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Abstract: Optical diagnostic techniques represent an attractive complement to conventional pulp
vitality tests, as they can provide direct information about the vascular status of the pulp. However, the
complex, multi-layered structure of a tooth significantly influences the detected signal and, ultimately,
the diagnostic decision. Despite this, the impact of the various dental components on light propagation
within the tooth, particularly in the context of diagnostic applications, remains insufficiently studied.
To help bridge this gap and potentially enhance diagnostic accuracy, this study employs digital optical
twins based on the Monte Carlo method. Using incisor and molar models as examples, the influence of
tooth and pulp geometry, blood concentration, and pulp composition, such as the possible presence of
pus, on spectrally resolved transmission signals is demonstrated. Furthermore, it is shown that gingival
blood absorption can significantly overlay the pulpal measurement signal, posing a substantial risk of
misdiagnosis. Strategies such as shifting the illumination and detection axes, as well as time-gated
detection, are explored as potential approaches to suppress interfering signals, particularly those
originating from the gingiva.

Keywords: digital optical twin; pulp vitality assessment; Monte Carlo simulation; anisotropic light
propagation

1. Introduction

Accurate assessment of pulpal health is essential in endodontic diagnosis and treatment planning,
as it directly influences the clinical decision on whether and which endodontic treatment is required.
Currently, the evaluation of pulp vitality relies on a multifactorial diagnostic process, integrating
information from the patient’s medical history and chief complaint, as well as clinical and radiographic
examinations, in conjunction with pulp sensibility tests [1]. The latter are based on the patient’s
subjective perception of external stimuli, such as thermal or electrical excitation, and the clinician’s
interpretation of the response [2]. However, the inherent subjectivity of these conventional methods,
coupled with the fact that they assess only neural responses, without directly reflecting the vascular
status of the pulp, introduces a considerable risk of false-positive and false-negative results [3], thereby
posing a significant diagnostic challenge. Furthermore, sensibility testing is often associated with
discomfort or even pain for the patient [4]. Given these limitations, there is a pressing need for
objective, non-invasive, and pain-free diagnostic modalities to enhance the reliability of pulp vitality
assessments. In response, research into optical diagnostic techniques based on reflected or transmitted
light measurements has gained considerable momentum. Notably, pulse oximetry (PO) [5] and laser
Doppler flowmetry (LDF) [6,7] have emerged as promising approaches for directly assessing pulp
vitality by detecting blood oxygen saturation or intrapulpal blood flow, respectively, while ongoing
research continues to explore several other methods [8]. Due to various limitations [8-10], such as
high cost, complex calibration, operator dependence, influence from peripheral tissue, and the lack
of universal standardization, 'direct” diagnostic methods have yet to achieve widespread clinical
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adoption and remain largely confined to the research sector. Recently, another simple optical approach,
optical pulp scanning (OPS) [11], was introduced. This method is based on the acquisition of spectrally
resolved transmission measurements, utilizing spectral features, such as blood absorption, to classify
teeth into different vitality categories. However, diagnostic accuracy has so far remained limited.

To enable future advancements in optical diagnostic techniques and address existing diagnostic
limitations, it is essential to first establish a fundamental understanding of light propagation within
the tooth, as this ultimately determines the diagnostic output. In particular, it is crucial to investigate
how various factors, such as tooth and pulp geometry, oxygen saturation and concentration, as well
as the material composition of the pulp, affect light propagation. Since such an analysis is challeng-
ing to control experimentally, this study employs digital optical twins, which offer the significant
advantage of allowing different model components to be systematically varied and independently
analyzed. Therefore, a tetrahedron-based GPU (graphics processing unit)-accelerated Monte Carlo
(MC) simulation software, explicitly accounting for anisotropic light propagation in dentin, was devel-
oped to investigate the dynamics of various model parameters in the context of spectral transmission
measurements, based on multi-volume 3D datasets of an incisor and a molar. Specifically, the influence
of different pulp compositions, oxyhemoglobin, deoxyhemoglobin, and pus, as well as varying blood
concentrations on the transmission signal and internal light distribution was examined, to elucidate in
detail the underlying mechanisms by which changes in the scattering and absorption properties of the
pulp alter the spectral information, particularly the visibility of blood absorption features. In addition
to transmission spectra, the impact of the gingiva was quantified by tracking photon path lengths.
The results indicate that spectral features are significantly influenced by tooth geometry and gingival
absorption, ultimately compromising the diagnostic accuracy of such an approach. Furthermore,
various strategies, such as adjustments to the illumination and measurement positions, as well as time
gating, were evaluated to determine their effectiveness in mitigating these confounding factors.

2. Materials and Methods
2.1. Monte Carlo Model

Regarding the light propagation, a human tooth can be anatomically categorized into three
principal layers: enamel, dentin, and pulp, see Figure 1a,b. The outermost layer, enamel, is primarily
composed of hydroxyapatite [12]. Due to its relatively low scattering properties, enamel contributes
to the characteristic translucency of the tooth’s incisal edge. Beneath the enamel lies dentin, which
constitutes the bulk of the tooth’s volume and, like enamel, consists predominantly of hydroxyapatite,
along with collagen and water [12]. Embedded within the dentin are microscopic supply channels
known as dentinal tubules, which contain odontoblast extensions, a serum-like fluid, and occasionally
nerve fibers. These tubules function as conduits for external stimuli transmission and play a crucial
role in dentin physiology. In addition to their physiological significance, dentinal tubules are primarily
responsible for the high scattering properties observed in dentin. Moreover, the radial arrangement of
these structures, extending from the pulp toward the enamel, induces anisotropic light propagation
within the tooth [13,14]. This results in a light-guiding effect facilitating the transmission of light
into the tooth’s inner regions. Similar anisotropic scattering phenomena have been observed in other
aligned fibrous tissues, such as muscle and skin [15,16], as well as in biological structures like wood [17].
At the core of the tooth, the pulp consists of innervated and vascularized connective tissue, serving
both nutritive and sensory functions.
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Figure 1. Overview of the digital optical twins. (a) 3D model of the incisor with vertical (green) and horizontal
(blue) sections. (b) 3D model of the molar with vertical (green) and horizontal (blue) sections. (c) Internal view of
the tooth models with assumed dentinal tubule orientations.

The complex, multilayered 3D geometry of the tooth, combined with the anisotropic light propa-
gation induced by dentinal tubules, necessitates a specialized simulation approach that extends beyond
standard MC models. Therefore, all subsequent simulations were conducted using a custom-developed,
tetrahedron-based, GPU-accelerated MC software. This enables the investigation of diagnostic ques-
tions using highly realistic digital optical twins of teeth. Further, the tetrahedral representation of the
simulation domain offers the advantage of accurately accommodating arbitrarily shaped 3D objects,
such as teeth, ensuring a high degree of geometric accuracy. To create the simulation models, seg-
mented cone beam computed tomography (CBCT) scans acquired in vivo from a healthy maxillary
central incisor (tooth 21) and a mandibular first molar (tooth 36) were utilized (Clinic for Orthodontics,
Ulm University Hospital). These scans were processed using TetGen to generate a tetrahedral mesh.
In addition to the teeth, the corresponding alveolar bone, in which the teeth are embedded, as well as
the overlying gingiva, were incorporated as separate volumetric domains to allow for their inclusion
in the simulation model. Figures 1a,b provide an overview of the complete models (center), along with
vertical (left) and horizontal (right) cross-sectional views. As previously mentioned, the approximately
cylindrical microstructures within the dentin significantly influence light propagation. To accurately
simulate the associated anisotropic light propagation effects, a model was employed that accounts
for both the tubule-dependent scattering, which varies with the incident light direction relative to
the tubules’ direction, and the isotropic light propagation occurring within the surrounding dentin
matrix [18]. This approach requires knowledge of both the scattering efficiency and phase function for
each angle of incidence. To this end, the solution of Maxwell’s equations for the scattering of a plane
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wave by an infinitely extended cylinder was applied [19]. The relevant scattering parameters were
precomputed and stored in a wavelength-resolved lookup table (LUT) for incidence angles € [0°,90°]
with a step size of 0.5°. For all simulations, a tubule diameter of 1 um [20] and a homogeneous area
number density of 45000 mm 2 [21] were assumed. Furthermore, within the dentin volume, each
tetrahedral element was assigned a directional vector characterizing the orientation of the embedded
tubules, see Figure 1c. The direction was determined by the orthogonal projection of each tetrahedral
centroid onto the pulp surface. For the dentin matrix and all other tooth regions, the rotationally
symmetric Henyey-Greenstein phase function [22] was employed, meaning that in these cases, the
scattering phase function remained independent of the incident direction. Notably, neglecting the
anisotropic propagation of light in dentin can lead to substantial deviations in simulation results and,
particularly in transmission configurations, may cause the pulp filling to have little or no effect on the
spectral signal [18,23]. For further details on the implementation of anisotropic light propagation, the
authors refer to [18]. The full simulation framework was validated in prior work through comparisons
between experimental and simulated data, including spatially resolved reflectance measurements on
tooth sections, spectral transmission measurements on teeth, and, more broadly, via a transillumination
setup applied to prepared teeth. [23,24].

