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The clinical deployment of transcranial laser speckle-contrast imaging (LSCI) is limited by
pronounced multiple scattering in cranial bone, which substantially reduces probing depth and
distorts estimates of cerebral blood flow parameters. In this study, a hybrid strategy combining
computational optical clearing (COC) with tartrazine-induced optical clearing of cranial bone is
proposed and experimentally validated. Topical application of a 30% (w/v) tartrazine solution
reduces the scattering coefficient of cranial bone from ~ 1.5 to ~ 0.6 mm™~! by refractive index
matching and by decreasing the intratissue heterogeneity of their spatial distribution. Residual
quasi-static scattering components persisting after tartrazine-induced optical clearing are selec-
tively removed by COC based on principal component analysis filtering, yielding an approxi-
mately twofold increase in vessel contrast-to-noise ratio (from 1.5 to 3.1) and exposing vascular
networks invisible with conventional transcranial LSCI. This algorithm automatically ranks
components in descending order of their contribution to the total variance: components with
large eigenvalues correspond to quasi-static structures (cranial bone and stationary brain tissue),
whereas those with small eigenvalues contain the dynamic signal arising from blood flow.
Applying the Guttman-Kaiser criterion enables selective reconstruction of the dynamic com-
ponent while suppressing background scattering. This synergistic approach opens new possibil-
ities for noninvasive, high-contrast visualization of cerebral blood flow and represents a
promising, qualitatively new direction in the development of physico-digital optical clearing
technologies.

Keywords: Transcranial laser speckle-contrast imaging; optical clearing; principal component

analysis; computational optical clearing; cerebral blood flow.

1. Introduction

Noninvasive imaging of cerebral blood flow plays
a pivotal role in elucidating brain physiology,
diagnosing neurological disorders such as stroke and
neurodegenerative diseases, and monitoring thera-
peutic interventions in preclinical models.'™ Yet
deep transcranial visualization of the cerebral cor-
tex is severely hindered by pronounced multiple
scattering of the probing light in cranial bone.':*
Laser speckle-contrast imaging (LSCI) is regarded
as a promising noninvasive technique for mapping
cerebral blood flow with high spatiotemporal reso-
lution™*% it analyzes speckle patterns generated
when coherent light is scattered by moving ery-
throcytes.”® However, under transcranial condi-
tions, the probing depth is restricted to only a few
hundred micrometers because of strong multiple
scattering in cranial bone, which markedly reduces
vascular contrast and often forces investigators to
resort to invasive procedures such as craniotomy or
skull thinning.” These interventions are highly in-
vasive and undesirable, because cranial bone func-
tions as a reservoir of immune cells that regulate
meningeal immunity via specialized vascular
channels.?+10

Over the past decade, optical approaches that
reduce light scattering in biological tissues by

refractive-index matching — collectively termed
optical clearing (OC) methods — have been vigor-
ously pursued.!!™* Hyperosmolar agents, alcohol-
sugar mixtures, and organic solvents decrease the
extinction coefficient and thereby increase probing
depth, as quantified by optical coherence tomogra-
phy (OCT) and reconstructions of the scattering
coefficient.!”!% Recent studies have highlighted the
potential of absorbing molecules as efficient optical
clearing agents (OCAs).'” For example, tartrazine
— a biocompatible, FD A-approved food dye — has
demonstrated high efficacy in achieving reversible
tissue transparency by suppressing scattering in the
visible and near-infrared spectral ranges without
compromising safety.'” 2"

In parallel, computational approaches to enhance
the contrast and penetration depth of LSCI have
been actively developed. One promising strategy is
a principal component analysis (PCA) based fil-
ter.21?2 In this approach, a temporal sequence of
speckle images is decomposed into an orthogonal
basis, and each pixel is represented as a point in a
multidimensional space whose coordinates corre-
spond to its intensity in each frame. PCA auto-
matically orders the principal components (PCs) by
decreasing explained variance: components with
large eigenvalues capture quasi-static structures
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(cranial bone and stationary brain tissue), whereas
those with small eigenvalues contain the dynamic
speckle signal from moving erythrocytes.?'?* Ap-
plying the Guttman—Kaiser criterion allows the
static and dynamic constituents to be reconstructed
separately, enabling selective suppression of scat-
tering from immobile structures while retaining the
vascular signal that remains inaccessible in stan-
dard full speckle-contrast analysis. Hereafter, the
term computational optical clearing (COC) refers to
this PCA-based filtering that selectively removes
static scattering, in analogy to physical OC imple-
mented algorithmically.

