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Abstract. Near-infrared optical tissue imaging is sensitive to both the optical properties of biological media
and their microstructural geometry. While macroscopic tissue characteristics are well studied, the quantitative
impact of skin pores on photon propagation remains largely unexplored. Here, we investigate this influence
using a cascaded computational framework. Anatomically realistic tissue geometries were reconstructed from
segmented MRI data of eight cadaveric heads, consisting scalp, skull, cerebrospinal fluid, and brain layers. Bal-
listic photon propagation simulations first resolved geometric optical interactions at the skin surface with ex-
plicit pore microgeometry, and the resulting photon states initialized Monte Carlo-based diffusive photon
transport simulations to produce voxel-wise fluence maps and depth-resolved sensitivity analysis. Results indi-
cate that skin pores increase photon angular divergence during the ballistic phase, but these directional pertur-
bations are rapidly randomized by multiple scattering and do not measurably alter depth sensitivity (DS)
profiles or photon path statistics. In contrast, pore-induced reductions in photon weight persist, decreasing
the photon budget available for deeper tissue transport. These results indicate that surface microgeometry pri-
marily affects optical coupling efficiency rather than stochastic photon propagation, providing guidance for
when pore-scale features can be neglected or should be explicitly incorporated in biomedical optical system

design.

Keywords: Skin pore, Photon propagation, Optical tissue imaging, Photon-tissue interaction.

1 Introduction

Near—infrared (NIR) optical tissue imaging is widely used to
probe subsurface structures and optical contrast in biologi-
cal media [1-3], owing to the relatively low absorption and
moderate scattering of tissue in this spectral window [4-6].
Accurate interpretation of measured signals depends criti-
cally on reliable forward models of photon transport
through layered tissue structures [7-10]. Photon propaga-
tion in the human head is governed by a complex interplay
between tissue optical properties, anatomical geometry, and
refractive index mismatches at tissue boundaries [11, 12].
While the influence of bulk tissue composition and macro-
scopic anatomical variability has been extensively studied
[13], the role of fine-scale surface microgeometry in shaping
photon transport remains incompletely understood.

The outermost boundary of the tissue domain, corre-
sponding to the scalp surface, is characterized by pro-
nounced microstructural features, most notably skin pores
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[14, 15]. Such structures introduce localized geometric per-
turbations and refractive index discontinuities at medium
interfaces [9, 16], potentially modifying photon coupling
conditions and the angular distribution of injected light.
In practice, surface microstructural features such as skin
pores are almost universally ignored in the design and mod-
eling of NIR optical imaging systems, where tissue bound-
aries are treated as smooth planar or gently curved
interfaces. This design choice is commonly motivated by
the expectation that scattering within superficial tissue lay-
ers rapidly randomizes photon trajectories [17-20], effec-
tively suppressing sensitivity to small-scale surface
irregularities. From a ray—based propagation perspective,
pore—scale structures are similarly assumed to act as weak
perturbations relative to the optical source footprint and
emission divergence, and are therefore not expected to pro-
duce sustained alterations in photon trajectories or coupling
efficiency. Accordingly, smooth boundary assumptions are
generally considered adequate for predicting optical cou-
pling and power transmission at the tissue surface. How-
ever, the wvalidity of these assumptions has not been
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systematically examined across different photon transport
regimes or for physiologically realistic pore geometries.

The present study examines the influence of skin pore
microgeometry on NIR photon transport using anatomi-
cally realistic, MRI-segmented cadaveric head models and
complementary simulation frameworks. Photon transport
in biological tissue exhibits a transition from an initial
quasi-ballistic regime near sources and interfaces to a diffu-
sive regime as multiple scattering events accumulate, a
behavior well established in radiative transfer theory and
Monte Carlo (MC) modeling of turbid media [21, 22].
Accordingly, photon propagation across the source—scalp
interface and subsequent transport within tissue were mod-
eled using a cascaded simulation framework. Ballistic pho-
ton propagation simulations with explicit representation
of physiologically relevant pore geometries were first used
to resolve surface-scale optical interactions and determine
the resulting photon states. These photon states, character-
ized by their position, direction, and weight, were then used
to initialize MC-based diffusive photon transport simula-
tions within anatomically realistic head models. By linking
surface-scale geometric optics with subsequent scattering-
dominated transport in deeper tissues, this approach
enables systematic assessment of how pore-scale surface fea-
tures influence NIR photon transport and clarifies the con-
ditions under which such features may be neglected or
require explicit representation in optical tissue imaging
models.

