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Figure 5. Cortical CBF changes following MCAO resulted in proportional infarcted brain tissue. (A) Schematic
representation of the MCAO procedure and brain area analyzed by TCC. (a) Illustration and pictures of the
brain analyzed, the brains were harvested from wild type control rats and from the rats that underwent MCAO
24 hours post-surgery, and all were treated with TCC staining. (b) The brains were sliced and the infarcted

area (white area) was measured via Image]. (c) Bar graphs show for each rat the mean /- SE of the total and
ischemic areas of the all sectioned slices per brain (white and black, respectively). (B) The table shows that the
CBF (1/tauc) values in the cortical vessel of the analyzed area 24 hours post MCAO correlate with the extent of
the infarcted area, which tends to be bigger in the groups of rats with a lower CBF at 24 hours.

proceeded to re-cauterize the vessel under real-time LSCI-imaging guidance by progressively raising the bipolar
intensity until LSCI imaging signaled the cautery was complete.

Retrospective analysis of the recorded BFVI values confirmed the sequence of CBF changes observed in real
time in the microscope eyepiece via the LSCI modality during the procedure, i.e., a decrease of the LSCI-based
flow signal (which turned from a thick red visualization to thin light blue visualization) after the first cautery
attempt (incomplete cautery), followed by a total absence of LSCI signal upon cautery completion. These CBF
changes were not detectable at the microscope using the basal morphological view. At the end of the maneuvers
described above, ICG-VA confirmed the completeness of the vessel cauterization corroborating the ability of the
LSCI. To note, the ICG-VA imaging failed to show any CBF decrease in the branches of the cauterized cortical
vessel probably as these branches were still patent and could receive ICG from other vessel branches (Fig. 6B).
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Optical CBF imaging can play a crucial role in cerebrovascular procedures*-*’. This study introduces a supe-
rior technical solution for noninvasive imaging and real-time monitoring of CBF and presents preliminary evi-
dence of its advantages for intraoperative use. Unlike other imaging methods, the SurgeON system can display
the CBF in pseudo-color directly within the eyepiece of the surgical microscope; it does not require any extra
personnel in the OR nor the injection of any contrast or dye; and it can be used on demand as many times as
needed during the course of surgery. Unlike the dye-based Flow 800 system, SurgeON can provide continuous
real-time visualization of the CBF and its hemodynamic parameters, and can therefore be used for quantitative
blood flow assessment??. Unlike ICG-VA, it dispenses with the delays associated with dye administration or
clearance time. Unlike Doppler-based techniques, the spatial resolution of LSCI in conjunction with its seamless
integration into a surgical microscope, makes it possible for LSCI to image multiple and differently-sized vessels
simultaneously in the same FOV. Unlike DSA and microvascular Doppler flow probe, the use of this system can
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Figure 6. SurgeON detects in real time incomplete vessel occlusion and guides immediate adjustments during
avascular procedure. (A) Frames of the recorded real-time imaging of the rabbit cortical vessels through the
microscope’s eyepiece: morphologic, LSCI, overlay of morphologic and LSCI and ICG-VA. (B) Real-time
overlay and LSCI of the surgical field of view after the first unsuccessful vessel’s cautery attempt, and then

after the second when upon LSCI guidance we performed a complete vessel cautery. The bar graph shows

the significant CBF reduction obtained only after the complete vessel cautery. ICG-VA imaging confirms the
absence of flow in the brain trunk of the target vessel however gives no information on the reduced CBF in the
vessel branches.

be performed without interrupting surgery and without exposing patients to additional surgical time and surgical
maneuvers®>?,

The SurgeON system has proven effective and reliable in detecting CBF changes across different preclinical
models and in surgical fields with multiple vessels, each with some relevance to clinical scenarios. In all cases,
observation and recording was simply performed by switching view modes on the eyepiece of the microscope.
CBF changes were not only displayed in pseudo-color aligned and overlaid on the surgical field of view, but also
recorded for quantitative post-analysis. All procedures, such as femoral vessel clipping and brain cortical vessel
cautery, were performed successfully under the microscope, where we monitored the vessels of interest in LSCI
view and verified them as needed in overlay with the morphological view. Unless otherwise specified, each animal
model of imaging blood flow variation in the brain had a sample size of five. Though the study was carried out
on limited sample sizes, results were statistically significant as the differences of vascular flow between baseline
and an occluded or obliterated state are profound. Additional animals would have been imaged if the statistical
assessment had yielded inconclusive results.

We were also able to compare LSCI and ICG-VA side by side simply by switching the SurgeON System to
ICG-view mode after dye injection. ICG-VA, besides requiring the use of a safe dye, is an otherwise practical
and low-cost intraoperative technique with high spatial and temporal resolution®. However, though widely used
in neurovascular surgery to verify vascular patency, this technique is liable to give false positive findings due
to incomplete clearance of the dye from the vessels and, most importantly, due to the difficulties involved in
interpreting ICG’s different patterns of brightness. A discerning eye and much experience is required to avoid
misdiagnosing the retrograde filling of the branches distal to the aneurysm, to identify incompletely clipped
aneurysms, and to distinguish between the residual ICG filling of an aneurysm and the diffuse weak fluores-
cence of thrombus, atherosclerosis, or calcification'*!*. Previous studies have suggested that LSCI can outperform