Despite considerable progress in OC and
computational scattering-suppression methods,
their potential has largely been explored in isola-
tion. Combining OC, which physically reduces
scattering in cranial bone, with COC based on PCA
filtering, which mathematically eliminates residual
scattering from stationary structures that remains
after OC, is expected to yield a pronounced syner-
gistic effect by extending probing depth and
markedly enhancing contrast in minimally invasive
transcranial LSCL

This study, therefore, aims to evaluate the indi-
vidual contributions of a 30% tartrazine solution
and PCA filtering to improving the probing depth
and quality of laser speckle-contrast images of ce-
rebral vasculature through the intact mouse skull,
and to validate, by OCT, the temporal dynamics of
the accompanying reduction in the cranial bone
scattering coefficient.

2. Materials and Methods

Experiments were performed on three adult male
BALB/c mice (10-12 weeks; 25+ 2 g). The study
protocol was approved by the Ethics Committee of
Saratov State Medical University named after V. L.
Razumovsky, Ministry of Health of the Russian
Federation (Protocol No. 11, 7 August 2022). All
procedures complied with the ARRIVE 2.0 guide-
lines.”® Mice were housed under a 12h light/dark
cycle (22 4+ 1°C, 50 £ 5% humidity) with ad libitum
access to food and water. Anesthesia was induced
intraperitoneally with tiletamine + zolazepam
(Zoletil® 100, Virbac, France; 10mg/kg) and
xylazine hydrochloride (Interchemie, Netherlands;
5 mg/kg). Depth of anesthesia was confirmed by the
absence of pedal and corneal reflexes. Animals were
secured in a custom 3D-printed stereotaxic holder.

Computer-guided optical clearing

The scalp was surgically excised without damaging
the periosteum, after which 200 uL of physiological
saline was applied to the exposed skull to prevent
dehydration.

One mouse was allocated to transcranial LSCI
monitoring, and the remaining two were used for
OCT monitoring at central wavelengths of 930 nm
and 1325 nm, respectively.

An aqueous 30% (w/v) solution of tartrazine
(E102, Sigma Aldrich, > 97% purity) containing
0.625% (w/v) hydroxyethyl cellulose (Shin-Etsu,
Germany) was used as the OCA; the polymer acted
as a gelling agent to reduce water evaporation. The
mixture was heated to 70°C and stirred with a
magnetic stirrer for 10 min until complete homoge-
nization had been achieved, after which it was
allowed to cool in the tube to room temperature
(25 £2°C). Next, 150 uL of the OCA was applied
evenly to the exposed skull with a pipette and
covered with a coverslip to prevent evaporation and
tartrazine precipitation.'”®

The choice of a 30% (w/v) aqueous tartrazine
solution was motivated by the absorbing-dye
mechanism of tissue transparency, which increases
the real part of the refractive index in the red
spectral band via Kramers—Kronig relations and
thereby reduces scattering most strongly at
A =~ 600-650 nm (i.e., the LSCI band).'” Unlike
hyperosmotic OCAs (e.g., glycerol), which, in ad-
dition to bulk RI-matching, rely on a dehydration
mechanism and typically require high concentra-
tions for effective OC, resulting in high OCA vis-
cosity and hence slower diffusion, the absorbing-
dye approach yields a rapid effect at moderate
concentrations. Considering the experimentally
reported exponential decrease of solution stability
with increasing tartrazine concentration, we used
0.625% hydroxyethyl cellulose and a coverslip to
suppress evaporation and precipitation, ensuring
> 25min of stable action in vivo.!"'®

The LSCI system consisted of a 632 nm He-Ne
laser (20 mW, 15 mm beam diameter), a zoom ob-
jective lens, and a Thorlabs sCMOS camera
(1920 x 1200 px, 8 bit). The effective field of view
was 1.6 x 1.0cm, yielding a pixel size of =~ 8 pm.
Sequences of 200 frames were recorded at 30 fps
with an exposure time of 5ms.

