Artery

Disease. Curr. Cardiol. Rev. 2009, 5, 279–288. [CrossRef] [PubMed]
3. Vrselja, Z.; Brkic, H.; Mrdenovic, S.; Radic, R.; Curic, G. Function of Circle of Willis. J. Cereb. Blood Flow Metab. 2014, 34, 578–584.

[CrossRef] [PubMed]
4. Cursi, M.; Meraviglia, M.V.; Fanelli, G.F.; Chiesa, R.; Tirelli, A.; Comi, G.; Minicucci, F. Electroencephalographic Background

Desynchronization during Cerebral Blood Flow Reduction. Clin. Neurophysiol. 2005, 116, 2577–2585. [CrossRef] [PubMed]
5. Moritz, S.; Kasprzak, P.; Arlt, M.; Taeger, K.; Metz, C. Accuracy of Cerebral Monitoring in Detecting Cerebral Ischemia during

Carotid Endarterectomy: A Comparison of Transcranial Doppler Sonography, Near-Infrared Spectroscopy, Stump Pressure, and
Somatosensory Evoked Potentials. Anesthesiology 2007, 107, 563–569. [CrossRef] [PubMed]

6. Rowed, D.W.; Houlden, D.A.; Burkholder, L.M.; Taylor, A.B. Comparison of Monitoring Techniques for Intraoperative Cerebral
Ischemia. Can. J. Neurol. Sci. 2004, 31, 347–356. [CrossRef] [PubMed]

7. Sloan, T.B. Anesthetic Effects on Electrophysiologic Recordings. J. Clin. Neurophysiol. 1998, 15, 217–226. [CrossRef] [PubMed]
8. Jansen, C.; Vriens, E.M.; Eikelboom, B.C.; Vermeulen, F.E.; van Gijn, J.; Ackerstaff, R.G. Carotid Endarterectomy with Transcranial

Doppler and Electroencephalographic Monitoring. A Prospective Study in 130 Operations. Stroke 1993, 24, 665–669. [CrossRef]
9. Belardi, P.; Lucertini, G.; Ermirio, D. Stump Pressure and Transcranial Doppler for Predicting Shunting in Carotid Endarterectomy.

Eur. J. Vasc. Endovasc. Surg. 2003, 25, 164–167. [CrossRef]
10. Spencer, M.P.; Thomas, G.I.; Nicholls, S.C.; Sauvage, L.R. Detection of Middle Cerebral Artery Emboli during Carotid Endarterec-

tomy Using Transcranial Doppler Ultrasonography. Stroke 1990, 21, 415–423. [CrossRef] [PubMed]
11. Edlow, B.L.; Kim, M.N.; Durduran, T.; Zhou, C.; Putt, M.E.; Yodh, A.G.; Greenberg, J.H.; Detre, J.A. The Effects of Healthy Aging

on Cerebral Hemodynamic Responses to Posture Change. Physiol. Meas. 2010, 31, 477–495. [CrossRef] [PubMed]
12. Pennekamp, C.W.; Bots, M.L.; Kappelle, L.J.; Moll, F.L.; de Borst, G.J. The Value of Near-Infrared Spectroscopy Measured Cerebral

Oximetry during Carotid Endarterectomy in Perioperative Stroke Prevention. A Review. Eur. J. Vasc. Endovasc. Surg. 2009,
38, 539–545. [CrossRef] [PubMed]

13. Delpy, D.T.; Cope, M.; van der Zee, P.; Arridge, S.; Wray, S.; Wyatt, J. Estimation of Optical Pathlength through Tissue from Direct
Time of Flight Measurement. Phys. Med. Biol. 1988, 33, 1433. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci12081025/s1
https://www.mdpi.com/article/10.3390/brainsci12081025/s1
http://doi.org/10.1093/bja/aem137
http://www.ncbi.nlm.nih.gov/pubmed/17556351
http://doi.org/10.2174/157340309789317887
http://www.ncbi.nlm.nih.gov/pubmed/21037845
http://doi.org/10.1038/jcbfm.2014.7
http://www.ncbi.nlm.nih.gov/pubmed/24473483
http://doi.org/10.1016/j.clinph.2005.06.026
http://www.ncbi.nlm.nih.gov/pubmed/16214407
http://doi.org/10.1097/01.anes.0000281894.69422.ff
http://www.ncbi.nlm.nih.gov/pubmed/17893451
http://doi.org/10.1017/S0317167100003437
http://www.ncbi.nlm.nih.gov/pubmed/15376479
http://doi.org/10.1097/00004691-199805000-00005
http://www.ncbi.nlm.nih.gov/pubmed/9681559
http://doi.org/10.1161/01.STR.24.5.665
http://doi.org/10.1053/ejvs.2002.1823
http://doi.org/10.1161/01.STR.21.3.415
http://www.ncbi.nlm.nih.gov/pubmed/2408197
http://doi.org/10.1088/0967-3334/31/4/002
http://www.ncbi.nlm.nih.gov/pubmed/20181999
http://doi.org/10.1016/j.ejvs.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19665397
http://doi.org/10.1088/0031-9155/33/12/008
http://www.ncbi.nlm.nih.gov/pubmed/3237772