2 Material and methods

The study was conducted using a cascaded simulation
workflow, consisting of subsections: Magnetic Resonance
Imaging—Derived Cadaveric Head Anatomy (Sect. 2.1),
Ballistic Photon Propagation Simulations (Sect. 2.2), Diffu-
sive Photon Transport Simulations (Sect. 2.3), Data Pro-
cessing and Quantitative Analysis (Sect. 2.4), as detailed
in the following subsections.

2.1 Magnetic resonance imaging—derived cadaveric
head anatomy

Anatomically realistic cadaveric head geometries used in
this study were obtained from a previously published
MRI dataset originally acquired for the study DrSVision:
A Machine Learning Tool for Cortical Region—Specific
fNIRS Calibration Based on Cadaveric Head MRI [23].
The dataset comprises eight adult human cadaveric heads
(five male and three female; age range: 67-97 years),
selected to exclude cranial trauma, prior surgery, or visible
pathology. Cadaveric material was obtained through a
licensed anatomical supplier with informed consent pro-
vided during donors’ lifetimes, and all procedures were con-
ducted in accordance with ethical and legal guidelines, as
detailed in the original study.

High-resolution T'1 and T2-weighted 3 Tesla MRI scans
enabled segmentation of scalp, skull, cerebrospinal fluid
(CSF), and brain tissues relevant to optical modeling. In
the present work, the previously segmented geometries

and tissue layer thicknesses were reused directly for diffusive
photon transport simulations. No new MRI acquisitions or
anatomical segmentation procedures were performed.

2.2 Ballistic photon propagation simulations

Ballistic photon propagation at the skin surface was mod-
eled using the COMSOL Multiphysics (v6.2, COMSOL
AB, Stockholm, Sweden) [24] platform, employing the geo-
metric optics interface in 2-dimensional (2D) space with
explicit representation of physiologically relevant pore
geometries with surface roughness to resolve surface-scale
optical interactions and determine the resulting photon
states. These simulations were performed using representa-
tive surface geometries, as the underlying anatomical layers
are not involved at this stage. The geometric optics inter-
face operates in the high—frequency limit where the vacuum
wavelength is negligible compared to the characteristic
dimensions of the geometry. In this regime, Maxwell’s equa-
tions are reduced to the Eikonal equation [25],

|VS)* = n*(r), (1)

where S represents the optical phase and n(r) is the local
refractive index. This formulation treats photon propaga-
tion as a set of discrete rays whose trajectories are deter-
mined by integrating the Hamiltonian form of the ray
equations,

dq Ow
dk ow
- 3)

where ¢, k, and ¢ denote the position vector, wave vector,
and time of flight, respectively. The term w signifies the
angular frequency of the radiation, which acts as the Hamil-
tonian of the system and remains constant along the ray
path. To account for energy transport and the formation
of caustics within the absorbing media, the local intensity
I was computed by tracking the evolution of the principal
radii of curvature (r, ) of the wavefront. For a medium
characterized by a complex refractive index, the intensity
I along the ray path is governed by,

exp (— / uads), (1)

where Iy, m o, and 7 o are the initial intensity and principal
radii of curvature, respectively. The exponential term
accounts for attenuation via the Beer—Lambert law, where
the absorption coefficient p, is integrated along the incre-
mental path length ds. This curvature-based approach
ensures a mesh—independent evaluation of the energy flux,
even in regions of high convergence where traditional ray—
counting methods fail.

A scalp tissue layer was represented using a rectangular
geometry with a thickness of 5.64 mm, corresponding to
that of the mean cadaveric head (Supplementary Materials,