Spatiotemporal full speckle contrast (Kp,;) was
computed from the raw speckle images (RSIs) using
a 7 x 7 pixel spatial window and a 100-frame tem-
poral window (Eq. (1)).%%!
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Ky = osr/{I)sr- (1)

Here (I) g7 and og 7, denote the mean intensity and
its standard deviation, respectively, evaluated over
the spatial window S (7 x 7 pixels) and temporal
window T (100 consecutive frames).

To separate the static and dynamic components
of the speckle signal, a PCA-based filtering algo-
rithm was applied.?! Each raw speckle image (RSI)
was vectorized into a column vector, producing an
M x N data matrix (M = 2,304,000 pixels; N =
100 consecutive RSIs). PCs were extracted and
classified as static or dynamic according to the
Guttman—Kaiser criterion: components whose
eigenvalues exceeded the mean were assigned to the
static set. The quasi-static speckle signal was
reconstructed from these static components, and
the dynamic signal was obtained by subtracting the
static reconstruction from the original data. In our
100-frame recordings, the quasi-static set typically
comprised ~ 5-20 PCs, and the rest formed the
dynamic set.

Static speckle-contrast maps (Kg,4.) Were cal-
culated from the reconstructed static RSI stack,
whereas the dynamic speckle contrast (Kjmamic)
was defined as the difference K;j; and K- Rel-
ative blood flow index (rBFI) maps were obtained
by inverting the squared speckle contrast in the
short-exposure regime:

rBFlLg; = 1/K§111= I‘BFIdymmjc = 1/K§ymm]ic’ (2)
This definition exploits the inverse-square propor-
tionality between speckle contrast and scatterer ve-
locity when the camera exposure time is shorter than
the decorrelation time of erythrocyte motion.®?!

The visibility of individual vessels was quantified
by calculating the contrast-to-noise ratio (CNR) for
both the full speckle-contrast maps and the PCA-

filtered dynamic component. CNR at a given time ¢
was defined as

CNR(t) = ((Kroi(t)) = (Kig(t))/0bg,  (3)

where (-) denotes the mean value within the vessel
region of interest (ROI), bg denotes a neighboring
parenchymal background area free of large vessels,
and oy, is the standard deviation within that
background. ROI masks were delineated manually
in ImageJ on the speckle-contrast maps. Five cor-
tical vessels of comparable diameter (120 &+ 50 pm)
were then selected; their centerlines were separated
by at least 400 um to ensure independent noise

sampling. For each vessel the background region
was defined by a concentric annulus whose width
exceeded 200 pym.

A commercial swept-source optical coherence
tomography  (SS-OCT) system, OCS1300SS
(Thorlabs, USA; central wavelength 1325 nm,
spectral bandwidth 100 nm), was used together
with a spectral-domain OCT system, GAN930V2
BU (Thorlabs, USA; axial resolution 5.34 pym in air,
central wavelength 930 nm). Each mouse under-
went seven imaging sessions: before application of
the OCA (0min) and at 1, 5, 10, 15, 20, and 25 min
thereafter.

To quantify tartrazine-induced changes in the op-
tical properties of the skull, depth-resolved maps of the
scattering coefficient (p1,) were reconstructed from the
OCT data. Custom Python software implementing
the algorithm described in Ref. 26 was developed for
this purpose. The reconstruction is based on a single-
scattering model and corrects for the axial point
spread function (APSF) of the OCT system.

