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1 | INTRODUCTION

In the cerebral cortex, penetrating arterioles and venules
are deep-lying, narrow-diameter blood vessels that
descend and ascend, respectively, into the brain tis-
sues to shuttle blood between superficial pial vessels
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Abstract

Rationale and objectives: Penetrating blood vessels emanating from cortical
surface vasculature and lying deep in the cortex are essential vascular conduits
for the shuttling of blood from superficial pial vessels to the capillary beds in
parenchyma for the nourishment of neuronal brain tissues. Locating and count-
ing the penetrating vessels is beneficial for the quantification of a course of
ischemia in blood occlusive events such as stroke. This paper seeks to demon-
strate and validate a method for automated penetrating vessel counting that
uses optical coherence tomography (OCT).

Materials and methods: This paper proposes an OCT method that effectively
identifies and grades the cortical penetrating vessels in perfusion. The key to
the proposed method is the harnessing of vascular features found in the pen-
etrating vessels, which are distinctive from those of other vessels. In particular,
with an increase in the light attenuation and flow turbulence, the contrast in the
mean projection of the OCT datacube decreases, whereas that in the maximum
projection of the Doppler frequency variance datacube increases. By multiplying
the inversion of the former with the latter, its binary thresholding is sufficient to
highlight the penetrating vessels and allows for their counting over the projection
image.

Results: A computational method that leverages the decrease in mean OCT
projection intensity and the increase in Doppler frequency variance at the pen-
etrating vessel is developed. It successfully identifies and counts penetrating
vessels with a high accuracy of over 87%. The penetrating vessel density is
observed to be significantly reduced in the mouse model of focal ischemic
stroke.

Conclusion: The OCT analysis is effective for counting penetrating blood ves-
sels in mice brains and may be applied to the rapid diagnosis and treatment of
stroke in stroke models of small animals.
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and subsurface microvascular beds, thereby feeding
the surrounding neuronal tissues.! Sustainable blood
delivery via these bridging vessels to the deep cap-
illaries is critical for powering neural activities and
maintaining brain function. Disruptive blood flow in the
penetrating vessels is directly associated with blood
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occlusive events, such as strokes."? During a stroke,
the superficial cortex is slightly robust to blood occlu-
sion owing to its highly collateralized surface networks
with extensive anastomoses, whereas the penetrating
vessels, with loosely interconnected vasculature, lack
anastomoses.?® Therefore, clots in individual pene-
trating vessels can induce a decrease in the blood
supply to the deep vascular plexus, instantly inducing
highly localized ischemia, followed by cortical microin-
farcts, which progressively extend throughout the depth
of the cortex with 0.1—1-mm sizes?®’ Consequently,
local cellular metabolism is inhibited, leading to cognitive
decline®

In addition, causal associations between these
infarcts and neurodegenerative diseases such as
Alzheimer’s disease (AD) have been reported, revealing
that the infarcts may be involved in the disease-induced
dysfunction of cerebrovascular networks, including the
penetrating vasculatures®°® For example, a rat AD
model exhibits excessive amyloid-3 peptide deposited
on the penetrating arterioles, and the amyloid aggre-
gates impair the vascular function of the penetrating
vessels, which may lead to ischemia episodes? This
functional impairment of penetrating vessels is par-
ticularly relevant owing to its critical role in routing
blood to the cortical mantle. Therefore, quantifying pen-
etrating vessel function is essential for the monitoring
of ischemia and to preempt the formation of water-
shed cortical microinfarcts which exacerbate cognitive
impairment.

A straightforward method for analyzing vessel popu-
lation involves counting the number of vessels and has
been employed in studies on small animals to assess
vascular growth in cortical development and vascular
dysfunction models of cerebral ischemia®>%'% In pre-
vious studies, the penetrating vessels were generally
counted by using fluorescence angiograms of murine
neocortex postmortem or in vivo, where vessels were
identified as small circular or elliptical spots at the end
of edges of the pial network, and en passant when
imaging below the pial surface. In particular, such spots
were counted manually. However, the localization of the
penetrating vessels was dependent on the expertise
and experience of the examiners. Furthermore, manual
grading can be labor-intensive, and the total counts may
be subject to examiner bias with respect to the large
density of penetrating vessels (e.g., approximately 25
penetrating vessels are contained in a cubic millimeter
of rat cortex®). Hence, this is not a desirable method for
the accurate and rapid detection of the diving vessel
population. Moreover, in previous studies, multiphoton
laser scanning fluorescence microscopy was conducted
to generate the cortical angiograms, thus requiring the
perfusion of exogenous fluorophores for fluorescence
imaging. In addition, owing to the limited field of view
in the imaging (typically several hundreds of squared
micrometers), image stitching is required to obtain

sufficient statistical power in the assessment, thus
adding to the labor intensiveness of the method.®