T1,072,0
172

I=1,
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Table S1, Section A: Magnetic Resonance Imaging—Derived
Cadaveric Head Anatomy). Skin pore geometries were
explicitly represented using truncated semi—elliptical struc-
tures [26, 27] embedded within the top surface of the scalp
layer, defined by a fixed diameter—to—depth ratio of 10:1.
This semi-ellipsoidal approximation was selected as the
optimal first-order geometric model to isolate the influence
of surface curvature and aperture-driven diffraction on inci-
dent light, as it accurately captures the high aspect ratios
and characteristic morphology observed in standard derma-
tological histology [28]. Furthermore, this geometry
accounts for the critical refractive index mismatch at the
air—tissue interface, which dictates the initial phase-space
distribution of ballistic photons before they enter the diffu-
sive regime [5]. Multiple pore diameters were evaluated
across separate simulation runs, with pore diameters of
500, 250, 125, 62.5, 31.25, and 15.625 pum selected to span
a physiologically realistic and literature-reported range
[29, 30] and to assess scale-dependent ray interactions. To
approximate realistic surface irregularities, pore boundary
roughness was introduced by perturbing the idealized
geometry using Gaussian noise. This was implemented in
COMSOL Multiphysics via a stochastic function with nor-
mal distribution (mean 0, standard deviation 0.1 um) and a
fixed random seed, which was applied to the parametric
representation of the truncated semi-elliptical boundaries.
The computational domain was discretized using a free tri-
angular mesh, with minimum and maximum element sizes
of 2 pm and 1 mm, respectively. A maximum element
growth rate of 1.1, a curvature factor of 0.2, and a nar-
row-region resolution of 1 were employed to ensure accu-
rate ray-interface interactions while maintaining
computational efficiency. Within the geometric optics inter-
face, the intensity computation setting was configured to
compute intensity and power in graded media, to correctly
account for continuous refractive index variations in hetero-
geneous tissue [25]. The same wavelength—dependent opti-
cal properties used in the MC simulations (Table 1) were
also assigned to the scalp tissue layers in the COMSOL
Multiphysics model to ensure methodological consistency
since the geometric optics interface requires specification
of a complex refractive index, the real part n was directly
assigned from Table 1, while the imaginary part k was com-
puted from the absorption coefficient p, according to,

ot
K= an’ (5)

where A denotes the operating wavelength 735 nm. A release
boundary condition was assigned to the right vertical edge of
a b X b mm square source domain to emulate an unpolarized
optical source with an irradiance of 1 W/m, emitting rays in
the positive a—direction with the central emission axis
aligned horizontally. A 70° half-angle was specified to repli-
cate the divergence characteristics of commonly used NIR
optical tissue imaging systems [32]. The source was oriented
perpendicular to the scalp layer, vertically (radially) cen-
tered, and placed in direct contact with its surface. Ray
directions were defined using the conical emission option,
with the number of rays per release and the number of rays
in wave vector space set to 50 and 100, respectively, result-

ing in an effective emission of 5000 primary rays per simula-
tion. Unlike stochastic MC methods, geometric optics ray
tracing is deterministic; therefore, simulations employing
10%-10" rays provide robust solutions, consistent with
COMSOL Multiphysics Ray Optics Module guidelines
[25]. A wall boundary conditions configured with the disap-
pear option were assigned to the outer perimeters of the
computational domain to ensure elimination of rays exiting
the model, thereby reducing the number of rays tracked
during propagation and improving computational efficiency
without influencing internal ray—tissue interactions. Simu-
lations were repeated across 6 distinct skin—pore diameters
(500, 250, 125, 62.5, 31.25, and 15.625 um). A time—depen-
dent ray tracing study was conducted over a 0-500 ps inter-
val with a time step of 10 ps. To evaluate positional
sensitivity, a parametric sweep was applied to the vertical
location of the skin pore geometry, spanning —1 to 0 mm
in increments of 0.1 mm, where 0 mm corresponds to the
vertical centerline of the optical source. Simulations for pos-
itive vertical positions were not performed, as the computa-
tional domain is vertically symmetric about the source
centerline; thus, such configurations would yield mirrored
photon trajectories and redundant results. For qualitative
assessment, 2D ray trajectory maps were generated using
a rainbow color scale to visualize ray propagation paths
and interface interactions. Simulations were performed on
a high performance workstation, with each run requiring
approximately 4.36 s. In total, 66 simulation runs were exe-
cuted, corresponding to 11 vertical pore positions, and 6
pore diameters. Upon completion of the ballistic photon
propagation simulations, photon positions, directions, and
weights were recorded at the point of exit from the skin pore
and exported as .txt files. To transition from the 2D ballis-
tic photon propagation simulations to the 3-dimensional
(3D) diffusive photon transport simulations, the 2D pho-
ton positions and directions were revolved around the a-
axis, effectively distributing photons uniformly around the
axis,

23D = Ysp - COS 0, (6)
Ysp = Yop - SIN 0O, (7)
23D = T2D, (8)

where 0 is the rotation angle around the 2D z-axis and is
sampled uniformly from [0, 27) to distribute photons evenly
around the axis, avoiding duplication at 6 = 0 and 6 = 27.
This procedure generates fully 3D photon states, which
were subsequently used as input for MC-based diffusive
photon transport simulations.

2.3 Diffusive photon transport simulations

Diffusive photon transport in the eight individual cadaveric
head models, as well as in the corresponding mean head
model, was simulated using Monte Carlo eXtreme (MCX,
v2025.10, Northeastern University, Boston, MA, USA),
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Table 1. Optical properties of each tissue layer used in the MCX simulations, including absorption coefficient,
scattering coefficient, anisotropy factor, and refractive index, evaluated at a wavelength of 735 nm [31].