To accurately assess the optical characteristics of
the samples using OCT, it was crucial to account for
the influence of the APSF (h(z)), which is deter-
mined by the optics of the OCT system. The
recorded depth profile of the OCT signal (I(z)) can

be described using the following equation®’:

I(z) = h(z) - exp(—2p,2), (4)
where p14(2) is the scattering coefficient as a function
of depth z.

The APSF in the context of OCT is described by
the following function?:

11"1"."2.(.;..’2

— 1 o i
h(d)_(i)2+1’ =T ()

Z

where d = z — z; is the distance of the reflecting
object from the focal plane position z¢, z; is the
Rayleigh length in the ith layer of the sample, n is
the group refractive index of the sample, w; is the
waist radius at the focus (lateral OCT resolution),
and )\ is the central wavelength of the OCT prob-
ing radiation.

To reconstruct the depth-resolved scattering co-
efficient p,(z) of the probing light, considering the
discreteness of the signal, the following equation
was used”:

1()

SN0k ©

ps(3) =
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where A is the pixel size in the axial direction; () is
the intensity of the OCT signal at the ith pixel; and
N is the total number of pixels in the axial direction.

From the p1; maps, an ROI was selected to ex-
tract an average depth profile of p,, enabling the
temporal evolution of the OCA effect to be moni-
tored at different cranial depths.

3. Results

Speckle-contrast maps of the full (Kjy,), static
(Ktatic), and dynamic (Kgypamic) components
obtained before and during OC are shown in Fig. 1.
They reveal a progressive reduction in static scat-
tering and a more homogeneous distribution of the
dynamic component. Within 1min of OCA appli-
cation, the high contrast regions associated with
superficial scattering structures (green arrows in the
K1) had almost disappeared, indicating the early
onset of partial clearing of the outer skull layers.
Continued exposure to the OCA (5-25min) pro-
duced a gradual decrease in both the intensity and
the area of regions with elevated Ky, corresponding
to cranial bone (red arrows), suggesting deep
clearing of the compact bone layers. Concurrently,
K.« values declined in proportion to the reduction
in scattering, whereas the Kgy,mi. map preserved
the vascular pattern and strongly suppressed scat-
tering from stationary tissues. Thus, superficial
scattering was markedly reduced within the first

Before 1 min

Kun

Kstatic

Kaynamic

Computer-guided optical clearing

5min, and by 25min, skull-related scattering was
substantially suppressed, enabling long-term moni-
toring of cerebral hemodynamics with enhanced
optical contrast.

Full speckle-contrast maps (K,;) and the cor-
responding dynamic-component maps (Kgymamic)
acquired before, and at 1min and 25min after,
OCA application are shown in Fig. 2. After 25 min
of OC, previously hidden vascular structures be-
came visible within ROI 2 (green frame; red
arrows). In the associated Ky amic map, superficial
scattering was further suppressed, which enhanced
vessel visibility. PCA filtering provided an addi-
tional benefit: static artifacts produced by air bub-
bles in the OCA or residual hairs on the skull
surface (yellow arrows in ROI 1) were completely
eliminated in K., While the vascular pattern
was retained. Several vessels that were undetectable
in K became discernible after COC (blue arrows),
and physical OC amplified this effect. The com-
bined application of OC and COC unveiled an ex-
tended vascular network (green arrows) that was
indistinguishable either before OCA treatment or
with PCA filtering alone.

Consequently, the combined application of OC
and COC produces a pronounced synergistic effect:
scattering from static cranial structures is sup-
pressed much more efficiently than with either
technique alone, as evidenced by the near-complete
disappearance of high contrast K}, regions and the
enhanced visibility of cerebral vessels.

