Transcranial Optical Monitoring of Cerebral Hemodynamics in
Acute Stroke Patients during Mechanical Thrombectomy
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Introduction: Mechanical thrombectomy is revolutionizing treatment of acute stroke
due to large vessel occlusion (LVO). Unfortunately, use of the modified Thromboly-
sis in Cerebral Infarction score (mTICI) to characterize recanalization of the cerebral
vasculature does not address microvascular perfusion of the distal parenchyma,
nor provide more than a vascular “snapshot.” Thus, little is known about tissue-
level hemodynamic consequences of LVO recanalization. Diffuse correlation spec-
troscopy (DCS) and diffuse optical spectroscopy (DOS) are promising methods for
continuous, noninvasive, contrast-free transcranial monitoring of cerebral micro-
vasculature. Methods: Here, we use a combined DCS/DOS system to monitor fron-
tal lobe hemodynamic changes during endovascular treatment of 2 patients with
ischemic stroke due to internal carotid artery (ICA) occlusions. Results and Discus-
sion: The monitoring instrument identified a recanalization-induced increase in ipsi-
lateral cerebral blood flow (CBF) with little or no concurrent change in contralateral
CBF and extracerebral blood flow. The results suggest that diffuse optical monitor-
ing is sensitive to intracerebral hemodynamics in patients with ICA occlusion and
can measure microvascular responses to mechanical thrombectomy.
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Introduction

Mechanical thrombectomy has revolutionized treat-
ment of patients with acute ischemic stroke due to large
vessel occlusion (LVO), by providing rapid restoration of
blood flow to ischemic brain tissue.'? Currently, proce-
dural success for mechanical thrombectomy is defined by
the degree of vessel recanalization visualized by angiogra-
phy, most often using the modified Thrombolysis in
Cerebral Infarction score (mTICI).® However, only about
one-third of patients experience complete recanalization.
The majority are left with some degree of residual cerebral
hemodynamic impairment,’ which in turn correlates with
infarct growth and greater long-term disability." More-
over, the degree of large artery recanalization, an ana-
tomic structural observation, does not always reflect
parenchymal cerebral blood flow (CBF),”” and this physi-
ological factor holds potential to better predict infarct vol-
ume,® clinical outcome,” and inform medical management
strategies. Currently, there is no suitable tool to measure
CBF during mechanical thrombectomy in real time, thus a
continuous bedside monitor has potential to impact
patient care.

Invasive monitors that measure brain parenchymal vas-
cular physiology are available in neurointensive care set-
tings.8 These devices, however, typically only provide data
from a single subcortical location. They are also impractical
for hyperacute stroke due to both the time required to place
them and the risk of tissue injury and/or hemorrhage, par-
ticularly in patients treated with intravenous thrombolysis
or antithrombotic medications. Less invasive CT and MR
perfusion techniques provide quantification of CBF, but
these diagnostics require transport to an imaging suite, uti-
lize exogenous contrast agents, and generally offer only
snapshots in time. Noninvasive diffuse optical methods
have limited depth penetration and spatial resolution, but
they are attractive for patients with cerebrovascular disease
because they enable continuous, bedside, transcranial mon-
itoring of microvascular CBF, and cerebral oxy- and deoxy-
hemoglobin  concentrations.”> The diffuse optical
measurement of CBF has been previously validated against
several other techniques, such as Arterial Spin Labelling-
MRI,** Xenon CT,? transcranial Doppler ultrasound,'>%*%”
phase-encoded velocity mapping MRI,* and fluorescent
microspheres.”’

Transcranial optical monitoring during mechanical
thrombectomy has also been carried out recently with
commercial near-infrared spectroscopy (NIRS) instrumen-
tation'*?*; commercial NIRS provides information about
blood oxygen saturation changes in tissues located beneath
the probe. While encouraging, these studies only found
small changes in oxygen saturation, and the results did
not necessarily correlate with outcome. Importantly, in
these studies, the commercial NIRS systems may not have
offered the most sensitive measure of change in the con-
text of recanalization. Specifically, commercial NIRS may
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not accurately distinguish scalp and brain, and direct CBF
monitoring with DCS, which is not possible with NIRS,
may be a more sensitive tool for probing physiological
changes during mechanical thrombectomy. The DCS
blood flow signal is weighted toward comparatively long
photon paths that penetrate more deeply into the brain
(e.g, compared to NIRS)."””’ Additionally, the relative dif-
ference between intracerebral and extracerebral blood
flow is greater than the relative difference in oxygen satu-
ration between these 2 compartments. Therefore, the pres-
ent work anticipates that optical monitoring of CBF using
DCS is inherently more sensitive to cerebral physiology
changes than commercial NIRS systems.”'®'7?!2