The remaining simulation routine largely follows the standard MC methodology, employing the
weighting technique complemented by the Russian roulette algorithm for photon termination [25].
Starting from the light source, which is modeled as an optical fiber with a radius of r = 250 pm and
a numerical aperture of NA = 0.2, a total of N independent energy packets are launched into the
simulation domain, with the total injected power arbitrarily set to 1 W. Since these so-called photons,
in MC terminology, do not interact with one another, the MC method is particularly well-suited
for massive parallelization using GPU hardware. During their propagation through the simulated
object, photons undergo various interactions with the participating media, governed by the optical
properties of the respective subvolume, including scattering, absorption, refraction, and reflection. To
this end, random numbers are utilized to sample probability distributions derived from the underlying
physical laws, such as Lambert-Beer’s law and the Fresnel equations, to generate these stochastic
photon trajectories. Photons may eventually reach the detector, which is also modeled as an optical
fiber with a radius of » = 500 pm, where their current weight is saved to the results array. As N — oo,
the simulation results formally converge toward the solution of the underlying physical model, the
radiative transfer equation (RTE), which serves as an approximation of Maxwell’s equations. Due
to its ability to provide a numerical solution to the RTE, the MC method is widely regarded as the
gold standard in biophotonics for modeling light propagation in scattering media, particularly in
cases where the geometric complexity or spatial extent of the simulation domain renders an analytical
or numerical solution of Maxwell’s equations impossible. Furthermore, regarding the detector, the
intensity is recorded in a time-resolved fashion. This is achieved by updating the cumulative photon
travel time at each interaction point, i. e. scattering event, accounting for the speed of light specific
to the current medium. Consequently, each photon is allocated to its corresponding temporal bin
upon reaching the fiber-based detector. In addition to detecting transmitted signals, the time-resolved
light distribution within the tooth model is also captured. To this end, the mean fluence within each
tetrahedron is calculated efficiently based on scattering events occurring within the mesh element.
Specifically, at each scattering event, the photon weight is divided by the product of the local scattering
coefficient and the tetrahedral element’s volume, and subsequently accumulated in the corresponding
temporal bin of the fluence detector. Further details regarding the implementation of the MC method
and the solution of the RTE can be found in [26].

2.2. Optical Properties

In the context of the radiative transfer theory, a medium is fully characterized by the absorption
coefficient ji,, the scattering coefficient jis, the refractive index n, and the scattering phase function
& o

p(5,8). As their names imply, y, and ps quantify the probabilities of a photon being absorbed or
scattered along a path segment, respectively. The refractive index, in turn, is used to determine
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transmission and reflection probabilities via the Fresnel equations, and it accounts for refraction at
mismatched interfaces according to Snell’s law. Finally, the phase function describes the angular
dependency of scattering, representing the probability that a photon traveling in direction § will scatter
into direction §'. In biophotonics, the Henyey-Greenstein phase function is commonly employed,
which is parameterized by the anisotropy factor g. For a realistic digital optical twin, it is therefore
essential to know all these optical properties for each simulated volume, particularly enamel, dentin,
and pulp, as well as gingiva and bone. However, determining the optical properties of teeth is
challenging. Firstly, the complex 3D geometry combined with difficult in vivo measurement conditions
makes direct tooth measurements impractical, thus often necessitating the use of ex vivo approaches
and addressing their associated complications. Further complicating matters are inherent biological
variability among individuals and additional influences related to lifestyle and health conditions,
such as tooth discoloration or the presence of tertiary dentin. Nevertheless, arguably the most
significant challenge is the anisotropic light propagation in dentin caused by its tubular microstructure.
If this anisotropy is not accurately represented in the underlying light propagation model, e. g. by
assuming a single rotationally symmetric scattering function such as the HG phase function, substantial
discrepancies from the actual light distribution can be expected [18,23]. Given these complexities, the
optical properties employed in this study, derived primarily from literature data [27-32], should be
regarded as approximate reference values, primarily serving to qualitatively elucidate the influence of
different model components within diagnostic scenarios. It should be noted that the optical properties
of real teeth may vary by at least =50 % around these literature values. Although this implies that
quantitative deviations from real transmission measurements in teeth are to be expected, it does not
diminish the validity of the present simulations. The observed trends resulting from variations in
different parameters are expected to be analogous in real teeth, however, the extent of these effects will
depend on tooth-specific optical properties, geometry, and physiological parameters, varying from case
to case. This is demonstrated in Appendix A using the example of variations in the scattering properties
of different model components. Figure 2 summarizes the absorption coefficients and effective scattering
coefficients p, = ps(1 — ¢) used for all simulated volumes within the visible spectral range.

(a) — — (b) Dentin Bone Pulp (HbO>, 0.5%)
Dentin (matrix) Gingiva Pulp —— Enamel —— Pulp (HbO,, 5%) Pulp (Hb, 0.5%)
—— Enamel Bone —— Pus Gingiva —— Pulp (Hb, 5%) e
4 .
3 -
7
1S
1S
~ 2 I
\In
3
1 -

400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength / nm Wavelength / nm

Figure 2. Overview of the assumed optical properties of the individual model components. (a) Effective scattering
coefficients. (b) Absorption coefficients.

In the literature, various measurements consistently confirm that both the scattering and the
absorption coefficient in dentin are significantly higher than in enamel [27-30]. This observation is
also reflected in the assumed optical properties. However, it is important to note that in Figure 2a,
the depicted scattering coefficient for dentin represents only the estimated scattering contribution of
the intertubular component, i. e. the dentin matrix excluding the tubules. This estimation is based on
values presented in [29], assuming an anisotropy factor of g = 0.9. The calculations in [29] indicate that
within the dentin matrix, collagen fibrils serve as the primary scatterers. The remaining, substantially
larger contribution to dentin scattering [29], which arises from the tubules, is accounted for separately
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in this study through cylinder scattering. As previously mentioned, this tubular contribution is
modeled using the solution of Maxwell’s equations for an infinitely extended cylindrical scatterer.
In this case, the scattering coefficient and phase function are calculated based on the area number
density of the tubules, assumed to be 45000 mm 2 [21], with a diameter of 1 pm [20], and refractive
indices of 1.35 (inner) and 1.54 (outer). Due to the anisotropic nature of the aligned scatterers, both
quantities, the scattering coefficient and the phase function, exhibit a dependence on the incident angle
relative to the cylinder axis. For the scattering properties of the pulp, reference was made to loose
connective tissue [31-33], while the absorption coefficient y, was assumed to be primarily governed
by blood. Blood volume fractions of 0.5 % and 5.0 % were examined to cover a wide range of possible
values, with absorption properties derived from the absorption spectrum of whole blood [34]. The
scattering and absorption properties of "human’ pus, which could not be found in the literature, were
determined via integrating sphere measurements [35,36], assuming a refractive index of n = 1.39
and an anisotropy factor of ¢ = 0.8. For bone, a high scattering coefficient coupled with minimal
absorption was assumed, due to the scarcity of established values in the literature and the anticipated
negligible optical influence within the simulation. In the case of gingiva, absorption was modeled
based on a blood volume concentration of 5.0 % with an oxygen saturation of 80.0 % [37,38], while
the scattering properties were approximated using those of dense connective tissue [31,32,39]. The
refractive index and anisotropy factor for the various tissues were adopted from previous studies,
ranging from 1.39 to 1.63 for n and from 0.8 to 0.9 for g [18].