Layers fa (mm™) tts (mm') g n
Air 0 0 0 1
Scalp 0.016 19 0.9 1.6
Skull 0.018 16 0.9 1.56
CSF 0.004 0.3 0 1.33
Brain 0.09 21.5 0.9 14

an open-source MC-based framework for modeling photon
transport in 3D turbid media and scattering effects. These
simulations were initialized immediately using the photon
states obtained from the ballistic photon propagation simu-
lations after photons exited the skin pores. MCX probabilis-
tically tracks photon packets as they undergo scattering
and absorption events within tissue [33]. As photons prop-
agate through the domain, the photon packet weight is
attenuated via absorption according to the Beer—Lambert
law, while scattering events redirect the trajectories. The
photon fluence, ¢, within each voxel is defined as the sum
of the weights of all photon packets traversing that voxel,
representing the cumulative photon energy. Accordingly,
the fluence distribution ¢ (z, y, z) at voxel coordinates
(z, y, 2) is computed as,

Nay,»

¢($, Y, Z) = Z

i=1

(9)

Wi,

where N, . denotes the number of photon packets travers-
ing voxel (z, y, 2z) and w; is the weight of the +th photon
within that voxel. This discrete accumulation of photon
weights forms the basis for quantifying optical energy distri-
bution within the tissue domain. The computational
domain consisted of a 30 x 70 x 64 voxel grid, with an iso-
tropic voxel size of 1 mm?, providing a balance between spa-
tial resolution and computational efficiency. The voxelated
geometry represented the scalp, skull, CSF, and brain tissue
layers. Layer thicknesses for non-brain tissues were com-
puted as the mean across the eight cadaveric heads seg-
mented from MRI data [23], with the remaining volume
assigned to brain tissue to generate a representative
mean-head geometry. Diffusive photon transport simula-
tions were performed both on this mean cadaveric head
model and on all individual cadaveric head geometries.
For the mean cadaveric head model, simulations were con-
ducted for all six skin pore diameters and 11 vertical pore
positions, consistent with the configurations used in the bal-
listic photon propagation simulations. For the individual
cadaveric heads, simulations were also conducted on the
same six pore diameters but limited at two vertical skin-
pore positions, 1 and 0.5 mm offset from the optical source
center, to assess anatomical sensitivity. Each tissue layer
was constructed using voxelated box structures, and the
corresponding thickness values are provided in the Supple-
mentary Materials (Table S1, Section A: Magnetic Reso-
nance Imaging—Derived Cadaveric Head Anatomy). The
optical properties of each tissue layer, including the absorp-

tion coefficient (u,), scattering coefficient (p,), anisotropy
factor (g), and refractive index (n), were assigned based
on values reported in the literature [31] (Table 1).

To emulate the optical emission profile of NIR, optical
tissue imaging systems, the photon emitter was modeled
as a disc source with a diameter of 5 mm and a 70 half-an-
gle, matching the source properties used in the ballistic pho-
ton propagation simulations and replicating the divergence
characteristics of commonly used NIR optical tissue imag-
ing systems [32]. The detector was modeled as a spherical
active area with a diameter of 0.69 mm to represent the
effective photosensitive area of typical functional near-infra-
red spectroscopy (fNIRS) photodetectors [34, 35]. The
source and detector were positioned perpendicularly above
the scalp layer, centered along the vertical axis, with a fixed
30 mm horizontal separation such that their midpoint
aligned with the plane center. Each simulation launched
10” photon packets to minimize statistical fluctuations, pro-
ducing high-fidelity fluence maps [36, 37]. Refractive index
mismatches between tissue layers were incorporated via
Fresnel boundary conditions. Simulations were conducted
at a wavelength of 735 nm, with initial photon states as-
signed using .txt files exported from ballistic photon propa-
gation simulations, and a power scaling factor set to unity.
88 simulation runs were performed on the same workstation
used for the ballistic photon propagation simulations, with
each simulation requiring approximately 480 s. Output
data, including volumetric fluence maps and detected pho-
ton counts, were stored in . jnii and . jdat formats.

2.4 Data processing and quantitative analysis

Ballistic photon propagation simulation results were post—
processed using custom scripts implemented in MATLAB
(R2025a, The MathWorks, Inc., Natick, MA, USA) [38].
Photon positions, directions, and weights immediately after
exiting the skin pores were extracted, and vertical distance
from the optical source center versus photon exit angle scat-
ter plots were generated, with each point color-coded
according to the corresponding photon weight using a cus-
tom magenta—cyan blue colormap.