Optical coherence tomography (OCT) and its vari-
ants have been confirmed as feasible for the counting
of penetrating vessels in small animal brains3'"12
OCT is an interferometric optical imaging tool that can
provide a three-dimensional (3D) tomographic image
of millimeter-scale tissue volumes at micrometer-scale
resolution without the use of contrast agents.'® % With
the development of scan protocols for OCT data acqui-
sition, there have been functional OCT variants for blood
flow imaging that commonly detect dynamic scatter-
ing signals induced by blood cells passing through
the patent vessel lumen in the tissue.'>'® Among the
OCT variants, OCT angiography (OCTA) visualizes
angio-architectures in perfusion that can be obtained
from time-course changes in the amplitude, phase, and
complex function (phase—amplitude) of the OCT sig-
nals repeatedly scanned at the same location.'® 1719
Doppler OCT (DOCT) highlights the vasculatures with
axial velocities of the blood flow that are parallel to
the OCT probing beam, where the blood flow veloci-
ties can be derived from the Doppler frequency—induced
phase difference (phase shift) between successive
beam scans.'®1720 |n particular, given that the ampli-
tude of the DOCT signal is completely dependent on
the directionality of blood flow,'® it is commonly used
for displaying the penetrating blood vessels perpendic-
ular to the brain surface (that give rise to the maximum
Doppler signal). Accordingly, in recent studies, DOCT
was conducted to examine the penetrating vessels of
small animal brains. However, the vessel location and
counting were human-guided and manual 3!’

More recently, an OCT data—based solution for the
automated detection and quantification of the pene-
trating vessels in mice was proposed by Wei et al.'?
The method adopted a combination of conventional
eigen-decomposition frequency analysis and principal
component analysis (PCA) to predict spectral features
of the penetrating vessel flow discernable from other
vessels. The application of the method to the large vol-
ume of the OCT scan dataset allows for the automatic
mapping and grading of the penetrating arterioles and
ascending venules in the scanned area (2.8 mm?) of
mouse cortex pre- and post-ischemic strokes in vivo.'?
However, despite its successful demonstration, the sta-
tistical data analysis procedures (eigen-decomposition
and PCA) may increase the complexity of the method.
Moreover, the generated penetrating vessel map con-
tains multiple vessel-like artifacts found along the pial
branch, which may be challenging to remove prior to
grading.

This paper proposes an OCT procedure for the auto-
mated detection and quantification of penetrating blood
vessels from the OCT raw data of the mouse cerebral
cortex. It is hypothesized that penetrating vessels are
highlighted with a lower intensity in the mean projection
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Schematic of a custom-built spectral-domain optical coherence tomography (OCT) system. Light from a matched pair of

superluminescent diodes (SLDs) was passed through a 90:10 fiber coupler into a mouse cortex via a 10x objective lens and transparent cranial
window. Reflected light signals from the mouse cortex interfered with a reference beam and were then detected by a spectrometer consisting of
a transmission grating, lens, and one-dimensional (1D) array image sensor.

of the datacube in reflectance and with a higher inten-
sity in the maximum projection of the datacube in flow
turbulence. Given these observations, a simple multipli-
cation and thresholding operation is hypothesized to be
sufficient to segment the penetrating vessels. Compared
with the previous OCT method, the proposed method
uses no matrix operations;thus, it has a reduced compu-
tational load and requires no additional artifact removal
process. The performance of the proposed method was
validated using an OCT dataset of a healthy mouse
brain, and its applicability was further tested on an
ischemic stroke model of mice to examine the ischemia
during stroke events.