In this preliminary report, we describe findings using
DCS to measure in real-time bilateral frontal lobe micro-
vascular CBF during and after recanalization of the inter-
nal carotid artery (ICA) in 2 acute ischemic stroke
patients. We focused on patients with ICA occlusion
because the frontal lobes are reliably included in the ICA
vascular distribution. This work documents important
first steps toward establishing continuous diffuse optical
monitoring of cerebral microvasculature as a means for
noninvasive, patient-specific quantification of tissue-level
reperfusion following mechanical thrombectomy.

Methods
Patients

Two patients undergoing mechanical thrombectomy to
treat acute ischemic stroke caused by unilateral occlusion
of the internal carotid artery (ICA) were enrolled in this
study at the Hospital of the University of Pennsylvania.
The study was carried out in accordance with the Belmont
Report with written informed consent from all subjects (or
legally authorized surrogate). Given the time-sensitive
nature of mechanical thrombectomy and the nonsignifi-
cant risk associated with this research protocol, written
informed consent was obtained retrospectively. The pro-
tocol was approved by the University of Pennsylvania
Institutional Review Board (Protocol Number 828249).

Experimental Protocol

Eligible patients were identified by a vascular neurolo-
gist. In accordance with standard-of-care, patients were
transported to the interventional neuroradiology suite in
order to perform mechanical thrombectomy. After the
patient was situated on the procedure table, optical
probes were placed bilaterally on the lateral aspect of the
forehead (Fig 1). To optimize the optical signal, care was
taken with probe placement to avoid hair and frontal
sinuses. The probes were fixed to the head with double-
sided tape and an elastic bandage. Once the probes were
secured, the light sources were turned on, and cerebral
hemodynamic data were collected throughout the course
of the mechanical thrombectomy procedure. Briefly, the
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Figure 1. Schematic of the experimental setup. After the patient was situated on the procedure table, 2 fiberoptic optical monitoring probes were placed on the
lateral aspect of the forehead, bilaterally. Groin access and mechanical thrombectomy proceeded without delay. Microvascular cerebral blood flow (CBF), oxyhe-
moglobin concentration, and deoxyhemoglobin concentration were simultaneously monitored on the ipsilateral hemisphere with diffuse correlation spectroscopy
(DCS) and time-domain diffuse optical spectroscopy (TD-DOS). A notch filter (centered at 785 nm) was placed in front of the TD-DOS detector to facilitate
simultaneous TD-DOS/DCS measurements. On the contralateral hemisphere, CBF alone was monitored with DCS.

mechanical thrombectomy procedure involves threading a
catheter through the femoral artery to reach the clot in the
cervicocerebral artery and then mechanically remove it.

Patients routinely remained on the procedure table for
several minutes after completion of the thrombectomy,
and optical data collection continued during this time.
Just prior to removing the patient from the procedure
table, data collection was stopped, and the optical probes
were removed from the patient’s head. An optical time-
domain DOS (TD-DOS) instrument response function
(IRF) measurement was then obtained in a manner
described elsewhere.** Mean arterial pressure (MAP) data
were recorded once every minute and were retrospec-
tively retrieved from the anesthesia record and time-
synchronized with the optical data. MAP was monitored
either with an invasive catheter or a brachial cuff, depend-
ing on clinical availability.

Optical Instrumentation

We utilized an instrument with TD-DOS and DCS
modules. The TD-DOS module contains 2 pulsed lasers
(BHLP-700, Becker&Hickl) emitting short light pulses
(~100 ps) at a 50 MHz repetition rate and operating at
different wavelengths (685 and 830 nm), 1 hybrid photo-
multiplier tube (HPM-100, Becker&Hickl), and a time-
correlated single-photon counter board (SPC130, Beck-
er&Hickl). The DCS system contains 16 single-
photon counters (SPCM-AQ4C, Pacer) connected to a fast
software correlator,” as well as 2 long-coherence-length

source lasers emitting light at 785 nm (DL785-100-SO,
CrystaLaser).