Diffusive photon transport simulation results stored in .
jnii format were decoded, decompressed, and reshaped into
3D arrays with isotropic voxel dimensions of 1 x 1 x
1 mm?®, using custom scripts executed in Python (3.12, Py-
thon Software Foundation, Wilmington, DE, USA) [39].
The resulting fluence volumes were visualized from top,
side, front, and isometric viewpoints using a custom
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yellow—green—blue-dark blue colormap with logarithmic
intensity scaling to accommodate the wide dynamic range
of photon density.

Subsequently, source—detector based DS values were
computed in % form by summing fluence within a circular
region of interest (ROI) of 10 mm radius, centered at the
midpoint between the source and detector locations, at suc-
cessive 1 mm depth increments along the tissue depth axis
perpendicular to the surface. A 10 mm radius ROI was
selected to balance spatial specificity with adequate sam-
pling volume, consistent with common practice in optical
imaging literature. This scale has been shown to capture rel-
evant optical or hemodynamic responses while minimizing
contamination from surrounding regions [40, 41].

E(zy)ER(z) P (wyz)
>y P(zy2)

where R(z) denotes the set of voxels within the ROI at
depth z. DS versus depth curves were plotted for the mean
cadaveric head at each optical source—scalp layer separa-
tion. Additionally, detected photon data stored in . jdat
format were decoded and used to plot histograms of photon
count versus path length for all diffusive photon transport
simulations. This post—processing workflow enabled high—
resolution spatial and statistical assessment of DS and pho-
ton propagation characteristics.

DS(z) = x 100%, (10)

3 Results

Ray-tracing results obtained from the ballistic photon
propagation simulations are illustrated in Figure 1 for the
mean cadaveric head with a 250, pm diameter skin pore
at t = 10 ps. As the vertical position of the skin pore is var-
ied, changes in ray—pore interactions and reflection patterns
at the optical source—scalp interface are modeled, with Fig-
ures 1b—1lc showing increasingly pronounced reflection
features.

The influence of pore geometry on exit trajectories was
assessed across 66 combinations of pore diameters and posi-
tions. Figures 2a—2c present the most pronounced photon
weight reduction and dispersion behavior within the ballis-
tic transport regime, specifically for the 500 pm diameter
pore at vertical positions of (a) 1, (b) 0.5, and (c¢) 0 mm
off-axis relative to the optical source center. As the skin
pore approaches the optical source axis, the ejected photon
angle shifts and photon weight is reduced. At a 1 mm off-
axis position (Fig. 2a), there is no pore-photon interaction;
therefore, the photon weights remain at their maximum,
clustered, and initial photon angles are preserved. However,
as the pore alignment shifts toward 0 mm (Figs. 2b—2c),
both weight reduction and dispersion behavior are observed
for the photon groups positioned at specific radial distance
intervals.

Spatial fluence color maps for the mean cadaveric head
were generated for the same 66 combinations of pore diam-
eters and positions. Additionally, spatial fluence distribu-
tions across the eight individual cadaveric heads were
simulated for a 500 pm diameter pore at vertical positions

(@

Air Scalp
© '

0.4
0.2

Air /, Scalp 0

Figure 1. Example COMSOL ray—tracing plots at ¢t = 10 ps for
the mean cadaveric head with a 250, yum diameter skin pore,
zoomed to the source—scalp interface. Skin pore at vertical (a)
—1.5, (b) —0.8, and (¢) —0.7 mm positions. The color bar
represents normalized photon weights (0-1).

of 1 and 0.5 mm off-axis to provide an anatomical sensitiv-
ity analysis. Figure 3 presents isometric views of the spatial
fluence for the mean cadaveric head at a 30 mm source-de-
tector separation. The 500 pm pore diameter and vertical
positions 1, 0.5, and 0 mm (Figs. 3a—3c, respectively) were
selected to highlight the maximum observable differences in
fluence. Initial photon weights of Diffusive Photon Trans-
port Simulations incorporate the final photon weights from
the ballistic photon propagation simulations, thereby these
spatial fluence color maps represent the localized photon
energy distribution. The transition from off-axis to on-axis
pore placement (Figs. 3a—3c) demonstrates a visually
observable redistribution of energy density and reduction
of photon weights in the vicinity of the source—scalp
interface.