3. Results and Discussion

Blood absorption in the pulp provides information about the vascular status and, consequently,
the vitality of the pulp. Ideally, in the case of a healthy pulp, approximated here by an oxygen
saturation (SO,) of 100 %, the characteristic HbO, peaks at approximately 540 nm and 575 nm, see
Figure 2b, would be prominently reflected in the detected transmission signal. In contrast, in a non-vital
scenario, modeled in the extreme case as either 0 % oxygen saturation or entirely filling with pus, these
characteristic HbO, peaks would be expected to disappear. This would provide a straightforward
and objective approach for assessing pulp vitality. Beyond other features of the spectrally resolved
transmission signal, such as the slope (first and second derivative), integrals under specific curve
segments, and inflection points of the curves, this principle also formed the basis for classification in a
recently proposed approach [11]. However, in that case, no clinically acceptable level of diagnostic
confidence was achieved. To address this, digital optical twins will be utilized to gain a deeper
understanding of light propagation within the tooth under similar measurement conditions, thereby
investigating the underlying causes of insufficient diagnostic accuracy. All subsequent simulations
were performed on an NVIDIA A10 GPU, with the computation time for generating a complete
transmission spectrum averaging approximately one hour for 10° photons.

3.1. Spectral Transmission of the Incisor Model

Starting with the incisor model, transmission was compared for a detector and source positioned
directly above the gingiva across different pulp sizes and blood concentrations, see Figure 3. The
detector and source were aligned along an axis corresponding to the intersection of the two sectional
planes indicated in Figure 1a. In all cases, the signal was also analyzed for a scenario in which the pulp
chamber is completely filled with pus. In the lower subplots of each figure, the proportion of detected
photons that traveled through the pulp relative to the gingiva is shown as s,/ (s, + s¢), where s, and
s¢ denote the cumulative path lengths traveled within the pulp and gingiva, respectively.
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Figure 3. Simulated spectral transmission spectra for the incisor model. (a) Unmodified tooth model with a blood
concentration of 5.0 % in the pulp. (b) Tooth model with a reduced pulp volume and a blood concentration of
5.0 %. (c) Unmodified tooth model with a blood concentration of 0.5 % in the pulp. (d) Tooth model with a reduced
pulp volume and a blood concentration of 0.5 %. The insets display vertical cross-sections of the tooth model,
highlighting the maximum pulp extension along the section plane. The respective subplots illustrate the pulp
path fraction s,/ (s, + s¢) as a function of wavelength.

For the original model with a blood concentration of Hb/HbO; at 5.0 %, see Figure 3a, dips in
the transmission spectrum are observed at the characteristic HbO, absorption peaks (540 nm and
575nm) in the case of 100 % oxygen saturation, as expected. These features disappear in the Hb case,
i.e. SOy = 0%. Surprisingly, however, even in the scenario where the pulp is completely filled with
pus, slight but noticeable HbO; absorption peaks remain visible, despite the assumption that no
HbO; is present within the pulp. This provides the first indication of the underlying cause of the
diagnostic ambiguities, which can be inferred from the subplot in Figure 3a. In the wavelength range
between 500 nm and 600 nm, the pulp path fraction decreases to approximately 70 %, indicating that a
significant portion of the detected photon paths traverse the gingiva. In the case of an Hb-filled pulp,
due to the approximately equal blood concentration in both the gingiva and pulp, combined with the
fact that the optical path length through the pulp is nearly twice as long as that through the gingiva,
no features of HbO, absorption from the gingiva are recognizable. Conversely, for a pus-filled pulp,
gingival HbO, absorption becomes distinctly visible, as blood absorption in the gingiva is significantly
higher than that of the pus within the pulp. Additionally, the spectral profile of pus remains relatively
constant in the region of the HbO, dips, see Figure 2b, allowing the gingival HbO, absorption to
emerge more prominently. Notably, the visibility of the gingival HbO; peaks increases with higher
blood concentration and oxygen saturation in the gingiva and vice versa. As such, this effect may be
influenced not only by biological variability but also by factors such as gingivitis [37]. Furthermore,
it can be generally observed that high absorption in the pulp, such as that caused by the HbO, and
Hb peaks in the 400-450 nm range, directly corresponds to a reduction in the pulp path fraction, as
reflected in the lower subplot of Figure 3a. This effect can be understood by analyzing the internal
light distribution within the tooth, as represented by the simulated fluence in Figure 4.


https://doi.org/10.20944/preprints202505.0596.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0596.v1

8 of 20

t=4ps t=8ps t=14ps t=22ps t=42ps t=02ps t=102ps ) ;0

(a)

Fluence / Wmm~2
100

107!

1072

103

— 43!

1074

A

Wil -
W -
s it
L ) o
Y-
Wi
W

10-°

10-¢

t=4ps t=8ps t=14ps t=22ps t=42ps t=02ps t=102ps ) ;o

(b)

Fluence / Wmm~2
100

107!

1072

103

1074

A

Wil -
W -
s it
L ) o
vl
vl -
vl -

10-°

10-¢

Figure 4. Time-resolved evolution of fluence for the unmodified incisor model with a pulp filled with deoxyhe-
moglobin at a blood concentration of 5.0 %. (a) Incident wavelength of 435 nm. (b) Incident wavelength of 540 nm.
The top and bottom rows show the vertical and horizontal cross-sections of the tooth model, respectively. The
rightmost column in each case represents the steady-state distribution of fluence.

Examining the time progression of the light distribution at a wavelength of 435 nm, see Figure 4a,
where the absorption maximum of the Hb-filled pulp occurs in the visible spectral range, reveals that
the pulp largely obstructs photon paths propagating in the incident direction. As a result, incoming
light can barely penetrate the pulp and is predominantly absorbed within it, forcing photons to
propagate around the pulp before reaching the detector. Consequently, detected light is more likely to
interact with peripheral tissues, such as the gingiva, before being recorded. This effect is also clearly
visible in the steady-state fluence distribution, shown in the rightmost column of Figure 4a. A different
pattern emerges when analyzing the light distribution for an Hb-filled pulp at a higher wavelength of
540nm, Figure 4b, where attenuation is significantly lower in both the pulp and surrounding tooth
tissue, see Figure 2. Although photons can now penetrate deeper into the surrounding tissue, the
probability of reaching the detector decreases for these longer paths due to absorption and scattering.
In contrast, photons traveling almost directly along the incident direction through the pulp are more
likely to reach the detector, leading to an increased contribution of ‘direct’ photon paths and a higher
pulp path fraction in the detected signal. Furthermore, regarding the pulp path fraction, it can be
observed, particularly in the lower subplot of Figure 3a from approximately 450 nm onward that when
attenuation within the pulp is sufficiently low, the ratio between s, and s, is primarily dictated by the
optical properties of the gingiva. For instance, in the region of the oxyhemoglobin double absorption
peaks, the pulp path fraction increases due to enhanced photon absorption within the gingiva. It is
worth noting that, in this case, while an absolute decrease in s, is also observed for an HbO,-filled pulp,
the corresponding decrease in s is markedly more pronounced. Another notable observation concerns
the transmission curve for a pus-filled pulp. At approximately 475nm and 640 nm, distinct absorption
peaks corresponding to the measured pus spectrum, see Figure 2b, are visible, distinguishing the
transmission spectrum from the blood-filled cases through these additional spectral features.