To permit simultaneous TD-DOS/DCS measurements,
we introduced a fiber-coupled notch filter centered at
785 nm before the TD-DOS detector; the notch filter blocks
light from the DCS source (OZ Optics, Fig 1). Data acqui-
sition was controlled with custom-written software in a
LabVIEW environment (National Instruments). The data
acquisition rate was 20 Hz for DCS and 0.7 Hz for TD-
DOS (0.35 Hz per TD-DOS wavelength). For DCS, we
employed 2 source-detector separations on each hemi-
sphere: 1 short separation (0.7 cm) primarily sensitive to
extracerebral tissue, that is, scalp and skull, and 1 long
source-detector separation (2.5 cm), which has been
shown to provide an acceptable signal-to-noise ratio
(SNR) and cortical sensi’civi’cy.9’16’17’31 Since we were lim-
ited to the use of a single TD-DOS detector, the TD-DOS
measurement was made with a single, large source-detec-
tor separation (3.2 cm) on the hemisphere of interest, that
is, ipsilateral to the occlusion. The TD-DOS technique,
which is more complex than commercial NIRS systems
that utilize continuous-wave light, can uniquely separate
tissue absorption effects from tissue scattering effects for
enhanced measurement accuracy.”” For more details on
DCS and TD-DOS instrumentation, we refer the reader to
recent reviews.**®

Optical Analysis

The temporal decay of the DCS autocorrelation function
and the recovered CBF indices are sensitive to the optical
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properties of the underlying tissues. Thus, to improve
DCS accuracy, we estimate the tissue absorption and
reduced scattering coefficients independently with TD-
DOS.** The TD-DOS technique measures the distribu-
tion of photon time-of-flight (DTOF) at each wavelength.
The DTOF is a histogram of the number of photons strik-
ing the detector as a function of the time difference
between source trigger and photon detection at time . For
each TD-DOS wavelength, A, we fit the baseline-averaged
DTOF (i.e., averaged over the ~5-minute interval before
initiation of cerebral vasculature manipulation) to a con-
volution of the TD-DOS IRF and the semi-infinite Green's
function solution of the photon diffusion equation. This
procedure enables the calculation of baseline tissue
absorption and reduced scattering coefficients, that is,
Mao(4) and p},(A), along with the effective launch time
of the incident source pulse on the tissue (T,).%*! Thereaf-
ter, the DTOF acquired at every measurement time was fit
to derive an absorption coefficient, Ua(A); these fits
assumed constant reduced scattering coefficient and con-
stant T, (both derived from the baseline fit). The multi-
spectral tissue absorption measurements also assume a
water volume fraction of 0.75. This scheme permits recov-
ery of oxy- and deoxyhemoglobin concentration at every
time-point.

This concentration information, in turn, enables calcula-
tion of the tissue absorption coefficient at the DCS wave-
length (785 nm) using the chromophore extinction
coefficients.”” A multispectral model for tissue-reduced
scattering coefficients (ie, . (A) =AL") was also
employed in analyzing baseline measurements to obtain
the A and b parameters; these parameters permit calcula-
tion of the baseline reduced scattering coefficient at the
DCS wavelength (785 nm).** TD-DOS oxygenation results
are shown in Supplemental Figure 1.

To help distinguish between intracerebral and extrac-
erebral blood flow changes, we employed a multidistance
DCS measurement. An approximate rule of thumb, which
we will utilize in our thinking and analysis, is that the
short source-detector separations measure extracerebral
blood flow changes, while the long source-detector sepa-
rations measure relative changes of cerebral blood flow
(rCBF).

To improve the signal quality, we first down-sample the
DCS data by averaging sequential sets of 2 temporal autocor-
relation curves measured by DCS, for each source-detector
separation. Then, to recover the blood flow changes, we
separately fit the autocorrelation curves for each separation
using a semi-infinite homogenous tissue model.”” We use
a baseline-averaged autocorrelation curve (averaged over
~5 minutes before the initiation of cerebral vasculature
manipulation) to determine the coherence factor in the Sie-
gert relation (B).® Next, we fit every frame for the DCS
blood flow index, assuming that (3 remains constant
throughout the procedure. Finally, to reduce the effects of
systemic physiological variations, the data were low-pass
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filtered using a Butterworth filter with a cut-off frequency of
0.0167 Hz. All analysis scripts were written using open-
source libraries based on Python 3.6.***

Results

Between December 1, 2017 and July 2, 2018, 2 patients
with ICA occlusion were studied as part of a broader
ongoing protocol evaluating the safety and efficacy of
transcranial optical monitoring during mechanical throm-
bectomy. Since we were restricted to measurements on
the forehead in this study, and since measurements on the
forehead may not be sensitive to all MCA occlusions,
herein we focus on and describe only preliminary results
from the 2 ICA occlusion patients. In both cases, mechani-
cal thrombectomy was performed under general anesthe-
sia. Endotracheal intubation occurred immediately prior
to the initiation of optical monitoring, and mechanical
ventilation continued throughout the course of the moni-
toring protocol.