DS profiles as a function of depth were generated for all
six pore diameters across eleven vertical positions for the
mean cadaveric head, alongside comparisons across the
eight individual cadaveric models. Figure 4 presents a rep-
resentative DS profile for the 500 pm diameter pore at a
30 mm source—detector separation. Analysis of the complete
dataset (detailed in Supplementary Materials, Section C:
Diffusive Photon Transport Simulations, Figures S149-
S156) revealed that the eleven vertical pore positions exhi-
bit virtually identical trends across the entire depth range.
This high degree of uniformity indicates that while pore
alignment modulates the total energy weight (Fig. 3), the
relative spatial distribution of sensitivity is independent of
localized surface microtopography. This trend is further
corroborated by the comparisons across the eight individual
cadaveric heads, which despite measurable variance in
decay rates driven by anatomical differences, maintain a
consistent baseline sensitivity profile. Together, these obser-
vations suggest that the fundamental DS is governed by the
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Figure 2. Ballistic photon propagation simulation ejected
photon distributions as a function of radial distance from the
optical source center and angle (degrees off-axis relative to the
optical source center) for a 500 um diameter pore. Plots
correspond to vertical pore positions (a) 1, (b) 0.5, and
(c) 0 mm off-axis relative to the optical source center. The color
bars represent normalized photon weights.

macro-anatomical layers of the scalp and skull, remaining
robust against both localized geometric perturbations and
subject-specific anatomical variations.

Detailed detected photon data for the mean cadaveric
head model at a 30 mm source-detector separation are

(a) 5

Figure 3. Isometric views of spatial fluence color maps for the
mean cadaveric head at a 30 mm source-detector separation:
plots correspond to 500 diameter pore at vertical pore positions
(a) 1, (b) 0.5, and (c) 0 mm off-axis relative to the optical source
center. Black circles and squares indicate the optical source and
detector positions, respectively. The color bars represent photon
fluence on a logarithmic scale to enhance visibility across a wide
dynamic range.
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provided in the Supplementary Materials, Section C: Diffu-
sive Photon Transport Simulations. Specifically, Table S2
summarizes the detected photon counts across all investi-
gated combinations of pore diameters and vertical pore
positions. Additionally, the complete set of 66 photon path
length histograms is presented in Figures S157-5222. These
distributions demonstrate that the temporal characteristics
of the detected signal remain consistent with expected diffu-
sive behavior for the specified source-detector separation,
regardless of the surface pore geometry.

The statistical distribution of detected photon counts
and mean photon weights across the eight cadaveric heads
is summarized in Table 2. As shown in Figure 5, shifting the
pore position from 1.0 mm to 0.5 mm off-axis resulted in a
decrease in the median detected photon count. For both
alignment positions, head #3 was identified as a consistent
outlier, falling below the lower whisker of the cohort distri-
bution. A parallel trend was observed for the mean photon
weights (Fig. 6), where the median weight decreased as the
pore was moved closer to the optical source center. Unlike
the photon count data, the distribution of mean photon
weights exhibited a larger interquartile range across the
cohort, and no individual subjects were identified as out-
liers. These results indicate that while the vertical position-
ing of the skin pore modulates signal intensity, the
underlying anatomical differences across the eight cadaveric
heads introduce a more significant variance in these energy
metrics than the localized pore alignment itself. This char-
acterizes the variance in signal detection across the MRI-
segmented models relative to localized pore-induced energy
modulation, establishing that anatomical variability
remains the primary determinant of total detected energy.

4 Discussion

This study systematically evaluates the influence of skin
pore microgeometry on NIR photon transport within
anatomically realistic, MRI-segmented cadaveric head
models. By employing a cascaded simulation approach,
the present work effectively bridges the gap between pore-
scale surface realism and macro-scale photon propagation.
This sequential integration where ballistic photon propaga-
tion simulations through truncated semi—elliptical, rough-
walled pores define the initial photon states for subsequent
diffusive photon transport simulations provides a robust
framework for assessing multi-scale optical interactions.
Thereby, study clarifies the conditions under which micro-
scopic surface features can be safely neglected in optical
modeling, while simultaneously identifying specific regimes
where anatomical and pore-scale variability contribute
measurably to the detected signal.