Brain Sci. 2022, 12, 1025 16 of 17

14. Matsumoto, S.; Nakahara, I.; Higashi, T.; Iwamuro, Y.; Watanabe, Y.; Takahashi, K.; Ando, M.; Takezawa, M.; Kira, J.I. Near-
Infrared Spectroscopy in Carotid Artery Stenting Predicts Cerebral Hyperperfusion Syndrome. Neurology 2009, 72, 1512–1518.
[CrossRef] [PubMed]

15. Rigamonti, A.; Scandroglio, M.; Minicucci, F.; Magrin, S.; Carozzo, A.; Casati, A. A Clinical Evaluation of Near-Infrared Cerebral
Oximetry in the Awake Patient to Monitor Cerebral Perfusion during Carotid Endarterectomy. J. Clin. Anesth. 2005, 17, 426–430.
[CrossRef]

16. Grubhofer, G.; Plöchl, W.; Skolka, M.; Czerny, M.; Ehrlich, M.; Lassnigg, A. Comparing Doppler Ultrasonography and Cerebral
Oximetry as Indicators for Shunting in Carotid Endarterectomy. Anesth. Analg. 2000, 91, 1339–1344. [CrossRef] [PubMed]

17. Pugliese, F.; Ruberto, F.; Tosi, A.; Martelli, S.; Bruno, K.; Summonti, D.; D’Alio, A.; Diana, B.; Anile, M.; Panico, A. Regional
Cerebral Saturation versus Transcranial Doppler during Carotid Endarterectomy under Regional Anaesthesia. Eur. J. Anaesthesiol.
2009, 26, 643–647. [CrossRef] [PubMed]

18. Pedrini, L.; Magnoni, F.; Sensi, L.; Pisano, E.; Ballestrazzi, M.S.; Cirelli, M.R.; Pilato, A. Is Near-Infrared Spectroscopy a Reliable
Method to Evaluate Clamping Ischemia during Carotid Surgery? Stroke Res. Treat. 2012, 2012, 156975. [CrossRef]

19. Mille, T.; Tachimiri, M.E.; Klersy, C.; Ticozzelli, G.; Bellinzona, G.; Blangetti, I.; Pirrelli, S.; Lovotti, M.; Odero, A. Near Infrared
Spectroscopy Monitoring during Carotid Endarterectomy: Which Threshold Value Is Critical? Eur. J. Vasc. Endovasc. Surg. 2004,
27, 646–650. [CrossRef]

20. Ritter, J.; Green, D.; Slim, H.; Tiwari, A.; Brown, J.; Rashid, H. The Role of Cerebral Oximetry in Combination with Awake
Testing in Patients Undergoing Carotid Endarterectomy under Local Anaesthesia. Eur. J. Vasc. Endovasc. Surg. 2011, 41, 599–605.
[CrossRef]

21. Durduran, T.; Choe, R.; Baker, W.B.; Yodh, A.G. Diffuse Optics for Tissue Monitoring and Tomography. Rep. Prog. Phys. 2010,
73, 076701. [CrossRef] [PubMed]

22. Boas, D.A.; Yodh, A.G. Spatially Varying Dynamical Properties of Turbid Media Probed with Diffusing Temporal Light Correlation.
J. Opt. Soc. Am. A 1997, 14, 192–215. [CrossRef]

23. Durduran, T.; Yu, G.; Burnett, M.G.; Detre, J.A.; Greenberg, J.H.; Wang, J.; Zhou, C.; Yodh, A.G. Diffuse Optical Measurement of
Blood Flow, Blood Oxygenation, and Metabolism in a Human Brain during Sensorimotor Cortex Activation. Opt. Lett. 2004,
29, 1766–1768. [CrossRef] [PubMed]

24. Durduran, T.; Zhou, C.; Edlow, B.L.; Yu, G.; Choe, R.; Kim, M.N.; Cucchiara, B.L.; Putt, M.E.; Shah, Q.; Kasner, S.E.; et al.
Transcranial Optical Monitoring of Cerebrovascular Hemodynamics in Acute Stroke Patients. Opt. Express 2009, 17, 3884–3902.
[CrossRef] [PubMed]