2 | MATERIALS AND METHODS

21 | System setup

We custom-built a spectral-domain OCT system that
was similar to those described in previous studies,2! 22
as shown in Figure 1. In summary, a matched pair of
superluminescent diodes (LS2000B, Thorlabs Inc.) was
used as a low-coherent light source with an offset emis-
sion spectrum for a combined central wavelength of
1340 nm and bandwidth of 110 nm at 3 dB, thus produc-
ing an axial (depth) resolution of approximately 7 um in
air. An output beam from the light source was directed to
a three-port optical circulator and split at a ratio of 10:90
into a reference arm and a sample arm, respectively,
by a 2 x 2 broadband fiber coupler. The interference
beam, which was generated by reflections from the

sample and reference arms, exited from the optical
circulator and was then detected by a custom-made
spectrometer consisting of a transmission grating,
achromatic doublet lens, and 1024-pixel InGaAs line
scan camera (SUI, Goodrich Corp.) operating at 92 000
axial scans per second (for a free-run mode).

The sample beam was focused onto the surface of the
target sample via a 10x objective lens (LSM02, Thorlabs
Inc.), thus yielding a lateral resolution of approximately
7 um. The system sensitivity was measured as ~104 dB
at a sample illumination power of 4 mW. For OCT
imaging, a pair of beam-steering galvanometric mirrors
(6200H, Cambridge Technology) were installed to dis-
place the probing beam along the transverse (x) and
elevational (y) axes. A 3D OCT dataset was obtained by
a raster scanning of the probing beam, which comprised
200 B-scans collected over a cortical surface area of
1.6 mm x 1.6 mm, with each B-scan consisting of 200
A-lines. A 635-nm fiber pig-tailed red laser (S1FC635,
Thorlabs Inc.) was coupled to the rest port of the fiber
coupler and co-channeled along with the probing beam
in the sample arm to help identify the position of the
beam spot scanned onto the sample.

2.2 | Animal preparations

This was a prospective study. Eight-week-old male
C57BL/6J mice (n = 3, weights: 20-25 g) (Charles River
Laboratories, Hollister, CA) were selected. The mice
were housed at room temperature (22°C) and provided
with food and water ad libitum. All the protocols for the
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animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Washington, Seattle, USA and were followed in compli-
ance with the US National Research Council’'s Guide for
the Care and Use of Laboratory Animals.

2.3 | Intracranial imaging via cranial
window

Surgery was performed on each mouse to seal an opti-
cally transparent window into the right parietal bone, as
published in previous studies?"23 In summary, the mice
were anesthetized by isoflurane inhalation (0.2-L/min O,
and 0.8-L/min air) using a nose cone prior to surgery, as
required to maintain anesthesia during surgery. A heat-
ing pad (50-7220F, Harvard Apparatus) was controlled
by a rectal thermometer to regulate body temperature
from 36.8 to 37°C, and a lubricant ointment was used
to moisten eyes as each mouse was placed in a stereo-
taxic frame. A circular piece of the skull was replaced
with a transparent glass coverslip with a diameter of
5 mm, following craniotomy 1-mm posterior and lateral
to the bregma. The imaging window was sealed using
cyanoacrylate dental cement, thus yielding a flat surface
with dimensions of 3 mm x 3 mm through which major
pial vessels in the somatosensory cortical region could
be imaged using a 10x objective lens.

2.4 | Distal middle cerebral artery
occlusion (dMCAO) as an ischemic stroke
model

Focal ischemic stroke can be induced in mice via the
direct coagulation of the distal middle cerebral artery
(MCA).2324 The procedure was in accordance with that
presented in Ref.[23] and is summarized as follows. With
the anesthetized mouse placed laterally on a surgical
table, a 1-cm incision was made between the lateral
part of the orbit and the external auditory canal, and
skin and temporal muscle were resected and moved
aside to expose the skull. After drilling a burr hole on the
frontal bone to expose the MCA branch, bipolar cauter-
izing forceps were used to coagulate the proximal and
distal sides of the MCA bifurcation until full occlusion.
Within 5—8 min of MCA occlusion, the temporal muscle
and skin were restored to their original positions, and
the animal was returned to a prone position for OCT
imaging.