5 min 25 min

Fig. 1. Speckle-contrast maps obtained before and at 1, 5, and 25min after the onset of OC. The top, middle, and bottom rows

show the full speckle contrast (Kj,y), static component (Kyai.), and dynamic component (Kgynamic), respectively. Red arrows
denote regions of high Kjy arising from scattering in cranial bone; both their intensity and area decrease progressively during
clearing. Green arrows highlight superficial high contrast scattering zones that disappear within the first minute. Orange arrows
mark a small area near the coverslip edge where the tartrazine solution inadvertently contacted air, leading to local precipitation
and a strongly scattering artifactual zone; this artifact transiently increased K ;. (and thus Kp ;) and was excluded from quan-
titative analysis. Separate colorbars are shown on the right for each contrast type (arbitrary units).
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Kun Kdynamic

1 min Before

25 min

Kdynamic

Kdynamic Ksui

Fig. 2. Comparison of full (Ksy) and dynamic (Kgynamic) speckle-contrast maps acquired before, and 1min and 25 min after,
application of the OCA. The original maps with the regions of interest — ROI 1 (red outline) and ROI 2 (green outline) — are
shown on the left; enlarged views of these regions are shown on the right. Yellow arrows indicate artifacts removed by COC; green
arrows mark vessels discernible only after the combined application of physical OC and PCA filtering; red arrows denote vessels
revealed by OC alone; blue arrows point to vessels uncovered by COC alone.

Figure 3 illustrates how OC and COC influence
the symmetry of speckle-contrast values in mirror-
symmetric cortical regions of the mouse. Prior to
application of the OCA, K;; values in the two
symmetric ROIs differ markedly, indicating uneven
superficial scattering by the skull. Within 1 min of
OC this disparity diminishes, and by 25min it is
essentially eliminated, reflecting a progressive
equalization of the cranial optical properties. A
different behavior is observed for the dynamic
component (Kgynamic). Although its values initially
diverge between ROls, the combined application of
OC and COC removes these discrepancies almost
immediately, rendering the contrast in both regions
comparable at the earliest stage of OC. According-
ly, the two techniques together effectively negate
the influence of static scattering and provide a more
accurate, spatially uniform assessment of cerebral
perfusion.

Figure 4 compares K., relative blood flow
indices derived from the full (rBFIg,;) and dynamic
(rBFLjymamic) speckle-contrast data, and their dif-
ference (ArBFI) acquired before OC and at 1 min
and 25 min thereafter. Dashed outlines delineate
regions dominated by static skull scattering. Prior
to OC, rBFI,; underestimates flow in areas of high
K. relative to adjacent and mirror symmetric
brain regions, whereas rBF Ly, amic faithfully reflects
the vascular pattern and yields flow values

comparable to those elsewhere in the mouse brain.
This confirms that COC effectively suppresses the
contribution of statically scattering bone and
enables a more accurate assessment of perfusion in
transcranial LSCI. Moreover, the area and promi-
nence of highly scattering zones decrease markedly
within 1 min after application of the 30% tartrazine
solution and have virtually disappeared by 25min.
In the ArBFI maps, this appears as a pronounced
attenuation of brightness within the contours, in-
dicating equalization of bone optical density and
reduced variability of static scattering.

Figure 5 shows composite pseudocolor maps of
the rBFIL: values obtained from the dynamic com-
ponent after PCA filtering are encoded in the red
channel, whereas rBFI calculated from the full
speckle-contrast is encoded in the green channel.
Before OC (left panel), extensive red regions are
present, indicating that rBFI derived from the full
contrast underestimates blood-flow velocity in areas
where static skull scattering dominates. Within
1min of OCA application, most vessels appear
yellow, reflecting the convergence of the two esti-
mates. By 25 min (right panel), the vascular net-
work is almost entirely yellow, signifying that
static-scattering artifacts have been minimized and
that perfusion estimates from both approaches are
in close agreement. Thus, OC substantially reduces
regions in which blood flow is underestimated, while
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Fig. 3. Kpy and Kgynamie maps with mirror-symmetric regions of interest — ROI 1 (red dashed circle) and ROI 2 (green dashed
circle) — together with the corresponding value distributions obtained before OC and at 1min and 25min thereafter.