SCIENTIFIC REPORTS |

(2020) 10:7614 | https://doi.org/10.1038/s41598-020-64492-5


https://doi.org/10.1038/s41598-020-64492-5

www.nature.com/scientificreports/

ICG-VA in showing both full and partial occlusion in terms of relative flow magnitudes®+. In this study, where
both techniques were sequentially but near-simultaneously used in the same preclinical settings and in the same
surgical microscope, we confirmed those findings and demonstrated the overall superior profile of LSCI over
ICG-VA. While LSCI successfully guided the operator in real time during vessel cautery surgery, ICG-VA only
allowed for post-facto vessel patency verification. Furthermore, while LSCI was able to show CBF variation in
the branches of the vessel, ICG-VA only provided binary flow/no-flow information of the cauterized vessel*.
These differences can be of crucial importance to the outcome of surgery. Through improved discrimination of
flow rates, the SurgeON system, unlike ICG-VA*"#2, may enable detection of a partial aneurysm clipping or an
imperfect bypass as they happen and guide immediate adjustments in real time, or possibly assist the surgeon
with flow-based information when temporary clips are placed on significant vessels prior to permanent clipping
or during bypass procedures. However, any of these applications and potential benefits of the SurgeON system
remains to be validated clinically.

Depending on the type of analysis, LSCI is capable of providing information pertaining to two parameters —
blood flow (blood volume per unit time in the vasculature) and blood perfusion (blood volume per volume tissue,
per unit time) - that are distinct but yet related via the number and caliber of vessels in the region of interest**.
We have seen that low blood flow corresponds to a lower perfusion and a wider infarcted area in the brain after
MCAO; however, the relationship between these two variables needs to be analyzed with information on vessel
density and diameters on a case-by-case basis***>. There is still much debate as to the quantitative relationship
with absolute blood flow, velocity, or tissue perfusion in LSCI*®. There is no calibration of the inverse relationship
between absolute flow velocity and the correlation time of speckle intensity fluctuations across subjects, tissues,
models, and systems, and therefore its quantification lacks an agreed absolute value*®*’. LSCI-based measure-
ments have therefore been reported in the form of an index, BFVI, which will require further verification in
patients in order to define the exact value of the proportionality constants*. However, in addition to our charac-
terization of intra- and inter-session reproducibility of BEVI measurements, there is substantial validation of the
LSCI technique to produce consistent measurements of BEVI in the same subject, as well as to monitor changes
in longitudinal experiments®”*%,

LSCI, like most optical techniques, requires line of sight access to the region being assessed, and may be sus-
ceptible to inaccuracies because of instruments in the field of view or motion artifact that may be unavoidable
during some surgeries. LSCI is a two-dimensional technique and therefore images blood flow velocity compo-
nents in plane and within the depth of field, which in our experiments was defined by the optical setup of the
surgical microscope. While BFVI values relative to baseline remain unaffected, it is further recommended that
LSCI be used to assess flow only in vessel regions that are in focus. Further, because LSCI does not track individ-
ual red blood cells but rather derives flow information from the bulk phenomenon of speckle blurring, percent
hematocrit in the blood may potentially influence measurements*-*°. However, this effect is not expected to be
significant as long as there is no sharp decrease of hematocrit that breaks the continuum of particulate flow inside
the vessels. In either case, BEVI values normalized to baseline should be robust to varying degrees of hematocrit.
Finally, LSCI is susceptible to artifact arising from gross tissue motion, which presents as noise that may affect
the sensitivity with which blood flow is discriminated in smaller vessels; however, this problem is addressable
using a priori information about vessels and a mathematical model of gross motion that can be available through
a set of initialization data'. During the in vivo experiments reported here, the real-time view provided by the
SurgeON system was optimized to suppress noise from gross tissue motion by comparing BFVI values to preset
thresholds linked to said artifact. However, no such thresholds were applied to the data that was recorded and
analyzed offline.

These limitations are worth noting, in that they may be overcome through the implementation of real-time or
offline noise detection schemes. Some of these are already under investigation in patients. A simple filter based
on camera acquisition times has been shown to remove cardiac and respiratory motion noise and improve the
quantitative flowmetry capabilities of LSCI. BFVI values have recently been remodeled and rescaled in a way
that enables quantitative in vivo blood flow independently of hematocrit, blood volume, and RBCs changes from
macro to microcirculation vessels?”*>%2 Further research in humans may help to fine-tune the offset correction
further, to the point where quantitative CBF monitoring, when conducted in microcirculation beds, will be unaf-
fected by the size and density of the vessels outside the focal area. Moreover, it will be worthwhile, in future stud-
ies, to compare the SurgeON system with other intraoperative CBF measurement tools, such as the microvascular
Doppler Flow Probe.

Despite the aforementioned limitations, the LSCI-based SurgeON System represents a uniquely suitable can-
didate for seamless integration into the neurosurgical workflow, which should provide the neurosurgeon with
conveniently acquired, robust information pertaining to blood flow in the surgical field of view that may be prac-
tically useful for comparative assessment and dye-free confirmation of a vessel’s perfusion status.

Although further validation and research is needed for clinical translation and to test wider clinical applicabil-
ity, this study demonstrates preliminary feasibility that this new technique was successfully able to monitor CBF
changes using LSCI modes directly through the eyepiece of a microsurgical microscope, and could do so in real
time and with optional overlay of morphological images, without interrupting the surgical procedure or losing
sight of the morphological visualization of the surgical field. This system is non-invasive, quantitative, continu-
ous, and high-resolution. Upon further clinical validation, it has the potential to be introduced into the surgical
suite as a new routine intraoperative optical imaging technique to assist the neurosurgeon in the intraoperative
management of cerebrovascular surgery, facilitate the learning curve of young neurosurgeons and, most of all,
improve patient outcomes. Furthermore, due to its ability to provide real-time feedback on CBF and enable direct
comparison between LSCI information and electrocortical stimulation, the SurgeON system promises to be of
high scientific value in view of increasing interest in LSCI applications, such as in functional mapping or stroke
research.
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