In the next step, the simulation model was adjusted to investigate the influence of a reduced blood
concentration in the pulp on the transmission spectra, see Figure 3c. To model a non-vital pulp [40],
the blood concentration for both Hb- and HbO,-filled pulp was set to 0.5 %. As before, the third pulp
condition was modeled as completely pus-filled. While a fully pus-filled pulp represents an extreme
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clinical scenario, given that such a condition would likely be accompanied by severe symptoms such
as intense pain or swelling [41], this assumption is once again considered as a limiting case to better
understand and illustrate the dynamics of the different model components. The reduction in absorption
along the pulp due to the lower blood content leads to two key changes in the transmission spectra
for oxygenated and deoxygenated blood-filled pulps. First, the detected intensity in the transmission
spectra for both of these cases is significantly higher in Figure 3c compared to the previous setup in
Figure 3a, as less light is absorbed within the pulp. Second, distinct dips at approximately 540 nm
and 575 nm now appear also in the transmission spectrum of the Hb case. From the lower subplot of
Figure 3¢, it is evident that a significant portion of the detected light has traversed the gingiva. While
the pulp path fraction remains similarly high compared to the previous case, Figure 3a, the absorption
in the pulp is now approximately an order of magnitude smaller than in the gingiva, making the latter
the dominant factor shaping the final signal. The strong influence of gingival absorption is further
reinforced by the observation that, from approximately 450 nm onward, the transmission spectra for the
HbO;- and Hb-filled pulps almost completely overlap, indicating that the pulp composition has only a
minor effect on the spectral shape. In contrast, for wavelengths below 450 nm, the absorption maxima
of oxygenated and deoxygenated hemoglobin now become visible in the transmission spectrum,
opposite to the trend seen in Figure 3a. This is because the pulp no longer absorbs the majority of
light in this spectral interval, whereas the gingiva does. The latter also explains why, in Figure 3c, the
pulp path fractions align already at wavelengths below 450 nm. Based on the previously analyzed
simulations, it becomes evident that the spectral analysis of transmission signals carries inherent risks
of misinterpretation. The present example demonstrates that peripheral tissues, such as the gingiva,
can significantly influence the detected transmission spectrum. In particular, blood absorption in the
gingiva can overlay spectral characteristics, creating the false impression that oxygenated blood is
still present in the non-vital pulp and thereby leading to an incorrect diagnosis. The authors note
that in various other optical diagnostic methods, it has already been suspected that the gingiva may
contribute to inconsistent results [8].

In addition to varying pulp composition and blood concentration, the pulp geometry was also
adjusted in the simulations shown in Figures 3b,d to account for a reduction in pulp cavity size due to
pathological conditions or natural age-related changes [42,43]. Specifically, the radial dimensions of
the pulp, more precisely the x- and y-dimensions, were scaled by a factor of 0.5. While this does not
universally reflect anatomical reality, the height, i. e. the z-dimension, was left unchanged to ensure
better comparability with the original model, as the primary objective was to investigate the effect
of varying pulp thickness along the direction of illumination. Examining the simulation results for a
blood concentration of 5.0 % in the reduced pulp, see Figure 3b, the same general trends and spectral
features observed in the original model, Figure 3a, can be identified, though with altered magnitudes.
Once again, in the HbO; case, two distinct dips between 500 nm and 600 nm are observed, while these
features disappear in the Hb case. However, due to the reduced pulp volume and consequently shorter
photon paths through the pulp, the difference between the transmission spectra for different oxygen
saturations is noticeably diminished. This is also reflected in the pulp path fraction, where s, is now
less than or equal to s¢ for wavelengths above 450 nm. On the other hand, the reduced pulp volume
results in smaller drops in the pulp path fraction in the 400-450 nm range for both HbO, and Hb
cases, as ‘direct’ detection paths are no longer as strongly blocked by the pulp. For the pus-filled
pulp, the characteristic HbO, double-dip caused by gingival absorption is again present, along with
the two distinct absorption peaks of pus at approximately 475nm and 640 nm, albeit with reduced
prominence. For the lower blood concentration of 0.5 %, see Figure 3d, with a reduced pulp size,
once more similar effects are observed as in the corresponding original model in Figure 3c. Again,
the shrinkage of the pulp cavity leads to a pronounced convergence of the transmission spectra for
SO, = 0% and SO, = 100 %, with both spectra exhibiting lower intensity from approximately 450 nm
onward compared to the original model. Although this may not seem intuitive at first glance, it can be
explained by the concurrent increase in dentin volume as the pulp volume is reduced. Comparing
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the assumed dentin absorption with blood absorption, see Figure 2b, reveals that dentin exhibits a
higher absorption coefficient in this wavelength range, resulting in the observed intensity reduction.
The same effect is also evident when comparing Figure 3a and Figure 3b, however, due to the higher
blood concentration in the pulp, the intensity reduction occurs only beyond approximately 600 nm.

3.2. Spectral Transmission of the Molar Model

Analogous to the previously analyzed incisor model, the same simulation cases were now ex-
amined for a molar tooth, see Figure 5. As before, light was introduced and detected along an axis
corresponding to the intersection of the sectional planes shown in Figure 1b, just above the gingiva.
However, compared to the incisor model, the significantly larger dimensions of the molar result in
a considerably longer optical path to the detector. In particular, the dentin and pulp tissue are sub-
stantially wider along the propagation direction, leading to expected differences in the transmission
signal, primarily a reduction in intensity due to the increased optical attenuation. This expectation is
confirmed in the simulation case with a 5.0 % blood concentration, see Figure 5a.
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Figure 5. Simulated spectral transmission spectra for the molar model. (a) Unmodified tooth model with a blood
concentration of 5.0 % in the pulp. (b) Tooth model with a reduced pulp volume and a blood concentration of
5.0 %. () Unmodified tooth model with a blood concentration of 0.5 % in the pulp. (d) Tooth model with a reduced
pulp volume and a blood concentration of 0.5 %. The insets display vertical cross-sections of the tooth model,
highlighting the maximum pulp extension along the section plane. The respective subplots illustrate the pulp
path fraction s,/ (sp + s¢) as a function of wavelength.

Overall, the detected signal is approximately an order of magnitude lower compared to the
corresponding incisor spectrum in Figure 3a. Another major difference concerns the shape of the
transmission spectra for the different pulp fillings. In this case, the spectra for all three scenarios are
much closer together, with only minimal traces of the characteristic HbO, double dips and significantly
weaker spectral features of pus absorption, where only the peak at approximately 640 nm remains
slightly visible. These observations can be attributed to the pulp geometry. First, the cross-sectional
area of the pulp is significantly larger than in the incisor model. Second, the axis of light propagation
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and detection passes only marginally through the pulp tissue, meaning that most of the detected
light must first be scattered a lot of times within the dentin before reaching the pulp. Additionally,
the larger pulp cross-section blocks light more effectively. The combination of these effects results in
a reduced influence of pulp composition on the transmission signal, manifesting as spectral curve
convergence and weakened spectral features. For longer wavelengths, where attenuation within
the pulp decreases, larger spectral differences between the different pulp fillings become evident
beyond approximately 590 nm. In particular, for differentiating between HbO,- and Hb-filled pulp,
the significantly different slopes of the spectra, attributable to their respective absorption profiles, see
Figure 2, allow for improved distinction. In terms of diagnostic application, for the molar model under
consideration, reliable differentiation would likely only be feasible when including this spectral range
beyond 590 nm. Examining the pulp path fraction in the subplot of Figure 5a, absorption dips are
once again observed for blood-filled pulps in the 400 nm—450 nm range, though these are even more
pronounced than in the incisor model due to the larger pulp dimensions. As previously shown, high
absorption in this spectral range causes the pulp to block incident light almost entirely, resulting in
most detected photons having taken longer paths through the gingiva rather than the pulp. This effect
is further confirmed in the internal light distribution, see Figure 6a.

t=8ps t=16ps t=32ps t = 56 ps t = 88ps t = 168 ps t =248 ps Zfi()
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Figure 6. Time-resolved evolution of fluence for the unmodified molar model with a pulp filled with deoxyhe-
moglobin at a blood concentration of 5.0 %. (a) Incident wavelength of 435 nm. (b) Incident wavelength of 540 nm.
The top and bottom rows show the vertical and horizontal cross-sections of the tooth model, respectively. The
rightmost column in each case represents the steady-state distribution of fluence.
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For an assumed Hb-filled pulp at 435 nm, incident light cannot pass directly through the pulp
and must instead propagate around the pulp cavity before reaching the detector. Conversely, at a
higher wavelength of 540 nm, see Figure 6b, a larger proportion of light can take a more direct path
to the detector, resulting in an increased pulp path fraction. Regarding the pulp path fraction, a
key distinction between the molar and incisor models becomes evident. In the incisor model, from
approximately 450 nm onward, all cases exhibited nearly identical path fractions, with spectral features
primarily influenced by gingival HbO, absorption. In contrast, for the molar, the larger pulp cavity
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leads to distinctly different spectral curves for each simulated case, with the absorption characteristics
of the respective pulp filling determining the final signal shape. Furthermore, for blood-filled pulps,
see Figure 5a, similar pulp path fractions are reached beyond 450 nm as in the incisor model, aside
from variations caused by pulp absorption. This suggests that although larger pulp volumes generally
lead to longer photon paths through the pulp, the resulting increase in path length is counterbalanced
by greater attenuation along these extended trajectories.