2.5 | Concept of the method for
penetrating vessel counting

The proposed method for penetrating vessel counting
was conceptualized with reference to two hypotheses

based on the geometry of cortical penetrating vessels.
First, penetrating vessels have weaker OCT intensity
signals. Light scattering within turbid media like the brain
is typically determined by the sizes of scattering par-
ticles and the scattering anisotropic factor (g), which
indicates the tendency of light to propagate forward
when interacting with a particle®> With increasing g,
the probability for light to be backscattered decreases
(i.e., forward scattering becomes more probable than
backscattering), making OCT detection more difficult.2®
It is common knowledge that an individual red blood
cell (RBC) with an average size of ~7-um scatters
near-infrared light at g = 0.99, which explains the low
likelihood of photons to be backscattered from RBCs
within the vessels and detected by OCT?” For pene-
trating vessels, especially, forward scattering is dominant
throughout the straight and elongated vasculature. Sub-
sequently, penetrating vessels yield low-intensity OCT
signals owing to the weak backscattering and additional
light absorption by blood, which appears relatively dark
in OCT images.

Second, penetrating vessels generate larger distur-
bances in blood flow at their entries. Physiologic laminar
blood flow can transition to turbulent flow at the branch-
ing sites in large arteries and veins, and more so at
stenotic arterial bifurcations?8-3! For penetrating ves-
sels (less than 50-um diameters®) branching off the
larger pial network (30—200-um diameters®?), there is
turbulent flow at the branch nodes between the pen-
etrating and pial vessels, which results in randomly
fluctuating flow velocities. However, in OCT, the Doppler
shift of the light signals backscattered from moving
RBCs within a stream of blood is related to the veloc-
ity of blood flow. Thus, we can infer that an increase
in the blood flow turbulence broadens the spectrum of
Doppler shifts, which can be represented as a variance
of the power spectrum of OCT signals3® For all cere-
bral vessels in perfusion, the spectral variance would be
marginal in laminar flow. However, it increases in accor-
dance with the flow disturbance, which is greater at the
entry points of penetrating vessels.

If the abovementioned vascular features (i.e., the
weaker backscattering and stronger turbulence) are
observed in the penetrating vessels from the OCT
measurements, then we can highlight the penetrating
vessels from other cerebral vessels in the OCT image,
thus allowing for segregation of the penetrating vessels
for counting.

2.6 | Protocols for OCT/OCTA and
Doppler frequency variance imaging

With the proposed system, OCT/OCTA and Doppler
frequency variance measurements were achieved by
a single data acquisition process performed using a
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scan protocol designed to encompass three imaging for-
mats, that is, the A-, B-, and C-scan. The fast axis (x)
scanner cycled through 200 steps for one B-scan. For
each step, 50 A-scans were repeated (M-mode scan) at
arate of 20 kHz (time interval of 50 us between succes-
sive scans), resulting in a total of 10000 A-scans per
B-scan. The acquisition time per B-scan was approx-
imately 625 ms (~1.6 frames/s), including a pullback
period for the scanner. For volumetric acquisition, the
B-scan process was repeated at 200 different posi-
tions in the elevational direction by the slow axis (y)
scanner, resulting in a datacube (1024 x 200 x 200 pix-
els) over a cortical surface area (1.6 mm x 1.6 mm).
Approximately 2 min were required to complete data
acquisition.

First, the acquired datacubes consisting of complex
OCT signals were processed to obtain 200 respective
cross-sectional OCT and OCTA images by employing
a well-defined OCTA methodology,>* for which each
A-line of an OCTA cross section was computed by
the eigen-decomposition-based statistical analysis of
an ensemble of 50 A-scans of the datacube. This
allowed for the decoupling of dynamic scattering com-
ponents from the raw OCT signal to contrast vessels in
perfusion.®* By taking an average of the magnitudes at
each depth (z) profile in the 3D OCT dataset, an en face
(x—y) map of the cortical structure was reconstructed,
and a maximum magnitude projection of each depth (z)
profile in the OCTA datacube generated a cortical vessel
network map.