Kstatic rBFlwun rBF laynamic ArBFI
o 0.36 5.82 8.63 o
S
@
0.27 4.72 744
£
S 0.18 3.62 6.24
c 0.09 2.53 5.05
£
uw
o~
0.00 1.43 ! 3.86

Fig. 4. Kgyy; relative blood flow indices derived from the full (rBFlg,;) and dynamic (rBFIgypami.) speckle-contrast data; and their
difference (ArBFI) acquired before OC and at 1 min thereafter. The rBFI maps are shown on a logarithmic scale. Dashed contours
delineate regions that exhibited high K ;. prior to clearing, reflecting strong static scattering by the skull. After clearing these
contours shrink — most conspicuously in the ArBFI maps. PCA filtering yields more homogeneous rBF 4y, maps by suppressing
bone scattering artifacts and thereby improving the accuracy of transcranial perfusion assessment.
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Fig. 5. Pseudocolor maps of the rBFI acquired before OC and at 1 min and 25 min thereafter. The red channel encodes tBFIgynamic,
whereas the green channel represents rBFI; ;. Red regions mark areas where rBFI;;, underestimates blood-flow velocity relative to
IBF1 g0 mc; their size and intensity diminish markedly within 1 min of OC and have virtually disappeared by 25 min, demonstrating

effective suppression of static skull scattering by OC.

the PCA-filtered dynamic analysis remains the most
robust to bone-related artifacts.

Taken together, the results confirm a synergistic
effect between OC and COC: OC mitigates the ar-
tifact source itself (scattering), and PCA filtering
removes its residual contributions, yielding a reli-
able, spatially homogeneous map of cerebral
blood flow.

Figure 6(a) illustrates the temporal evolution of
CNRyy; and CNRgypamic averaged across five corti-
cal vessels of comparable diameter (120 + 50 pum).
Within 1 min after application of the 30% tartrazine
solution, CNRg,; increased from 1.5+0.3 to
2.7+ 0.4, whereas CNRgyp,mc reached 2.8 +0.4.
Both metrics plateaued at ~ 3.0 after ~ 20 min and
remained stable for the remainder of the 25-min
observation period. Shaded areas represent =+
standard deviation (n =25 vessels). Figure 6(b)
summarizes the cumulative gain in CNR. OC alone

—®— CNRy,
4.0+ —0— CNRynamic
3.5
3.0

3
o
N 2.5
z
(&)
2.0
1.5
1,0 T T T T T T
0 5 10 15 20 25

Time after application of OCA, min
(a)

enhanced CNR by 94% at 25 min, while the
combined OC + COC protocol produced a 104%
increase. PCA filtering alone prior to OCA appli-
cation raised CNR by 31% on average. The quan-
titative analysis confirms the high efficacy of the
hybrid strategy: COC provides an immediate con-
trast boost, while OC consolidates the effect,
yielding a twofold CNR increase over baseline.
OCT monitoring revealed how OC alters the
optical properties of the mouse skull (Figs. 7 and 8).
Prior to OCA application, the initial B-scan (Fig. 7)
displayed two pronounced layers: a superficial layer
with strong back-scattering attributable to high
mineralization and a deeper layer with markedly
weaker scattering. 5 min after agent application, the
scattering amplitude in the first layer had de-
creased, and by 20-25min it was comparable to
that of the second layer (p,~ 0.6-0.8mm™1).
Concurrently, the pronounced brightness gradient

Bl Before OC
120 I After 1 min OC
| ] After 25 min OC
100
= %7
v
Z 60
o
q 4
— 40_

ocC 0C+COC

(b)

Fig. 6. Quantitative impact of OC and COC on vascular contrast. (a) Temporal evolution of the CNR calculated from Ky
(CNRgy) and from Ky, o images after COC (CNR gynamic)- Curves show the mean +SD for five cortical vessels of comparable
diameter (120 4 50 pm; n = 5). (b) Relative CNR. gain (ACNR) obtained with OC alone and with the combined OC + COC

protocol.
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Fig. 7. Temporal evolution of OC in the mouse skull assessed by OCT-930 nm. Left: raw OCT B-scans (dynamic range of each
image normalized for display) and their corresponding scattering-coefficient maps (s, ); the red rectangle delineates the region from
which depth profiles were extracted. Right: depth-resolved p, profiles recorded at various time points after OCA application.
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Fig. 8. Dynamics of OC of the mouse skull according to OCT-1325 nm data. Left: original OCT scans, visualization window size
3 x 8mm. Right: depth profiles of the OCT signal at different time points after OCA application.