Moving on to the model with a blood concentration of 0.5 %, see Figure 5¢, it becomes evident that
in the spectral range between 500 nm and 600 nm, the spectral characteristics of the blood-filled cases
become more pronounced, while the path fractions converge across most of the visible wavelength
range. Additionally, the overall detected intensity increases. These three effects can be attributed to
the reduced optical attenuation along the pulp. The incident light paths can now pass through the
pulp more freely, experiencing less attenuation, resulting in a smaller contribution from photons that
have traversed the gingiva. This is also reflected in the overall increase in the pulp path fraction across
the spectral range. Nevertheless, the fact that the transmission spectra of both blood-filled cases nearly
overlap suggests that the gingiva could still significantly influences the signal shape. This does not
contradict the previous findings, as the HbO, /Hb absorption in the pulp is now approximately an
order of magnitude lower than the gingival oxyhemoglobin absorption. Consequently, even in this
case, the influence of the gingiva could lead to a misinterpretation in diagnosis.

In the modified model with a blood concentration of 5.0 % and a reduced pulp size, Figure 5b,
where the radial dimensions in the x- and y-directions were scaled by a factor of 0.5, analogous to
the incisor model, similar signal characteristics and features as in the original model, Figure 5a, are
observed, albeit with altered magnitudes. The most significant difference arises in the spectral range
beyond approximately 590 nm. Due to the smaller pulp size and its consequently diminished influence
on the transmission spectrum, the previously observed differences between the various pulp fillings
are further reduced, making potential diagnostic differentiation even more challenging. Additionally,
a lower signal intensity is observed compared to the original model. This effect can be explained
analogously to the previously analyzed incisor model. The reduction in pulp size is accompanied by
an increase in dentin volume. Since, according to the assumed optical properties, dentin absorption
becomes increasingly dominant in this spectral range and consequently the increase in dentin volume
leads to a further decrease in signal intensity. Furthermore, in the pulp path fraction, the minima of
both blood-filled cases below 450 nm and the pus-filled case at approximately 475nm are reduced.
Additionally, across the remaining wavelength range, the curves further converge and exhibit an
overall decrease in magnitude. Both effects can again be attributed to the reduced influence of the pulp
due to its smaller volume. A similar trend is also observed in the model with a blood concentration of
0.5 % and a reduced pulp size, see Figure 5d, but in this case, the effects become apparent already at
shorter wavelengths. This is due to the lower blood concentration, which reduces blood absorption,
causing the transmission characteristics to shift accordingly.

Overall, the results presented in Figure 5 suggest that, when aiming to sensitively detect (blood)
absorption differences within the pulp, the optimal spectral region depends on the absolute level
of pulp absorption. In cases of high absolute pulp absorption, as shown in Figure 5a, the most
suitable region is where blood absorption is relatively low, but the difference between oxy- and
deoxyhemoglobin is large, such as around 600 nm or 470 nm. Conversely, in cases of low absolute
pulp absorption, as in Figure 5d, the most informative region lies where blood absorption is high and
the spectral differences between oxy- and deoxyhemoglobin are also significant, for example, around
435 nm. This means that the “optical absorption thickness’, i. e. the product of the absorption coefficient
and the mean path length through the pulp, should, as a general rule of thumb, lie approximately
around a value of 1, such that a change in absorption results in a significant change in transmission.

3.3. Strategies for Minimizing Gingival Contributions

Having demonstrated that a naive approach to using transmission spectra for assessing pulp
vitality can easily lead to misinterpretations, two strategies will now be explored to potentially make
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this methodology less susceptible to errors. Specifically, the focus will be on whether the influence of
gingival HbO, absorption can be partially or even completely suppressed. As a first intuitive approach,
the position of the illumination and detection axes was adjusted, see Figure 7, with the detector and
source placed approximately 2 mm above the gingival margin. This adjustment was made in the hope
that the increased distance would result in reduced contributions from the gingiva.

400 450 500 550 600 650 700
Wavelength / nm

400 450 500 550 600 650 700
Wavelength / nm

(a) - (b) -
1034 — HbO, (5.0%) 1034 —— HbO, (0.5%)
o —— Hb (5.0%) o —— Hb (0.5%)
£ +— Pus € -— Pus
E ] BN L S
= =
~ 104 ~
> . >
= =
%] %]
e C
[} [
1 =
< — =]
10-5 ~1.8mm | 10-°
e 3 N / i I D e
2 a
c 1.0 Fe==o o c 1.0 I e S e e e S ———
o i)
© 0.5 $ 0.5
c o
c 0.0 £ 0.0
3 400 450 500 550 600 650 700 B 400 450 500 550 600 650 700
o Wavelength / nm a Wavelength / nm
(c) - (d) -
10-4] —— HbO; (5.0%) 10-4] — HbO2 (0.5%)
o —— Hb (5.0%) o —— Hb (0.5%)
£ +— Pus € -— Pus
e 1 e ] E 117 1| e ]
= ; = 3
- ; > ;
= : = |
E “" - -\ -
G 1075 ; G 1075 :
1 i = |
£ - | c -
~4.8mm | ~ 4.8 mm
=3 ./ e 1Y
g - 2
clO P o N c LOT7=== =Ere——a R
S i et T e S ~~ Sy S ——
gos S Gos
© N ©
c 0.0 £ 0.0
s 400 450 500 550 600 650 700 s 400 450 500 550 600 650 700
o Wavelength / nm a Wavelength / nm
(e) (f)
—— HbO; (5.0%) —— HbO; (0.5%)
v 107*{ —— Hb (5.0%) & 107%{ —— Hb (0.5%)
£ +— Pus S -— Pus
£ €
= =
> >
= =
%] (%]
C C
[} [
1 =
£10°° < 105
o Q.
2 2
210 c 1.0
o o
© 05 $ 0.5
o o
= =
c 0.0
- -
© ©
a o

Figure 7. Spectral transmission spectra for the incisor and molar models under variation of the illumination and
detection axes. (a) Incisor model with a blood concentration of 5.0 %. (b) Incisor model with a blood concentration
of 0.5 %. (c,e) Molar model with a blood concentration of 5.0 %. (d,f) Molar model with a blood concentration
of 0.5 %. In (a)—(d), the illumination and detection axes are positioned approximately 2 mm above the gingival
margin, whereas in (e) and (f), light is introduced just above the gingiva and the detector is placed approximately
orthogonal to the illumination axis on the occlusal surface. The insets show vertical cross-sections of the tooth
model, indicating the maximum pulp extension along the respective section plane. The lower subplots display the
pulp path fraction s, / (s + s¢) as a function of wavelength.