Patient 1 presented with acute onset aphasia and right
hemiplegia, with admission NIH stroke scale (NIHSS) of
24. She was not eligible for intravenous thrombolysis
because of oral anticoagulation use. She was transferred
for consideration of mechanical thrombectomy; initial
imaging revealed left ICA occlusion with patent intracra-
nial circulation. Left hemisphere appeared to be filling via
the anterior communicating artery. CT perfusion identi-
fied a large territory at risk of infarction. While CTA sug-
gested a cervical ICA occlusion, catheter angiogram
identified the occlusion in the intracranial ICA segment.
Slow proximal flow created the false appearance of a
more proximal occlusion on noninvasive imaging. Suc-
cessful recanalization (mTICI 2B) was achieved with a sin-
gle pass of a Solitaire stent retriever (Medtronic PLC).
Table 1 summarizes the patient's clinical details. Figure 2
shows relevant neuroimaging studies, that is, CT perfu-
sion/structural images and angiograms, before and after
mechanical thrombectomy, and we present the end-tidal
CO; and anesthesia doses in Supplemental Figure 2. For
this patient, MAP was recorded noninvasively at the
beginning of the procedure, but eventually, an invasive
catheter was inserted (radial artery) for continuous blood
pressure monitoring during a portion of the procedure.

At the time of recanalization, a large increase in
optically measured rCBF was observed in the affected
hemisphere, with minimal change in extracerebral blood
flow (Fig 3A). After recanalization, despite a large MAP
fluctuation (from 64 to 110 mm Hg), CBF remained ele-
vated, which could reflect intact autoregulatory mecha-
nisms in the reperfused cerebral tissue. In the
contralateral hemisphere, we also observed a transient
increase in CBF at the time of recanalization, but it
returned to baseline after a few minutes (Fig 3B).

No complications occurred during mechanical throm-
bectomy. Patient 1 experienced near complete resolution
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Table 1. Baseline, procedural, and outcome summary

Patient 1 Patient 2

Baseline
Age 80-85 60-65
NIHSS 24 15
Vessel occlusion Left cervical ICA  Right cervical ICA
ASPECTS 8 7
Infarct core (cc)* 5 19
Penumbra (cc)* 187 97
Procedural details
Time from onset to 196 278

recanalization (min)
Final mTICI score 2B 2B

early complications  None Difficulty achieving revascularization in context of ICA dissection
Late complications None Edema and hemorrhagic conversion necessitating decompressive hemicraniectomy
Outcome
Discharge NIHSS 1 17
Discharge disposition =~ Home Rehab

*Based on CT perfusion imaging analysis by RAPID software (iSchemaView, Inc. Redwood City, CA). Infarct core is defined by
CBF < 30%. Penumbra is defined by Tpax > 6 seconds.

of her neurologic deficits, and she was discharged on hos- Less than an hour following an episode of retching, she
pital day 5 with an NIHSS of 1. developed severe right-sided neck pain followed by acute
Patient 2 experienced several episodes of emesis and onset left hemiplegia. She presented with an NIHSS of 15
retching in the context of presumed gastroenteritis. to her local emergency room. She was treated with
A

ICA recanalized

Figure 2. Imaging before and after mechanical thrombectomy (Patient 1). Baseline CT perfusion as analyzed by RAPID software (iSchemaView, Inc. Redwood
City, CA) indicates (A) a small infarct core in the left hemisphere, as defined by cerebral blood flow (CBF) lower than 30% of the contralateral values, and (B) a
large penumbra, as defined by regions where the time to maximum (T, of the residue function obtained by deconvolution is higher than 6 s. (C) Angiogram
confirmed patency of the left common carotid artery and occlusion of the internal carotid artery (ICA). After mechanical thrombectomy, an angiogram revealed
(D) ICA recanalization, as well as (E) patent intracranial circulation. (F) Follow-up CT identified a small left lateral frontal lobe infarction (red circle).
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Figure 3. Hemodynamics of recanalization (Patient 1). Optical flow monitoring revealed a large and sudden increase in (A) ipsilateral CBF (red solid line, left
axis) after recanalization (green bar); this sudden increase was not mimicked by the extracerebral tissue, which instead showed minimal blood flow changes at
these times (black solid line, left axis). We also observed a smaller transient (B) contralateral CBF increase. Despite MAP fluctuations (blue dashed line, right
axis), after recanalization CBF remained relatively stable on both sides. The grey-shaded region represents the baseline period.