Ballistic photon propagation simulations reveal that
skin pore geometry modulates transmitted optical energy
in a pore diameter and position-dependent manner, with
the effect becoming more pronounced as pore diameter
increases and as the vertical distance between the pore
and the optical source center decreases. Within this regime,
the modeled pore geometries act as localized perturbations
at the optical source-scalp interface, redistributing the
angular spectrum of incident rays. Examination of the

Depth Sensitivity (%)
o

4
2
0
0 10 20 30 40 50 60
Depth (mm)

Figure 4. Representative DS profile for a 30 mm source—
detector separation with a 500 um diameter pore (positioned at
0.5 mm off-axis relative to the optical source center). The DS
curves obtained across all individual cadaveric models and pore
positions were found to be virtually identical, following the same
spatial distribution. For visual clarity, this single representative
profile is shown to illustrate the system’s sensitivity to under-
lying tissue volumes, which remains stable despite surface-level
intensity fluctuations.

angular trajectories (Figs. 2 and S1-S66) indicates that
photons interacting with the rough pore structure tend to
acquire larger propagation angles relative to the surface
normal. Consequently, rather than remaining confined
within a narrow forward-directed cone toward deeper tis-
sues, these photons are redirected outward, increasing beam
divergence and reducing the concentration of ballistic
energy delivered to deeper layers. As pore diameter
increases, this divergence effect influences a larger fraction
of the incident beam profile, leading to progressively stron-
ger spatial spreading of transmitted optical energy.

Building upon the initial phase of the study, the final
photon states from the ballistic simulations characterized
by both pore-induced angular redirection and photon
weight reduction were used to initialize the subsequent dif-
fusive photon transport simulations. The results demon-
strate a clear bifurcation in how these perturbations
propagate: while the high-scattering nature of the scalp
and skull induces a rapid loss of directional memory within
the first few millimeters [19, 20], the initial attenuation of
photon weights persists as a dominant factor (Figs. 3 and
S67-S148). Consequently, localized angular perturbations
do not propagate into deeper tissue layers [42, 43| and pro-
duce no considerable changes in DS profile (Figs. 4 and
S149-S156) or path length statistics (Figs. S157-5222).
While the stochastic scattering regime effectively random-
izes the angular information imparted by localized surface
features [17, 18], it cannot recover the optical energy lost
during the ballistic phase (Fig. 6). Although this pore-
induced weight reduction is an order of magnitude smaller
than the inter-subject anatomical variance, it represents a
permanent loss of incident energy that scales systematically
with pore geometry.

The identification of head #3 as a consistent outlier in
detected photon counts (Figs. 5 and 6) provides a mechanis-
tic example of this sensitivity; its exceptionally thick CSF
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Table 2. Summary of detected photon statistics across eight cadaveric head models for two vertical pore alignments.
The data highlights the inter-subject variability in total photon counts and mean photon weights relative to the
systematic shifts induced by sub-millimeter changes in pore proximity.

Parameters Pore position off-axis (mm)
1 0.5
Detected Photon Count (x10%) Median 3.617 3.323
Interquartile Range 3.1568-3.701 3.001-3.401
Minimum/Maximum 3.107-4.212 2.989-3.827
Detected Mean Photon Weight (x10~?) Median 3.931 3.403
Interquartile Range 3.077-7.204 2.921-7.165
Minimum/Maximum 2.407-8.245 2.512-8.087
x10* %107
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Figure 5. Box plots for detected photon counts across eight
cadaveric heads at two distinct vertical pore positions: 1, and 0.5
mm off-axis relative to the optical source center.

layer (16.1 mm) likely facilitates increased lateral light pip-
ing, reducing the fraction of photons returning to the scalp
[44]. This reinforces that while pore-scale features introduce
systematic perturbations, large-scale anatomical variations
remain the primary determinants of the absolute photon
budget. From a system design perspective, these findings
indicate that while explicit incorporation of skin pores is
unlikely to influence the stochastic characteristics of diffu-
sive transport, the resulting energy loss introduces a local-
ized, systematic bias. This effect is most relevant for high-
precision topographic mapping [45] or longitudinal fNIRS
monitoring, where pore-induced attenuation could be misin-
terpreted as regional cortical variation or altered sensitivity
if not accounted for during probe placement [46]. While this
study focuses on reflective-mode optical systems, these find-
ings suggest that surface-induced intensity fluctuations
could also be relevant in transmissive-mode configurations,
where photons traverse different tissue paths. In such
geometries, the initial loss of photon energy at the source—
scalp interface may represent a significant factor in the
overall link budget. However, as the current study does
not explicitly model transmissive geometries, the relative
magnitude of these effects remains a hypothesis to be
explored in future work.