in structural OCT images vanished, indicating that
the optical properties had become uniform across
the skull thickness. Depth-resolved p, profiles
extracted from the ROI confirmed the selective ac-
tion of the OCA: the greatest reduction occurred in
the first layer, whereas the scattering coefficient in
the second layer changed only slightly. Thus, OC
predominantly affects the superficial, highly min-
eralized portion of the bone, improving its optical
homogeneity and thereby increasing skull trans-
parency for visualizing cerebral structures.

4. Discussion

While this study targets the red band (A = 632 nm)
to leverage the strongest tartrazine-induced reduc-
tion of scattering, near-infrared (700850 nm) illu-
mination typically exhibits lower tissue scattering
and can increase photon penetration. Porting the

OC+ COC protocol to NIR could thus extend

probing depth, albeit with trade-offs: weaker
dye-induced transparency in the NIR and reduced
camera quantum efficiency. Cross-polarization gat-
ing would further mitigate surface glare at the ex-
pense of the detected photon budget. Future work
will therefore evaluate NIR implementations and
polarization gating, as well as absorbing-dye for-
mulations with red-to-NIR-skewed spectra.

This proof-of-concept study combined tartrazine-
enabled OC with PCA-based COC in vivo. LSCI
quantification was performed across multiple vas-
cular ROIs in one mouse, and OCT tracking of
cranial p, dynamics involved two additional ani-
mals at 930 nm and 1325 nm. The small sample size
limits statistical power and generalizability. Inter-
animal variability — calvarial thickness and
mineralization, age/strain, and anatomical site —
likely modulates clearing kinetics and the degree of
residual quasi-static scattering. Prior studies®”-*®
report that mouse skull thickness increases with age

2540002-9
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and that older skulls exhibit higher optical
attenuation compared with juvenile skulls — fac-
tors that can hinder transcranial imaging and pro-
long the time required to reach an effective OC
state. Accordingly, future work will increase
the cohort size, phenotype skull properties (e.g.,
OCT-based thickness mapping) to assess robustness
across conditions.

Our PCA-based COC relies on variance ordering
and the GK criterion to isolate quasi-static variance
(bone, stationary tissue, glare) from the dynamic
speckle component. In 100-frame stacks, the quasi-
static set usually comprised 520 PCs; adding more
frames marginally improved stability but increased
computation. Alternative filters?+* are promising
but typically require longer sequences or task-spe-
cific priors; here, PCA offered a training-free, com-
putationally efficient baseline that already
maximized the synergy with OC.

5. Conclusion

In this study, we demonstrated a synergistic im-
provement of transcranial LSCI by combining OC
with a 30% tartrazine solution and COC based on
PCA filtering. Accordingly, the OC 4+ COC pro-
tocol yielded an approximately twofold CNR in-
crease (+104%) and exposed vessels invisible
with conventional transcranial LSCI. OC reduced
the cranial bone scattering coefficient from ~ 1.5
to ~ 0.6mm~! and achieved optical homogeneity
within 20-25min, whereas COC selectively
suppressed residual contributions from static
structures, thereby minimizing artifacts and
enhancing vessel visibility. When applied togeth-
er, the two approaches markedly increased prob-
ing depth and image quality, equalized rBFI
estimates, and exposed vascular networks that
were invisible with conventional LSCI through the
intact skull.

These results corroborate the synergy hypothe-
sis: OC mitigates the primary scattering source,
while COC removes its residual signal components,
yielding a more accurate and spatially uniform as-
sessment of cerebral perfusion. The findings are
consistent with previous studies on tissue OC and
digital LSCI processing and constitute the first
demonstration of their joint use for minimally in-
vasive visualization of cerebral blood flow in
laboratory mice.
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