For the incisor model with a blood concentration of 5.0 %, the intended effect is clearly reflected in
the pulp path fraction, see subplot in Figure 7a, which now exceeds 0.9 across almost the entire spectral
range. Compared to the original illumination and detector position, Figure 3a, a significantly smaller
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portion of the detected photon paths now traverses the gingiva, as expected. This is also evident
in the transmission spectra, where the characteristic double dip caused by gingival oxyhemoglobin
absorption is no longer present in the pus case. At a blood concentration of 0.5 %, see Figure 7b,
the double dip between 500 nm and 600 nm is also no longer observed in either the Hb or pus case,
although it was clearly present in the original setup, Figure 3c. Furthermore, the spectra of the
different pulp fillings are now even more closely aligned, as the influence of the pulp decreases
further due to its significantly narrower cross-section, now more than half its original width, along
the illumination axis. Nevertheless, due to the favorable optical absorption thickness, a pronounced
difference between the two blood-filled cases is observed around 435nm. In the case of the molar
model with a blood concentration of 5.0 %, the adjustment of the illumination and detection axes
unfortunately did not produce the desired effect, Figure 7c. Here, the transmission spectra for the
different pulp fillings are nearly identical, indicating that the pulp has little to no influence on the
recorded signal. This becomes understandable when examining the 3D geometry in Figure 1c. The
shifted axis causes direct photon paths to bypass the pulp tissue entirely, passing instead between
the pulp horns. Unsurprisingly, the same outcome is observed at a blood concentration of 0.5 %,
making it evident that, under this configuration, a diagnostically meaningful classification of pulp
vitality would not be feasible. Therefore, an additional setup was examined for the molar model, see
Figure 7e,f, in which the light source was positioned as in the original arrangement, Figure 5, while the
detector was placed nearly orthogonally to the illumination axis on the occlusal surface. At a blood
concentration of 5.0 %, Figure 7e, a distinguishable difference between the various pulp fillings is
once again apparent, and the pulp path fraction is significantly increased compared to the original
setup in Figure 5a. This indicates that the gingival contribution was effectively reduced using this
configuration. A similar effect is observed at a blood concentration of 0.5 %, although in this case, due
to the lower blood absorption in the pulp, the spectra lie closer together. The only drawback of this
measurement geometry is that, in contrast to the incisor model, it does not allow for a straightforward
differentiation between the two blood concentrations based on the prominence of the oxyhemoglobin
double dip. However, utilizing wavelengths of around 435 nm and 590 nm may offer a viable solution
due to the optimal optical absorption thickness in these regions. Furthermore, pus should be clearly
detectable in both Figure 7e and Figure 7f. The authors further note that an additional measurement
geometry was investigated for the molar, in which the illumination and detection axes, intended as an
improvement over the setup in Figure 7c,d, were directed toward the left pulp horns, see Figure 1c.
In this case, however, due to the proximity to the lateral gingival tissue and the stronger optical
attenuation along the pulp, increased contributions from the gingiva were observed, with a mean
path fraction of approximately 0.6. Apart from that, such precise positioning of the illumination and
detection axis would require an additional imaging modality.

As a second approach, the application of a time-gated detector was investigated. In this method,
detection occurs within a defined time window to primarily register direct photon paths that have
predominantly interacted with the pulp. Theoretically, this approach filters out longer photon paths,
which have a higher probability of interacting with the gingiva, thereby reducing their influence on
the detected signal. Considering statistical limitations, a tolerance was introduced in the integration
time. This ensures that not only the very first detected photons are recorded but also those arriving
approximately 15 ps (incisor) and 60 ps (molar) later. Figure 8 presents the time-gated transmission
spectra for the original incisor and molar models at blood concentrations of 5.0 % and 0.5 %, respectively.
As before, pulp fillings with oxyhemoglobin, deoxyhemoglobin, and pus were examined.
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Figure 8. Time-gated spectral transmission spectra for the incisor and molar model. (a) Unmodified incisor model
with a blood concentration of 5.0 % in the pulp. (b) Unmodified molar model with a blood concentration of 5.0 %
in the pulp. (c¢) Unmodified incisor model with a blood concentration of 0.5 % in the pulp. (d) Unmodified molar
model with a blood concentration of 0.5 % in the pulp. The insets display vertical cross-sections of the tooth model,
highlighting the maximum pulp extension along the section plane. The respective subplots illustrate the pulp
path fraction s,/ (s, + s¢) as a function of wavelength.

Starting with the incisor model at a blood concentration of 5.0 %, see Figure 8a, the characteristic
HbO, double dip between 500 nm and 600 nm is once again clearly visible, while in the Hb case, it
disappears, and the transmission spectrum follows the spectral characteristics of deoxyhemoglobin
absorption. In the pus case, the HbO; double dip that was still visible in the steady-state simulation,
Figure 3a, due to gingival absorption is now suppressed by time gating. However, it remains faintly
detectable, as the chosen tolerance in time gating still allows minor contributions from the more strongly
absorbing gingiva. This is confirmed by the pulp path fraction of approximately 0.95. Examining
the same incisor geometry with a reduced blood concentration of 0.5 %, see Figure 8c, the associated
decrease in pulp absorption again leads to a convergence of the HbO, and Hb spectra. However,
compared to Figure 3¢, no distinctly pronounced oxyhemoglobin double dip is observed in the Hb case,
even though both curves, HbO, and Hb, exhibit a similar spectral shape. As previously seen in the pus
case, it is likely that the curves are still slightly influenced by the much higher gingival absorption. To
further reduce this effect, a combination with the previous approach, positioning the detector further
from the gingiva margin, could be beneficial. It is also worth noting that fine-tuning of the time gating
could theoretically reduce the gingival influence to an arbitrary degree. Turning to the molar model
with a blood concentration of 5.0 %, see Figure 8b, a substantial improvement in the differentiation of
the different pulp fillings is observed compared to the steady-state simulation in Figure 5a. Within
the spectral range between 500 nm and 600 nm, the HbO, double dip is now more pronounced, while,
as expected, it is absent in the Hb case. Across the remaining wavelength range, larger differences
between the various transmission spectra are evident, which could potentially improve diagnostic
differentiation. For a blood concentration of 0.5 %, see Figure 8d, a noticeable improvement compared
to Figure 5c is also observed. Once again, time gating enhances the prominence of the HbO, double
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dips, and the differences between the curves are more pronounced throughout the spectrum, leading
to improved differentiation between the different pulp fillings. In particular, the blood-filled cases
again show pronounced differences around 435 nm, attributable to the small amount of blood present
in the pulp. Additionally, in the pus case, the absorption characteristics become more distinct in both
Figure 8d and Figure 8b. The absorption peaks at approximately 475 nm and 640 nm are now clearly
visible in the transmission spectrum.

4. Conclusions

In this study, a digital optical twin of an incisor and molar model was developed based on the
MC method to investigate the dynamics of various model components and enhance the understanding
of light propagation within the tooth. This, in turn, aims to contribute to the potential improvement of
pulp vitality assessment in optical diagnostic procedures.

The simulations clearly demonstrate that the spectral analysis of transmission signals, while
seemingly a promising tool for assessing pulp vitality, carries inherent risks of misinterpretation. In the
incisor model, it becomes evident that peripheral tissues, such as the gingiva, can significantly influence
the detected transmission spectrum. In particular, blood absorption in the gingiva can overshadow
spectral characteristics, leading to a misleading appearance of oxygenated blood in the pulp, even
in cases of a deoxygenated or pus-filled pulp. This effect is further exacerbated as the pulp volume
decreases. Overall, these findings theoretically confirm, as previously observed experimentally [11]
that a reliable diagnosis cannot be ensured without additional adjustments. As a side note, to the best
of our knowledge, the optical detection of pus within the dental pulp has been investigated here for
the first time. Diagnostic challenges also emerge in the molar model, though for different reasons.
Due to the overall larger size of the tooth and the pulp itself, spectral characteristics of the pulp filling
in vital cases are significantly less pronounced compared to the incisor. Here, differentiation is only
feasible when incorporating wavelengths above 590 nm. However, as blood concentration decreases
and the vitality status of the pulp declines, spectral features such as blood absorption become more
discernible due to reduced attenuation. Nevertheless, the signal remains influenced by the gingiva.
Since this observation contradicts intuitive expectations, it could also contribute to diagnostic errors.