Furthermore, the blood flow turbulence was mea-
sured with the same datacube used for OCT and
OCTA. We calculated the spectral variance o2, which
represents the spectral broadening, using the auto-
correlation function of the complex OCT signals3®
For the ensemble of time-series complex OCT sig-
nals acquired by repeating A-scans at the same
location, the following complex multiplication can be
conducted:

Ay =AMl XA (t+T) (1)

where A(t) is the complex OCT signal at time t, A*(t) is a
complex conjugate, and T is the time interval between
the adjacent OCT signals, which is the same as the
1/A-scan rate (1/20000 s). The autocorrelation R is
obtained by integrating A4(t') for a certain time duration,
as follows:

t+nT
R(T,t) =/t Ay (t) at 2)

where n is the number of consecutive A-scans (n = 50);
hence, nT is the time elapsed for the M-mode scan. With
the autocorrelation function, the spectral variance o2 can
therefore be calculated using the following equation, as
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follows3°:

02 = % {1 (3)
where R(0) is the autocorrelation at T = 0, which rep-
resents a sum of the ensemble magnitudes. Based on
Equation (3), with a decrease in |R(T)| (the lower cor-
relation), the variance increases; the variance is 0 if
|R(T)| = R(0), indicating no variation between the OCT
signals, which may be measured at the laminar blood
flow or the stationary tissues. Thus, the computation
generated a datacube of 200 variance cross sections,
following collapse into a 2D (x—y) variance map by
maximum amplitude projection.

B |R(T)|}
R(0)

3 | RESULTS
3.1 | Implementation of the penetrating
vessel counting method

3.1.1 | Penetrating vessel identification by
OCT/OCTA and Doppler frequency variance
imaging

Figure 2a presents rendered cortical vasculatures
reconstructed from 200 OCTA cross sections on a sin-
gle mouse brain. Representative vasculature (black box
in Figure 2a) can be observed in Figure 2b along with
the corresponding OCT cross section (Figure 2c). In
both images, Arrows 1 and 2 indicate the positions of
an individual pial arteriole and a penetrating arteriole,
respectively, where the deep-lying penetrating vessel
in the OCTA image can be observed (Figure 2b). It
should be noted that the comet tail-like signals below the
superficial vessels are artifacts induced by the forward
scattering through the vessels3® However, as shown in
Figure 2c, the OCT signal intensities underneath the
penetrating arteriole (2) were relatively weaker than
those below other vessels, including the arteriole (1),
due to lower backscattering along the penetrating vas-
culature. This can be seen from the depth profiles in
Figure 2c, where the means are 3 for (1) and 2.2
for (2) on a logarithmic scale, in accordance with the
first hypothesis presented in Section 2.5. By collaps-
ing the 3D OCT data into a 2D projection, followed by
averaging, small darker spots indicating the penetrat-
ing vessels can be observed in the projection image
(Figure 2e). Moreover, Figure 2d, a Doppler frequency
variance image at the same location, shows a differ-
ence in the variance between the pial arteriole (1) and
penetrating arteriole (2) owing to the larger blood flow
turbulence at the penetrating arteriole, the magnitudes
of which are 28 for (1) and 78 for (2) in frequency vari-
ance (MHz ), in accordance with the second hypothesis
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FIGURE 2

Distinctive vascular features observed at the penetrating vessels in the optical coherence tomography (OCT) and Doppler

frequency variance images support a simplified analytical method for counting the penetrating vessels: (a) cortical microvasculature
reconstructed from the three-dimensional (3D) OCT angiography (OCTA) dataset of a healthy young mouse; (b) cross-sectional (x-z) OCTA
image captured from the black box in (a), which exhibits functional cortical vessels involving a pial arteriole (1) and penetrating arteriole (2);
(c) corresponding cross-sectional OCT image where the shadow cast by the blood flow is darker at the penetrating arteriole (2) than the pial
arteriole (1), as can be observed from the comparison of the depth profiles along (1) and (2); (d) corresponding Doppler frequency variance
image representing the severity of turbulence in the blood flow. The variance at the penetrating arteriole (1) is greater than that at the pial
arteriole (2); (e) mean projection of the 3D OCT data, and (f) maximal projection of the 3D Doppler frequency variance data. The penetrating
vessels are presented as darker and brighter spots in (e) and (f), respectively (scale bars: 200 um).

in the Section 2.5. A maximum projection (Figure 2f) of
the 3D variance data exhibited brighter spots (>60 MHz),
indicating the penetrating vessels.