intravenous thrombolysis and was transferred for consider-
ation of mechanical thrombectomy. Upon arrival, her
neurologic deficit was unchanged, and imaging revealed
right cervical ICA occlusion with intact intracranial

A

ICA occlusion

A recanalized

vasculature. Right hemisphere appeared to be filling via
the anterior communicating artery. Her clinical details
are summarized in Table 1, while the end-tidal CO,
changes

and anesthesia doses are presented in

Figure 4. Imaging before and after mechanical thrombectomy (Patient 2). Baseline CT perfusion as analyzed by RAPID software (iSchemaView, Inc. Redwood
City, CA) indicates (A) small-to-moderate infarct core in the right hemisphere, as defined by cerebral blood flow (CBF) lower than 30% of the contralateral values,
and (B) large penumbra, as defined by regions where the time to maximum (T,y,ay) of the residue function obtained by deconvolution is higher than 6 s. (C) Angio-
gram confirmed right cervical ICA occlusion, which was ultimately (D) recanalized after stent placement. (E) Follow-up CT identified a very large right hemi-

spheric infarction (red circle).
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Figure 5. Hemodynamics of recanalization (Patient 2). Optics revealed a large and gradual increase in (A) ipsilateral CBF (red solid line, left axis) after recanali-
zation (green bar), with minimal (B) contralateral CBF and extracerebral blood flow (black solid line, left axis) changes (black solid line, left axis). Prior to recana-
lization, a large drop in MAP (blue dashed line, right axis) was accompanied by a bilateral decrease (~50%) in CBF and extracerebral flow. Blood pressure was
augmented pharmacologically, which resulted in an increase in contralateral flow but failed to improve flow on the side of the occlusion. The grey-shaded region

represents the baseline period.

Supplemental Figure 3. Radiological imaging is pre-
sented in Figure 4. For this patient, MAP was noninva-
sively monitored by brachial cuff throughout the
protocol. The decision was made to proceed with
mechanical thrombectomy. Because of ICA dissection
and associated occlusion, the ICA was difficult to tra-
verse, and after multiple attempts at angioplasty, an ICA
stent was ultimately placed. There was no evidence of
intracranial occlusion. When the ICA was first manipu-
lated, there was a steep decline in MAP (124 to 66 mm
Hg), which was likely a consequence of carotid sinus dis-
ruption. This decline in MAP was accompanied by a
bilateral decrease (~50%) in CBF and extracerebral flow
(Fig 5). Blood pressure was then augmented pharmaco-
logically; this increased contralateral flow but failed to
improve blood flow on the side of the occlusion. Over
the subsequent 15 minutes (prior to successful stent
placement), blood flow in the affected hemisphere fluctu-
ated dramatically.

More detailed inspection revealed that at times of low
CBF, a near-total loss of pulsatile flow is occured, along
with intermittent periods of flow restoration. Even with
stable MAP on pressors, pulsatile flow in Patient 2 was
not always maintained (Fig 6). At the time of stent place-
ment, ipsilateral CBF continued to fluctuate for several
minutes and slowly increased to almost 50% above the
baseline value, despite stable MAP. Another spike in
MAP was accompanied by a large CBF spike to almost
double the baseline value. Notably, the intermittent loss
of pulsatile flow was only seen in the ipsilateral CBF and
was first instigated by the significant decrease in MAP
prior to recanalization (Figs 5 and 6).

Immediate follow-up head CT showed evolved right
hemispheric infarction along with patchy hyperdensity
throughout the hemisphere. This is suggestive of a combi-
nation of contrast extravasation and some component of
hemorrhage. The patient's final infarct burden was very
large, with associated edema and mass effect, necessitat-
ing decompressive hemicraniectomy on hospital day 3.
She was eventually discharged to a rehabilitation facility
on hospital day 24, with an NIHSS of 17.