To enhance the spectral characteristics of the pulp filling while simultaneously suppressing the
influence of the gingiva, two strategies were investigated. The first, intuitive approach involved shifting
the illumination and detection axis approximately 2 mm above the gingival margin to counteract the
effects of gingival blood absorption. For the incisor model, this adjustment resulted in a significant
improvement, effectively suppressing most contributions from the gingiva. However, in the molar
model, the pulp had almost no detectable influence on the transmission signal. This was attributed
to the pulp position and geometry in the examined tooth model, as the increased distance from the
photon paths rendered pulp contributions negligible. To address this, an additional modification
was introduced for the molar. The illumination and detection axes were arranged approximately
orthogonally, with the detector positioned on the occlusal surface of the tooth. This configuration
successfully suppressed a substantial portion of gingival contributions, even in the case of the molar. As
a second approach, a time-gated detector setup was examined. By selecting an optimal integration time,
"direct’ photon paths, those primarily interacting with the pulp, could be reliably isolated, ensuring
that all expected spectral features were detected in both the incisor and molar models. However, a
drawback of this method lies in the selection of the time gate, as this parameter critically influences
the extent to which residual contributions from the gingiva are included in the signal. Nevertheless,
simulations could be used to determine the optimal gating window.

Overall, it was demonstrated that tooth and pulp geometry, oxygen saturation and concentration,
gingival blood absorption, and the material composition of the pulp can significantly influence the
transmission spectrum. Effectively filtering out gingival interference requires specific adjustments,
such as shifting the illumination and detection axes and/or implementing time gating. Furthermore,
the results illustrate that the choice of wavelength, and thus the selection of an optimal optical
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absorption thickness, is crucial for sensitively detecting changes in pulpal absorption. The key findings
of this study highlight the necessity of first understanding light propagation within the tooth, such
as through digital optical twins, to ensure high diagnostic quality in optical diagnostic techniques.
Future investigations and extensions of the simulation model aim to incorporate more realistic tubule
orientations, e. g. based on cross-sectional imaging including spatially resolved density or age-related
reductions in tubule radius [44], as well as to consider a broader range of tooth models to cover
non-ideal conditions such as the presence of caries, restorations, or root canal treatments.
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Appendix A. Impact of Optical Property Variability

In the following, the influence of variations in optical properties, such as those arising from
measurement uncertainties or biological variability, will be demonstrated using the original model
of the incisor tooth with a pulp filled with oxyhemoglobin. For this purpose, Figure Al presents, for
various model components, a comparison of the transmission signal obtained from simulations using
the original optical properties and those in which the properties were varied by £50 %.
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Figure A1l. Simulated spectral transmission spectra for the unmodified incisor model with a pulp filled with
HbO,, under variation of the scattering properties of different model components. (a) Bone . (b) Gingiva p}. (c)
Density of dentin tubules. (d) Radius of dentin tubules. (e) Dentin matrix ;. (f) Pulp p. The respective subplots
illustrate the pulp path fraction s,/ (s, + s¢) as a function of wavelength.

Starting with the peripheral tissues—specifically bone and gingiva, Figure Alab, only a low
sensitivity to changes in scattering is observed, resulting in no significant impact on the transmission
spectrum. In contrast, variations in the tubule area number density and radius, Figure Alc,d, show
a more pronounced influence, particularly at wavelengths below 450 nm, where a noticeable shift in
the transmission curves occurs. The largest quantitative difference, however, can be observed when
altering the reduced scattering coefficient of the dentin matrix, see Figure Ale. While changes in
the pulp’s y;, Figure Alf, also lead to observable differences in the detected signal, their magnitude
remains lower compared to those induced by changes in the dentin matrix. In all cases considered, it is
confirmed that while variation in optical properties can lead to quantitative differences in the trans-
mission signal, the spectral characteristics, such as the two HbO, absorption dips, remain preserved.
Notably, the pulp path fractions shown in Figure Ala—f also indicate that the influence of the gingiva
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is, at most, minimally affected. Thus, the core findings and interpretations of the previous simulations

remain valid despite uncertainties in the optical properties.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Mejare, I.A.; Axelsson, S.; Davidson, T.; Frisk, F.; Hakeberg, M.; Kvist, T.; Norlund, A.; Petersson, A.; Portenier,
I.; Sandberg, H.; et al. Diagnosis of the condition of the dental pulp: a systematic review. International
Endodontic Journal 2012, 45, 597-613. https://doi.org/https://doi.org/10.1111/j.1365-2591.2012.02016.x.
Gopikrishna, V.; Tinagupta, K.; Kandaswamy, D. Evaluation of efficacy of a new custom-made pulse
oximeter dental probe in comparison with the electrical and thermal tests for assessing pulp vitality. Journal
of Endodontics 2007, 33, 411-414.

Peterson, K.; Soderstrom, C.; Kiani-Anaraki, M.; Lévy, G. Evaluation of the ability of thermal and electrical
tests to register pulp vitality. Dental Traumatology 1999, 15, 127-131. https://doi.org/https://doi.org/10.111
1/j.1600-9657.1999.tb00769.x.

Farhad-Mollashahi, N.; Moghadam, M.F.; Mollashahi, E; et al. Pulp sensibility tests responses in patients
with anxiety and depression. Journal of clinical and experimental dentistry 2022, 14, e380.

Almudever-Garcia, A.; Forner, L.; Sanz, ].L.; Llena, C.; Rodriguez-Lozano, EJ.; Guerrero-Gironés, J.; Melo, M.
Pulse Oximetry as a Diagnostic Tool to Determine Pulp Vitality: A Systematic Review. Applied Sciences 2021,
11. https:/ /doi.org/10.3390/app11062747.

Ghouth, N.; Duggal, M.S.; BaniHani, A.; Nazzal, H. The diagnostic accuracy of laser Doppler flowmetry in
assessing pulp blood flow in permanent teeth: A systematic review. Dental Traumatology 2018, 34, 311-319.
https://doi.org/https://doi.org/10.1111/edt.12424.

Ertl, T. Pulpavitalititsdiagnostik mittels Laser-Doppler-Anemometrie; dissertation.de, 2005.

Afkhami, F.; Wright, P.P; Chien, PY.H.; Xu, C.; Walsh, L.].; Peters, O.A. Exploring approaches to pulp vitality
assessment: A scoping review of nontraditional methods. International Endodontic Journal 2024, 57, 1065-1098,
[https:/ /onlinelibrary.wiley.com/doi/pdf/10.1111/iej.14073]. https:/ /doi.org/https://doi.org/10.1111/
iej.14073.

Jafarzadeh, H. Laser Doppler flowmetry in endodontics: a review. International Endodontic Journal 2009,
42, 476-490.

Jafarzadeh, H.; Rosenberg, P.A. Pulse Oximetry: Review of a Potential Aid in Endodontic Diagnosis. Journal
of Endodontics 2009, 35, 329-333. https://doi.org/https://doi.org/10.1016/j,joen.2008.12.006.

Brisefio Marroquin, B.; Borgschulte, M.; Savic, A.; Ertl, T.P.; Wolf, T.G. Pulp Vitality Diagnosis by Means of
an Optical Pulp Scanning Device. Dentistry Journal 2024, 12. https://doi.org/10.3390/dj12100326.
Shahmoradi, M.; Bertassoni, L.E.; Elfallah, H.M.; Swain, M., Fundamental Structure and Properties of
Enamel, Dentin and Cementum. In Advances in Calcium Phosphate Biomaterials; Ben-Nissan, B., Ed.; Springer
Berlin Heidelberg: Berlin, Heidelberg, 2014; pp. 511-547. https:/ /doi.org/10.1007/978-3-642-53980-0_17.
Kienle, A.; Forster, EK.; Diebolder, R.; Hibst, R. Light propagation in dentin: influence of microstructure on
anisotropy. Physics in Medicine & Biology 2002, 48, N7. https://doi.org/10.1088/0031-9155/48/2/401.
Kienle, A.; Hibst, R. Light Guiding in Biological Tissue due to Scattering. Phys. Rev. Lett. 2006, 97, 018104.
https://doi.org/10.1103 /PhysRevLett.97.018104.

Kienle, A.; Forster, EK.; Hibst, R. Anisotropy of light propagation in biological tissue. Opt. Lett. 2004,
29, 2617-2619. https://doi.org/10.1364/0L.29.002617.

Nickell, S.; Hermann, M.; Essenpreis, M.; Farrell, T.J.; Krdamer, U.; Patterson, M.S. Anisotropy of light
propagation in human skin. Physics in Medicine & Biology 2000, 45, 2873. https://doi.org/10.1088/0031-915
5/45/10/310.