3.1.2 | Penetrating vessel segmentation
and quantification

As distinguishing features of the penetrating vessels
were observed in the two different imaging modalities,
these features were employed to accurately and auto-
matically segment the penetrating vessels. To quantify
the vessel population, we overemphasize the pene-
trating vessels in the image through the procedure in
Figure 3, which facilitates the localization of the vessels.
Moreover, this strategy can be realized by combining
the mean projection image from the 3D OCT data
(Figure 2e) and the maximum projection image from
the 3D Doppler frequency variance data (Figure 2f).
Figure 3 illustrates all the procedures employed to
count the penetrating vessels. In particular, the mean
projection (Figure 3a, the same as Figure 2e) was

normalized and inverted, and then renormalized to
Figure 3c, in which the penetrating vessels had maxi-
mal values. This normalized image was multiplied with
the normalized maximal projection image (Figure 3b,
the same as Figure 2e). This multiplication resulted in
amplification of the vessel contrast over the other sur-
face vessels, as shown in Figure 3d. The threshold
value was set to 0.65 empirically based on a histogram
of Figure 3d obtained from the healthy young mice
(Figure 3e).Moreover, based on this threshold, the result-
ing projection was turned into a binary mask (Figure 3f),
which only indicated the penetrating vessels. Based on
the overlapping of Figure 3f with (a), the segmented
spots (green) in Figure 3a were accurately matched with
the locations of the penetrating vessels in the overlaid
image (Figure 3f), which was confirmed by identifying
the elongated vasculatures in the OCTA cross sections
corresponding to the individual spots in the colored
boxes (Figure 3h). A simple region-counting algorithm
applied to the binary image counted the spots, yielding
the total number of vessels (n = 63) in the image, as
shown in Figure 3i. All image analyses were performed
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and inarization

lllustration of all the procedures for the counting of penetrating vessels, with the representative images in Figure 2: (a)

normalized mean projection of the three-dimensional (3D) optical coherence tomography (OCT) data and (b) normalized maximal projection of
the Doppler frequency variance data were combined by inverting the OCT projection with a maximum and normalizing (c) and multiplying (c)
elementwise with (b) to highlight the penetrating vessels; (e) a threshold for filtering out the penetrating vessels was determined empirically from
a variance histogram; (f) binarized result of (d) with threshold extracts penetrating vessels (white) matched to locations (end points or en
passant) of the pial arterioles (hand-segmented, blue) and the pial venules (hand-segmented, red); (g) segmented spots (green) correspond to
the penetrating vessels in the OCT projection (a), as confirmed by (h) the cross section of the vessels matched between images by colored
bounding boxes; (i) finally, the segmented vessels were identified and quantified (total counts = 63). Scale bars: 200 um (white bars), 50 um

(black bars)

on a custom-built program written in MATLAB. However,
to estimate the accuracy of the proposed method, one
examiner with expertise on OCT was asked to grade
the penetrating vessels under guidelines instructing the
examiner to manually count the dark spots on the mean
projection OCT image (Figure 3a). The total count was
69. Assuming that the count was the actual number of
penetrating vessels (reference), the accuracy could be
calculated as the ratio of the measured count to the
reference and was found to be 89.95%. This was further
estimated as 87.11% for all the mice (n = 3).

3.2 | Application of method to ischemic
stroke model of mice

We demonstrated the feasibility of the proposed
method for assessing the population of functional
penetrating vessels subject to the alteration in blood
perfusion during ischemic strokes. The distal MCA
occlusion (dMCAO) mouse model*>2* was used to
induce focal ischemia in the cerebral cortex. Figure 4
presents the experimental results before (baseline) and
30 min after the onset of focal ischemic stroke in
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FIGURE 4 Comparison of the quantified penetrating vessels by in vivo imaging of a mouse cerebral cortex pre- and post-stroke. The focal
ischemia was induced by the permanent coagulation of a distal middle cerebral artery (dAMCA) using electrocoagulation in mice (n = 3),
producing a rarefaction of blood circulation and subsequent cortical infarction around the ischemic lesion: (a, c, €) projection images of the
cortical structure, blood perfusion, and Doppler frequency variance pre-stroke. A total of 54 penetrating vessels were counted in the imaging
region (g) during normal perfusion, which corresponds to 21.09 vessels/mm?; (b, d, f) projection images of the cortical structure, blood perfusion,
and Doppler frequency variance 30 min after stroke. Changes in the scattering (b), perfusion (d), and flow turbulence (f) were observed with a
reduction in the number of normally perfused penetrating vessels to 39 (h), which correspond to 15.23 vessels/mm?; (i) quantification of the
number of total penetrating vessels in perfusion pre- and post-stroke (**p < 0.005 [paired f test]). Data are presented as mean + SEM (n =3

mice; one region imaged per mouse). Scale bars: 200 um.