Discussion

In this proof-of-concept study, we employed a noninva-
sive, contrast-free optical technique to monitor frontal
lobe hemodynamics at the bedside during mechanical
thrombectomy. To help distinguish between extracerebral
and intracerebral blood flow changes, we obtained data
from short (0.7 cm) and long (2.5 cm) source-detector sep-
arations. In 2 patients with ICA occlusion, we measured
an increase in ipsilateral CBF after recanalization while
detecting no significant changes in extracerebral flow. A
detailed inspection of the CBF temporal response to
mechanical thrombectomy revealed 2 distinct hemody-
namic responses associated with divergent clinical out-
comes. Note, the DCS signal has contributions from
arterial, capillary, and venous compartments. If cerebral
blood volume is not transiently changing, the total blood
flow in each compartment is equal,
and the precise compartmental contributions will not
influence the measurement. When blood volume is
transiently changing, DCS is more sensitive to arterial
contributions.”**”

vascular
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Figure 6. Ipsilateral (red) and contralateral (black) CBF changes from Patient 2, before filtering. The top panel shows CBF changes throughout the procedure.
The green bar indicates the time of recanalization, and the grey-shaded region indicates the baseline period. Each of the 3 bottom panels exhibit fast (without filter-
ing) time variation in 1 of the 3 red-shaded regions. These scaled zoomed-in versions of ipsilateral and contralateral CBF were separated to show the difference in

heart-rate pulsatility across the different hemispheres and time.

Patient 1 experienced a large and sudden increase in CBF
after recanalization, which was sustained over the remain-
der of the monitoring period (~25 min). Notably, after
recanalization, CBF remained elevated despite a large
MAP fluctuation (between 64 and 111 mm Hg), perhaps
reflecting intact cerebrovascular autoregulation. Although
it is often assumed that stroke impairs autoregulation,*®
this assumption may not be true for all brain regions or for
all patients,”” and may be affected by anesthetic drug and
procedure factors.” In Patient 1, the large and sustained
increase in CBF, and the apparent intact autoregulation,
likely reflects the hemodynamics of effectively salvaged tis-
sue. In fact, in a short interval follow-up, this patient made
a quick and near-complete recovery with a very small final
infarct burden. This result suggests that continuous moni-
toring of CBF with diffuse optics may facilitate individual-
ized blood pressure goals aimed at optimizing CBF.

Interestingly, at the time of ICA recanalization in
Patient 1, a transient increase in contralateral CBF was
also observed. Prior to recanalization, this patient was

perfusing the left hemisphere via the right carotid system
with right-to-left flow through a patent anterior commu-
nicating artery. It is conceivable that this creates a “steal”
phenomenon, in which blood flow to the unaffected right
hemisphere is reduced. After recanalization, right-to-left
flow through the anterior communicating artery is
reduced and CBF in the right hemisphere increases. Addi-
tionally, some of this change could be related to MAP,
which was elevated around the time of recanalization,
and subsequently decreased ~5 minutes following recan-
alization.

In Patient 2, we observed a more gradual increase in
CBF after recanalization, along with an intermittent loss
of pulsatile flow, i.e., as seen by our fast DCS module on
the ipsilateral hemisphere, but not the contralateral hemi-
sphere (Fig 6). In fact, the initial loss of pulsatile flow coin-
cided with a decline in MAP. These observations may
indicate microvascular collapse in a low-flow state, per-
haps enhanced by early infarct-related edema or elevated

vasomotor tone of smooth muscle in arterioles.?®
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Interestingly, with MAP augmentation, there was inter-
mittent restitution of pulsatile flow. However, pulsatile
flow was not well sustained, and even with ICA recanali-
zation, we did not detect sudden increases in CBF, per-
haps reflective of persistent microvascular dysfunction.
These observations highlight another potentially valuable
application of these bedside optics, that is, in cases
wherein the angiographic appearance of large vessel
recanalization fails to adequately describe the hemody-
namic state of the tissue. Identification of microvascular
impairment after recanalization could enable clinicians to
identify patients experiencing “no-reflow,” which has
long been a nebulous and challenging clinical phenome-
non that is associated with morbidity and mortality.”" >

In the case of Patient 2, the microvascular perturbation
occurred in a patient that ultimately suffered a very large
infarction. It is not clear if the microvascular impairment
led to infarct expansion, or if the flow impairment was a
consequence of the developing infarction. The temporal
relationship of CBF with hypotension supports the former
hypothesis, but conclusions should not be drawn from a
single case. Ongoing studies will help to define the inci-
dence of this discordance between large artery and micro-
vascular flow and may identify additional hemodynamic
patterns that occur with recanalization. Ultimately, the
ability to noninvasively assess tissue reperfusion before
and after recanalization may aid clinicians to more
quickly assess treatment efficacy and concurrent physio-
logic management, such as blood pressure goals and head
of bed angle.