Kienle, A.; D’Andrea, C.; Foschum, F; Taroni, P,; Pifferi, A. Light propagation in dry and wet softwood. Opt.
Express 2008, 16, 9895-9906. https:/ /doi.org/10.1364/0OE.16.009895.

Zoller, C.J.; Hohmann, A.; Forschum, F; Geiger, S.; Geiger, M.; Ertl, T.P; Kienle, A. Parallelized Monte Carlo
software to efficiently simulate the light propagation in arbitrarily shaped objects and aligned scattering
media. Journal of Biomedical Optics 2018, 23, 065004. https://doi.org/10.1117/1.JBO.23.6.065004.

Bohren, C.F.; Huffman, D.R. Absorption and scattering of light by small particles; John Wiley & Sons, 2008.

de los Angeles Moyaho-Bernal, M.; Contreras-Bulnes, R.; Rodriguez-Vilchis, L.E.; Rubio-Rosas, E. Changes
in deciduous and permanent dentinal tubules diameter after several conditioning protocols: In vitro study.
Microscopy Research and Technique 2018, 81, 865-871. https://doi.org/https://doi.org/10.1002/jemt.23048.
Lenzi, T.L.; Guglielmi, C.d.A.B.; Arana-Chavez, V.E.; Raggio, D.P. Tubule density and diameter in coronal
dentin from primary and permanent human teeth. Microscopy and Microanalysis 2013, 19, 1445-1449.


https://doi.org/https://doi.org/10.1111/j.1365-2591.2012.02016.x
https://doi.org/https://doi.org/10.1111/j.1600-9657.1999.tb00769.x
https://doi.org/https://doi.org/10.1111/j.1600-9657.1999.tb00769.x
https://doi.org/10.3390/app11062747
https://doi.org/https://doi.org/10.1111/edt.12424
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/iej.14073
https://doi.org/https://doi.org/10.1111/iej.14073
https://doi.org/https://doi.org/10.1111/iej.14073
https://doi.org/https://doi.org/10.1016/j.joen.2008.12.006
https://doi.org/10.3390/dj12100326
https://doi.org/10.1007/978-3-642-53980-0_17
https://doi.org/10.1088/0031-9155/48/2/401
https://doi.org/10.1103/PhysRevLett.97.018104
https://doi.org/10.1364/OL.29.002617
https://doi.org/10.1088/0031-9155/45/10/310
https://doi.org/10.1088/0031-9155/45/10/310
https://doi.org/10.1364/OE.16.009895
https://doi.org/10.1117/1.JBO.23.6.065004
https://doi.org/https://doi.org/10.1002/jemt.23048
https://doi.org/10.20944/preprints202505.0596.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0596.v1

20 of 20

22. Henyey, L.; Greenstein, J. Diffuse radiation in the galaxy. Astrophysical Journal 1941, 93, 70-83.

23. Bengz, L.; Heck, K.; Hevisov, D.; Kugelmann, D.; Tseng, P.C.; Sreij, Z.; Litzenburger, F.; Waschke, J.; Schwen-
dicke, F; Kienle, A.; et al. Visualization of Pulpal Structures by SWIR in Endodontic Access Preparation. Jour-
nal of Dental Research 2024, 103, 1375-1383. PMID: 39101558, https:/ /doi.org/10.1177/00220345241262949.

24. Zoller, C. Effiziente Losungen zur Simulation der Lichtausbreitung in streuenden Medien: biophotonische
Diagnostik und physikbasiertes Rendering. PhD thesis, Universitat Ulm, 2020.

25. Wang, L.; Jacques, S.L.; Zheng, L. MCML—Monte Carlo modeling of light transport in multi-layered tissues.
Computer methods and programs in biomedicine 1995, 47, 131-146.

26. Martelli, E; Binzoni, T.; Del Bianco, S.; Liemert, A.; Kienle, A. Light propagation through biological tissue and
other diffusive media: theory, solutions, and validations; SPIE press Bellingham, Washington, 2022.

27. Fried, D; Glena, R.E.; Featherstone, J.D.; Seka, W. Nature of light scattering in dental enamel and dentin at
visible and near-infrared wavelengths. Applied optics 1995, 34, 1278-1285.

28. Spitzer, D.; Ten Bosch, J. The absorption and scattering of light in bovine and human dental enamel. Calcified
tissue research 1975, 17, 129-137.

29. Zijp, ].R,; ten Bosch, J.J. Theoretical model for the scattering of light by dentin and comparison with
measurements. Applied optics 1993, 32, 411-415.

30. Zijp,]J.R. Optical properties of dental hard tissues. PhD thesis, University of Groningen, 2001.

31. Jacques, S.L. Optical properties of biological tissues: a review. Physics in Medicine & Biology 2013, 58, R37.
https://doi.org/10.1088/0031-9155/58 /11 /R37.

32. Sandell, J.L.; Zhu, T.C. A review of in-vivo optical properties of human tissues and its impact on PDT. Journal
of biophotonics 2011, 4, 773-787.

33. Yildirim, S., Dental Pulp Is a Connective Tissue. In Dental Pulp Derived Mesenchymal Stromal Cells; Springer
New York: New York, NY, 2024; pp. 57-71. https://doi.org/10.1007/978-1-0716-4244-3_4.

34. Prahl, S. Optical Absorption of Hemoglobin, 1999.

35. Foschum, F; Bergmann, F,; Kienle, A. Precise determination of the optical properties of turbid media using
an optimized integrating sphere and advanced Monte Carlo simulations. Part 1: Theory. Applied optics 2020,
59, 3203-3215.

36. Bergmann, E; Foschum, F.; Zuber, R.; Kienle, A. Precise determination of the optical properties of turbid
media using an optimized integrating sphere and advanced Monte Carlo simulations. Part 2: experiments.
Applied optics 2020, 59, 3216-3226.

37. Hanioka, T.; Tanaka, M.; Ojima, M.; Takaya, K.; Matsumori, Y.; Shizukuishi, S. Oxygen sufficiency in the
gingiva of smokers and non-smokers with periodontal disease. Journal of Periodontology 2000, 71, 1846-1851.

38. Urban, B.E.; Subhash, H.M.; Kilpatrick-Liverman, L. Measuring changes in blood volume fraction during
induced gingivitis of healthy and unhealthy populations using hyperspectral spatial frequency domain
imaging: a clinical study. Scientific Reports 2022, 12, 18357.

39. Saroch, N. Periobasics: A text book of Periodontics and Implantology-: Periobasics; Vol. 1, Sushrut Publications
Private Limited, 2019.

40. Donaldson, L.F. Understanding pulpitis. The Journal of Physiology 2006, 573, 2.

41. Rosenberg, P. Endodontic Pain: Diagnosis, Causes, Prevention and Treatment; Springer Berlin Heidelberg, 2014.

42. Chaleefong, M.; Prapayasatok, S.; Nalampang, S.; Louwakul, P. Comparing the pulp/tooth area ratio and
dentin thickness of mandibular first molars in different age groups: A cone-beam computed tomography
study. Journal of Conservative Dentistry 2021, 24, 158-162.

43. Maeda, H. Aging and senescence of dental pulp and hard tissues of the tooth. Frontiers in cell and
developmental biology 2020, 8, 605996.

44. Shinno, Y.; Ishimoto, T.; Saito, M.; Uemura, R.; Arino, M.; Marumo, K.; Nakano, T.; Hayashi, M. Compre-
hensive analyses of how tubule occlusion and advanced glycation end-products diminish strength of aged
dentin. Scientific reports 2016, 6, 19849.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and /or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.1177/00220345241262949
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1007/978-1-0716-4244-3_4
https://doi.org/10.20944/preprints202505.0596.v1

	Introduction
	Materials and Methods
	Monte Carlo Model
	Optical Properties

	Results and Discussion
	Spectral Transmission of the Incisor Model
	Spectral Transmission of the Molar Model
	Strategies for Minimizing Gingival Contributions

	Conclusions
	Appendix A
	References