the same mouse cortex, where important qualitative
and quantitative changes can be observed. In partic-
ular, in comparison with the cortical region pre-stroke,
the ischemic area post-stroke exhibited lower contrast
in OCTA (see Figure 4c,d) and in Doppler frequency
variance projections (see Figure 4e,f) of both penetrat-
ing and surface pial vessels, thus indicating reduced
blood flow at the ischemic region and the supply of
blood via anastomoses by activated collateral vessels
(arrowheads in Figure 4d) from the nonischemic region.
However, in the OCT projections, the dark contrasts at
the penetrating vessels were either lighter than those in
the pre-stroke data or not observable (see Figure 4a,b).
This may be due to the weakened forward scattering
and light absorption due to the failure of blood flow,
in addition to the probable deflection of the penetrat-
ing vasculature?! Accordingly, the contrast-degraded

penetrating vessels in the OCT and Doppler frequency
variance projections could exhibit variance values
below the threshold. These values were considered
abnormal in perfusion and excluded prior to counting.
Thereafter, the penetrating vessels were quantified: 54
penetrating vessels were counted in the normal per-
fusion on pre-stroke (Figure 4g), which corresponded
to a vessel density of 21.09 vessels/mm?2. Follow-
ing dMCAOQO, 39 functional penetrating vessels were
counted (Figure 4f), or 15.23 vessels/mm?. Although
both ischemic and nonischemic regions appeared in
Figure 4f, the drop in vessel count and density was
observed in the ischemic region. For all the mice (n = 3),
the vessel counts (mean + SEM) pre/post-stroke were
59 + 7 and 27.3 + 7, respectively, when statistically
quantified in Figure 4i. Therefore, with the mean values,
the densities of the penetrating vessels were calculated
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FIGURE 5

(a) Attenuation projection image of the cortical region (Figure 4b) of the mouse postischemic stroke, which represents the

extent of light absorption and scattering though the cortical tissue with respect to depth. The dotted line demarcates the ischemic territory
(highly attenuated) and the nonischemic area (weakly attenuated), which was indicated in Figure 4b,d,f,h. (b) Mean Doppler frequency shift of
the projection image obtained from the same area as the cortical region of the healthy young mouse in Figure 3a, thus exhibiting the
bidirectionality of blood flow—induced polarity with respect to magnitude. The positive values (reddish) resulted from the upstream of blood, and
the negative values (bluish) resulted from the downstream of blood. (c) The multiplication of (b) and binary image of penetrating vessel spots
(Figure 3f) allowed for the sorting of the descending arterioles (orange) and ascending venules (light blue) from the all the penetrating vessels,

which could be counted separately (scale bars: 200 um).

as 23.05/mm? (pre-stroke) and 10.66/mm? (post-stroke),
indicating a significant decrease of more than 45% after
stroke. The vessel densities were similar to the results
reported in previous studies® 12

4 | DISCUSSION

This paper proposes a method that can accurately
locate and quantify penetrating vessels in cerebral cor-
tex OCT images. Moreover, changes in the population of
the vessels in the ischemic stroke model of mice were
demonstrated using the proposed method. Compared
with conventional vessel counting approaches based on
fluorescence imaging or DOCT, the approach can count
and grade the penetrating vessels in an automated
manner.

In particular, the algorithmic complexity of the pro-
posed method was lower than that of previous algo-
rithms for the detection of penetrating vessels in OCT.
Wei et al. proposed an OCT data—based method for
eigen-decomposition analysis followed by PCA. The
computational complexity of eigenvalue decomposition
is the same as that of matrix (n x n) multiplication O(n®),
where all simple arithmetical computations are assumed
to have an identical cost.'? In practice, this implies that
the eigenvalue decomposition of an OCT dataset with
dimensions of 400 x 400 would require eight times
as many computational operations as a 200 x 200
dataset, despite only a factor of four increase in the mea-
surement time. In contrast, the proposed method only
performs elementwise operations on the projections of
A-lines, which scales as the number of A-lines captured:
O(n?) in the dimension of the OCT field. In addition,
the blob counting (Figure 3i) can be more rapid than
the eigenvalue decomposition and PCA process and is
easily scalable.