It is also important to note that Patient 2 only achieved
recanalization after extensive ICA manipulation, including
multiple angioplasty attempts, and eventual ICA stenting.
Some of the fluctuations before recanalization may reflect
transient flow changes after balloon angioplasty, but we
could not reliably synchronize the optical signal with every
endovascular manipulation. In future studies, care will
need to be taken to document endovascular manipulation
in detail, as this may influence CBF or, equally important,
may confirm that the hemodynamic changes are indepen-
dent of endovascular manipulation. In this initial feasibility
study, monitoring was limited to the interventional radiol-
ogy suite, but continued monitoring in the ICU may present
opportunities to further characterize post-recanalization
stroke physiology in future work.

Variations in anesthetic depth impact cerebral metabo-
lism and possibly influence outcome,”>”* although clear
clinical evidence of neuroprotection from anesthetics in
cerebral ischemia has proven elusive.”” Unfortunately, we
could not determine anesthetic depth due to a lack of EEG
monitoring during the procedure. The anesthetic dose
was abstracted from the anesthesia record, but it only
crudely approximates the depth of anesthesia. Further-
more, it is challenging to draw any conclusions regarding
the impact of cerebral metabolism changes due, in part, to
limitations of steady-state modeling. Notably, both

anesthesia and evolving ischemic conditions influence cel-
lular metabolism, neither of which are static variables.
Nevertheless, the observed sudden asymmetric changes
in flow are not likely the effect of anesthesia, since the
anesthesia effects would likely be more diffuse.

One current limitation of DCS is that hair can disrupt
the DCS signal and delay probe placement; thus, meas-
urements in this study were restricted to the anterior fron-
tal lobe. Given this limitation, care was taken to place the
probes on the lateral aspect of the forehead. In this posi-
tion, diffuse optics likely measures a combination of ACA
and MCA flow, rather than exclusively MCA flow. This
situation presents less of a problem for patients with ICA
occlusion, but it may be an important consideration when
monitoring patients with MCA occlusion in whom we
expect reduced sensitivity to parenchymal changes. CT
perfusion imaging that is now routinely obtained in acute
stroke patients may help identify patients in whom flow
impairment can be detected using frontally placed optical
probes. Ultimately, with more reliable and rapid DCS sys-
tems capable of transcranial monitoring through hair,
more targeted placement of the optical probes over tissues
of primary interest will be possible.

Another limitation of our study is the use of a semi-infinite
homogenous medium tissue model for light transport,
which may underestimate CBF changes.”'*""”'*® Further-
more, light detected by the long source-detector separation
is also sensitive to extracerebral changes, as these photons
traverse the extracerebral tissues before reaching the intrace-
rebral tissues. This could lead to an erroneous interpretation
of extracerebral blood flow changes as CBF changes. None-
theless, by using multidistance measurements, our results
demonstrated that mechanical thrombectomy primarily
affected CBF, as measured by the long source-detector sepa-
ration, which is consistent with the underlying vascular
anatomy and supports the notion that long DCS source-
detector separations are primarily affected by cerebral tissue.
In future studies, multilayer approaches for DCS/DOS can
and should be used to more carefully separate intracerebral
and extracerebral blood flow changes.” Calibration of
CBF indices recovered from DCS would enable absolute
comparison of CBF across subjects,”** but this is unlikely to
affect the relative flow reported in this study.

Conclusions

We have demonstrated the feasibility of real-time moni-
toring of cerebral flow hemodynamics during mechanical
thrombectomy. By measuring the frontal lobe microvascu-
lar hemodynamics with diffuse optics, it was possible to
observe distinct perfusion profiles in 2 patients with diver-
gent clinical outcomes. Although future studies in larger
populations are clearly needed to better delineate applica-
tion opportunities for DCS/DOS optical hemodynamic
monitoring during mechanical thrombectomy, this pilot
demonstration of diffuse optics shows promise for



10

assessing the response to endovascular treatment and for
guiding physiology-based therapy in this and other con-
texts.
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