Certain limitations of the present study should be
acknowledged. First, the ballistic photon propagation simu-

Figure 6. Box plots for detected mean photon weight across
eight cadaveric heads at two distinct vertical pore positions: 1,
and 0.5 mm off-axis relative to the optical source center.

lations were performed in 2D using idealized elliptical pore
geometries, with surface roughness introduced by applying
Gaussian noise to the pore boundaries. While this approach
captures key geometric perturbations, it cannot fully repre-
sent the 3D complexity of real skin microtopography. Fur-
thermore, while a typical NIR optical source diameter (e.g.,
5 mm) simultaneously illuminates a multi-pore array, the
present work utilizes a single-pore configuration to isolate
the fundamental mechanistic influence of pore geometry.
While the aggregate effect of hundreds of pores across a
wide source footprint would likely result in spatial averag-
ing of the energy loss, the single-pore model established here
serves as a necessary unit analysis to characterize the max-
imum potential perturbation at the source-scalp interface.
Second, during the diffusive photon transport simulations,
tissue optical properties were assumed to be homogeneous
within each segmented anatomical layer and implemented
within a graded-media framework. Consequently, dynamic
physiological factors such as variations in skin hydration,
local optical coupling conditions, and temporal changes in
tissue optical properties were not considered. The inclusion
of complex pilosebaceous units such as hair follicles or
sebum was excluded from the present study to maintain a
focused analysis on the primary source-scalp interface.
Unlike surface skin pores, which create discrete geometric
perturbations at the immediate point of entry where
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photons remain ballistic, hair follicles extend deep into the
dermal and muscular layers. At these depths, the high scat-
tering coefficient of the surrounding turbid media induces a
rapid transition to the diffusive regime, effectively homoge-
nizing the influence of such microstructures [42, 43, 47].
Consequently, the proposed cascaded framework prioritizes
the skin pore as the dominant structural variable affecting
initial photon angular distribution before the onset of bulk
scattering. Despite these simplifications, the use of MRI-
segmented cadaveric head models preserves anatomical
realism at the macroscopic scale, while the cascaded imple-
mentation of ballistic photon propagation and diffusive
photon transport regimes provides a mechanistically consis-
tent framework for interpreting how pore-scale surface fea-
tures influence subsequent photon transport. Finally, direct
experimental validation of pore-scale optical coupling
effects would require the fabrication of skin-mimicking
phantoms with tightly controlled sub-millimeter surface
microgeometry and well-defined optical properties. Devel-
oping such phantoms represents a substantial experimental
challenge and therefore remains beyond the scope of the
present computational study.

Future studies should focus on further refining the
model by extending the ballistic photon propagation simu-
lations to fully 3D geometries with multiple pore configura-
tions and more realistic surface roughness. This would allow
a more faithful representation of the stochastic nature of
skin microtopography, provided that pore locations are spa-
tially distributed to intercept the emitted photon bundle
within the optical source half-angle of 70, rather than rep-
resenting arbitrary multiplicity without optical relevance.
Including deep structures like hair follicles, would enable
assessment of their complex geometry and contribution to
photon transport. Integrating spatially varying optical
properties and dynamic surface coupling conditions could
further enable assessment of physiological variability under
realistic measurement scenarios. Additionally, direct exper-
imental validation remains necessary to confirm pore-scale
optical coupling effects.

5 Conclusion

This study investigated the influence of skin pore microge-
ometry NIR photon transport within anatomically realistic,
MRI-segmented cadaveric head models using a cascaded
simulation framework that links ballistic photon propaga-
tion at the source-scalp interface with subsequent diffusive
photon transport in deeper tissues. By explicitly resolving
pore-scale surface structures during the ballistic phase and
propagating the resulting photon states into diffusive trans-
port simulations, the present work provides a multiscale
framework for evaluating how microscopic surface features
influence macroscopic photon propagation.

Skin pore microgeometry introduces localized perturba-
tions during the ballistic photon propagation phase,
increasing photon angular divergence and reducing for-
ward-directed energy delivery toward deeper tissues. How-
ever, due to the strongly scattering nature of scalp and
skull tissues, these directional perturbations are rapidly ran-
domized within the first few millimeters of propagation and

therefore do not measurably alter DS profiles or photon
path statistics in the diffusive regime. In contrast, the
pore-induced reduction in photon weights represents a per-
sistent loss of incident optical energy that directly modu-
lates the total photon budget available for transport
through deeper tissue layers. At the system level, this atten-
uation affects both reflective and transmissive-mode optical
configurations, although its impact may become more pro-
nounced in transmissive geometries where photons traverse
longer tissue paths. Collectively, these findings indicate that
pore-scale surface microgeometry primarily influences opti-
cal coupling efficiency rather than the stochastic character-
istics of photon transport, providing practical guidance for
the modeling and design of biomedical optical measurement
systems.
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