However, limitations of this study include difficulty in
using the proposed method for the human cerebral cor-
tex with the present OCT device owing to its limited
scan range (1.6 x 1.6 mm?). In addition, human cor-
tical sites are inaccessible to the stand-alone probe
after exposure of the brain cortex by craniotomy. Hart-
mann et al. recently reported the first visualization of
the human brain cortex in vivo using wide-field OCT
connected to the port of a surgical microscope?’ The
proposed method has the advantages of the intraop-
erative OCT technology developed for neuroimaging in
operation, allowing for the penetrating blood vessels of
stroke patients to be counted.

There was a minor mismatch between the baseline
and post-stroke scans of each mouse cortex (Figure 4).
This was due to difficulty faced in returning the mouse
to its baseline position after AMACO surgery. In future
research, mismatches will be mitigated by co-registering
the projection images using established medical image
registration techniques.28-3°

The dotted line in Figure 4b,d,f,h indicates a bound-
ary between ischemic and nonischemic territories,
as extracted from an attenuation image (Figure 5a)
obtained by applying a tissue attenuation mapping tech-
nique to the OCT datacube post-stroke*® Contrast in
this image (Figure 5a) represents the magnitudes of
the attenuation coefficients (#/mm), which describe the
extent of absorption and scattering of OCT signal inten-
sities through the cortical tissue. The correlation of the
ischemic area to strong local attenuation (yellowish sig-
nal band in Figure 5a) as well as use of the attenuation
zone (i.e., the dotted line in Figure 5a) as the border
of ischemic area was confirmed in a previous mouse
cortex OCT study?’

We obtained Doppler frequency variance images
using the autocorrelation function of the complex OCT
signals, as expressed by Equation (3). However, the
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autocorrelation technique can provide additional infor-
mation on the mean angular frequency (@), a centroid
of Doppler frequency shifts, and it may be used to seg-
regate the penetrating arterioles and ascending venules
in grading.3® For example, the mean angular frequency
can be expressed as @ = ¢(T)/T, where ¢(T) denotes
the phase gain obtained from R(T, t):

—1 Im(R(T, 1))

PO =tan e RT)

(4)

where Re(R(T t)) and Im(R(T,t)) are real and imag-
inary components of R(T t), respectively. Given that
the phase gain ¢(T) is a signed value, and the polar-
ity is related to the direction of the blood flow vector
against the OCT probing beam, the sign of @ indicates
flow direction. Figure 5b presents an example of the
mean angular frequency map obtained from the OCT
datacube in Figure 3a, where negative values (blue)
correspond to upward blood flow and positive values
(red) correspond to downward blood flow. By multiply-
ing Figure 5b with Figure 3f, we can obtain a simple
product that nominally allows for the respective count-
ing of penetrating arterioles and ascending venules, as
shown in Figure 5c, following the resolution of 2-pi phase

ambiguities between adjacent A-scans.*’

5 | CONCLUSION

In conclusion, a new OCT image analysis method for
quantifying the perfusing penetrating blood vessels in
the OCT of the mammalian cortex in vivo is outlined and
was demonstrated on a small animal model of stroke. It
was verified that reduced OCT contrast and increased
Doppler contrast in penetrating vessels can be com-
bined algorithmically to obtain a segmentation of the
penetrating vessels. An accuracy of more than 87%
was achieved with the proposed method in the grad-
ing of the penetrating vessels in perfusion. In the stroke
experiment, the counting results obtained with the pro-
posed approach revealed a significant decrease in the
perfused penetrating vessels in the ischemic territory,
resulting in a reduction of more than 45% in the vessel
density even 30 min after stork. The proposed method
can be performed with data from standard OCT setups
and can reduce the algorithmic complexity of the auto-
mated grading of penetrating vessels. Thus, it can be
applied in small animal models of ischemic stroke and
neurological diseases.
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