25. North American Symptomatic Carotid Endarterectomy Trial Collaborators (NASCET). Beneficial Effect of Carotid Endarterectomy
in Symptomatic Patients with High-Grade Carotid Stenosis. N. Engl. J. Med. 1991, 325, 445–453. [CrossRef]

26. Carp, S.A.; Farzam, P.; Redes, N.; Hueber, D.M.; Franceschini, M.A. Combined Multi-Distance Frequency Domain and Diffuse
Correlation Spectroscopy System with Simultaneous Data Acquisition and Real-Time Analysis. Biomed. Opt. Express 2017,
8, 3993–4006. [CrossRef] [PubMed]

27. Selb, J.J.; Boas, D.A.; Chan, S.-T.; Evans, K.C.; Buckley, E.M.; Carp, S.A. Sensitivity of Near-Infrared Spectroscopy and Diffuse
Correlation Spectroscopy to Brain Hemodynamics: Simulations and Experimental Findings during Hypercapnia. Neurophotonics
2014, 1, 015005. [CrossRef]

28. Carp, S.; Tamborini, D.; Mazumder, D.; Wu, K.C.; Robinson, M.; Stephens, K.; Shatrovoy, O.; Lue, N.; Ozana, N.;
Blackwell, M.; et al. Diffuse Correlation Spectroscopy Measurements of Blood Flow Using 1064 Nm Light. J. Biomed.
Opt. 2020, 25, 097003. [CrossRef] [PubMed]

29. Prahl, S. Tabulated Molar Extinction Coefficient for Hemoglobin in Water. Nature 1999, 401, 788–791. Available online: http:
//omlc.ogi.edu/spectra/hemoglobin/summary.html (accessed on 30 July 2022).

30. Wolthuis, R.; van Aken, M.; Fountas, K.; Robinson, J.S., Jr.; Bruining, H.A.; Puppels, G.J. Determination of Water Concentration in
Brain Tissue by Raman Spectroscopy. Anal. Chem. 2001, 73, 3915–3920. [CrossRef]

31. Lee, J.K.; Kibler, K.K.; Benni, P.B.; Easley, R.B.; Czosnyka, M.; Smielewski, P.; Koehler, R.C.; Shaffner, D.H.; Brady, K.M.
Cerebrovascular Reactivity Measured by Near-Infrared Spectroscopy. Stroke 2009, 40, 1820–1826. [CrossRef]

32. Sunwoo, J.; Chalacheva, P.; Khaleel, M.; Shah, P.; Sposto, R.; Kato, R.M.; Detterich, J.; Zeltzer, L.K.; Wood, J.C.; Coates, T.D.; et al. A
Novel Cross-Correlation Methodology for Assessing Biophysical Responses Associated with Pain. J. Pain Res. 2018, 11, 2207–2219.
[CrossRef] [PubMed]

33. Sorrentino, E.; Budohoski, K.P.; Kasprowicz, M.; Smielewski, P.; Matta, B.; Pickard, J.D.; Czosnyka, M. Critical Thresholds for
Transcranial Doppler Indices of Cerebral Autoregulation in Traumatic Brain Injury. Neurocrit. Care 2011, 14, 188–193. [CrossRef]
[PubMed]

34. Zweifel, C.; Dias, C.; Smielewski, P.; Czosnyka, M. Continuous Time-Domain Monitoring of Cerebral Autoregulation in
Neurocritical Care. Med. Eng. Phys. 2014, 36, 638–645. [CrossRef]

35. Shang, Y.; Cheng, R.; Dong, L.; Ryan, S.J.; Saha, S.P.; Yu, G. Cerebral Monitoring during Carotid Endarterectomy Using Near-
Infrared Diffuse Optical Spectroscopies and Electroencephalogram. Phys. Med. Biol. 2011, 56, 3015–3032. [CrossRef] [PubMed]

36. Hartkamp, M.J.; van der Grond, J.; van Everdingen, K.J.; Hillen, B.; Mali, W.P.T.M. Circle of Willis Collateral Flow Investigated by
Magnetic Resonance Angiography. Stroke 1999, 30, 2671–2678. [CrossRef]

http://doi.org/10.1212/WNL.0b013e3181a2e846
http://www.ncbi.nlm.nih.gov/pubmed/19398706
http://doi.org/10.1016/j.jclinane.2004.09.007
http://doi.org/10.1097/00000539-200012000-00006
http://www.ncbi.nlm.nih.gov/pubmed/11093976
http://doi.org/10.1097/EJA.0b013e32832b89c2
http://www.ncbi.nlm.nih.gov/pubmed/19494780
http://doi.org/10.1155/2012/156975
http://doi.org/10.1016/j.ejvs.2004.02.012
http://doi.org/10.1016/j.ejvs.2010.12.009
http://doi.org/10.1088/0034-4885/73/7/076701
http://www.ncbi.nlm.nih.gov/pubmed/26120204
http://doi.org/10.1364/JOSAA.14.000192
http://doi.org/10.1364/OL.29.001766
http://www.ncbi.nlm.nih.gov/pubmed/15352363
http://doi.org/10.1364/OE.17.003884
http://www.ncbi.nlm.nih.gov/pubmed/19259230
http://doi.org/10.1056/NEJM199108153250701
http://doi.org/10.1364/BOE.8.003993
http://www.ncbi.nlm.nih.gov/pubmed/29026684
http://doi.org/10.1117/1.NPh.1.1.015005
http://doi.org/10.1117/1.JBO.25.9.097003
http://www.ncbi.nlm.nih.gov/pubmed/32996299
http://omlc.ogi.edu/spectra/hemoglobin/summary.html
http://omlc.ogi.edu/spectra/hemoglobin/summary.html
http://doi.org/10.1021/ac0101306
http://doi.org/10.1161/STROKEAHA.108.536094
http://doi.org/10.2147/JPR.S142582
http://www.ncbi.nlm.nih.gov/pubmed/30323655
http://doi.org/10.1007/s12028-010-9492-5
http://www.ncbi.nlm.nih.gov/pubmed/21181299
http://doi.org/10.1016/j.medengphy.2014.03.002
http://doi.org/10.1088/0031-9155/56/10/008
http://www.ncbi.nlm.nih.gov/pubmed/21508444
http://doi.org/10.1161/01.STR.30.12.2671


Brain Sci. 2022, 12, 1025 17 of 17

37. Petersen, N.H.; Ortega-Gutierrez, S.; Reccius, A.; Masurkar, A.; Huang, A.; Marshall, R.S. Dynamic Cerebral Autoregulation Is
Transiently Impaired for One Week after Large-Vessel Acute Ischemic Stroke. Cerebrovasc. Dis. 2015, 39, 144–150. [CrossRef]

38. Tian, G.; Ji, Z.; Lin, Z.; Pan, S.; Yin, J. Cerebral Autoregulation Is Heterogeneous in Different Stroke Mechanism of Ischemic Stroke
Caused by Intracranial Atherosclerotic Stenosis. Brain Behav. 2020, 11, e01907. [CrossRef]

39. Perrini, P.; Cardia, A.; Fraser, K.; Lanzino, G. A Microsurgical Study of the Anatomy and Course of the Ophthalmic Artery and Its
Possibly Dangerous Anastomoses. J. Neurosurg. 2007, 106, 142–150. [CrossRef] [PubMed]

40. Kaisti, K.K.; Långsjö, J.W.; Aalto, S.; Oikonen, V.; Sipilä, H.; Teräs, M.; Hinkka, S.; Metsähonkala, L.; Scheinin, H. Effects of
Sevoflurane, Propofol, and Adjunct Nitrous Oxide on Regional Cerebral Blood Flow, Oxygen Consumption, and Blood Volume in
Humans. Anesthesiology 2003, 99, 603–613. [CrossRef]

http://doi.org/10.1159/000368595
http://doi.org/10.1002/brb3.1907
http://doi.org/10.3171/jns.2007.106.1.142
http://www.ncbi.nlm.nih.gov/pubmed/17236500
http://doi.org/10.1097/00000542-200309000-00015

	Introduction 
	Materials and Methods 
	Study Patients and Procedure 
	Optical Instrument and Clinical Auxiliary Signals 
	Analysis of Cerebral Blood Flow Index and Oxygenation 
	Estimation of Cerebral Autoregulation and Cerebrovascular Resistance 
	Statistical Analysis 

	Results 
	Intraoperative Hemodynamic Changes 
	Quantification of Transient Ipsilateral Changes in rCBFi, HbT, and SO2 
	Intraoperative Hemodynamic Changes during CEA and Post-CEA Phases 
	Relationship between CBFi and MAP, and Dynamic CAR Changes 
	Perioperative Complications 

	Discussion 
	Clamp- and Unclamp-Induced Transient Hemodynamic Changes 
	Intraoperative Changes in CBFi and CVR 
	Dynamic CAR Indices 
	Hemodynamic Changes in the Superficial Compartment 
	Limitations 

	Conclusions 
	References

