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Abstract: Understanding light propagation in skin tissues with complex blood vessels can help 

improve clinical efficacy in the laser treatment of cutaneous vascular lesions. The voxel-based Monte 

Carlo (VMC) algorithm with simple blood vessel geometry is commonly used in studying the law of 

light propagation in tissues. However, unavoidable errors are expected in VMC because of the zigzag 

polygonal interface. A tetrahedron-based Monte Carlo with extended boundary condition (TMCE) 

solver is developed to discretize complex tissue boundaries accurately. Tetrahedra are generated along 

the interface, resulting in a polyhedron approximation to match the real interface. A comparison 

between TMCE and VMC shows neglected differences in the overall distribution of energy deposition 

of different models, but poor adaptability of the curved tissue interface in VMC leads to a higher energy 

deposition error than TMCE in a mostly deposited region in blood vessels. Replacing the real blood 

vessel with a cylinder-shaped vessel shows an error lower than that caused by VMC. Statistical 

significance analysis of energy deposition by TMCE shows that mean curvature has stronger 

relationship with energy deposition than the Gaussian curvature, which indicates the importance of 

this geometric parameter in predicting photon behavior in vascular lesions.  
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1. Introduction  

Port wine stain (PWS), one of the most frequent congenital vascular lesions in dermis, is mostly 



2456 

Mathematical Biosciences and Engineering  Volume 18, Issue 3, 2455–2472. 

treated by laser therapy [1]. The numerical method has been widely used to investigate the laser 

treatment of PWS for an improved understanding of the mechanism of photonic-thermal response in 

biological tissues, quantification of thermal damage, and optimization of treatment protocols [2]. As 

the first step in simulation, the numerical method of laser propagation is very important.  

The radiative transfer equation (RTE) is highly accurate for describing photon transportation in a 

turbid medium, but the diffuse radiance is difficult to evaluate [3]. Thus, various radiative transfer 

models, such as spherical harmonic, phase approximation, and diffusion approximation models, have 

been developed to deal with RTE efficiently [4]. Monte Carlo (MC) simulation, an effective, easy-to-

parallel technique, can solve RTE with high accuracy, thus eliciting considerable attention in modeling 

light transportation in biological tissues. Wang et al. [5] developed the MC method in multi-layered 

tissues (MCML) and applied it to a succession of homogeneous layers.    

PWS birthmarks are observed in a disorderly pattern with the development of histopathological 

survey [6]. A lack of recognition of blood vessel injury caused by laser propagation in a complex 

structure of PWS birthmarks leads to a low curative rate. Hence, the adaptability of complicated vessel 

structures has been proposed in MC simulation. MCML has been developed to adapt curved surface 

by employing Snell’s law in circular or elliptical cross-section, which was referred to as geometrical 

Monte Carlo (GMC) [7]. In GMC, boundaries of adjacent objects (tissue structures) are defined 

geometrically, which is most accurate but limited in the burdensome mathematical descriptions of more 

complicated tissue structures. In terms of light transportation in arbitrarily complex 3D tissue 

morphology, Pfefer et al. [8] proposed the voxel-based Monte Carlo (VMC) algorithm, which is 

represented by a group of 3D stacked hexahedron voxels. However, major errors (80%–120%) of 

photon deposition occur in round or oblique tissue boundaries when a great inclination exists between 

the faces of hexahedron and the axis planes due to the fixed mesh connection in VMC [9,10]. 

According to the notable results in the work of Majaron et al. [11], the VMC introduces large artifacts 

to the results of energy deposition which do not converge towards zero with ever finer spatial 

discretization. This phenomenon confirms that the VMC method suffers from inherent disadvantages 

due to inaccurate treatment of light transportation at curved tissue interfaces.       

In order to improve the ability of MC to accurately model curved boundaries, new algorithms have 

been described [12–14]. Compared with a voxel, a tetrahedron is ideally adaptable to a curved 

interface [15]. Shen et al. [14] reported a tetrahedron-based inhomogeneous MC solver that is mainly 

applied in regular domains. Furthermore, Jia et al. [16] developed a tetrahedron-based MC (TMC) 

simulator that is suitable for deposition of photon energy in complicated domains with an adaptive 

tetrahedron mesh. The distance threshold is introduced to avoid photon deposition errors caused by 

confused photon transportation adjacent to the mesh boundary [16,17]. In earlier documented TMC, 

the escape boundary condition (BC) is applied to computational surfaces. Although the escape BC 

is better than the reflecting boundary condition, this approach is suitable only for the treatment of 

skin surrounded by air [18]. An approach that addresses tissue BC should be developed to overcome 

this problem.   

Simple geometric settings of blood vessel have been widely used in laser transportation. However, 

tortuosity and buckling occur frequently in a patient-specific PWS vessel structure in a clinical setting, 

significantly affecting the energy distribution and the rupture of the vessel [4,19]. An anatomically 

realistic vessel geometry should be established to study the error of laser transportation in simplified 

geometric model of the vasculature. The dorsal skin chamber (DSC) model [20,21] is an invaluable in 

vivo technique in studying light propagation, thermal transfer and temperature response in blood 

vessels. The observed blood vessels in the DSC model are nearly parallel to the skin surface, similar 

with that of PWS vessels [20]. Such characteristic allows high-quality 3D vessel reconstruction, 
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providing convenience for the study of curvature-influenced laser energy deposition.   

In this study, the extended BC is developed for TMC to overcome the drawback of escape BC. 

Outside of the tetrahedral region, model photons are propagated in laterally infinite tissue layers, but 

without recording the local energy deposition. A TMC with extended BC (TMCE) solver is then 

presented in this study. The applicability of TMCE in skin optics is validated by comparing its results 

with those of GMC. The influence of overall and mostly deposited region on light propagation is 

discussed to study the difference on the boundary adaptability of VMC and TMCE. Skin models with 

real vessels are reconstructed from the DSC model. The effect of vessel geometry simplification is 

investigated by comparing the reconstructed vessel with the real cylindrical vessel via TMCE. 

Additionally, the contribution of geometric curvature to energy deposition is statistically analyzed by 

TMCE on the reconstructed blood vessels.  

2. Materials and methods 

The fundamental quantity in transport theory is the radiance J (r, s), which denotes the power flux 

density in a specific direction s within a unit solid angle dω. The laser radiative transport equation is 

given by  

dJ(r,s)

ds
 = -αtJ(r,s)+

αs

4π
∫ p(s,s')J(r,s') dω'

4π

                                                   (1) 

Where p(s, s’) is the phase function of a photon to be scattered from direction s’ into s, ds is an 

infinitesimal path length, and dω’ is the elementary solid angle about the direction s’.  

The main problem with which transport theory has to deal is the evaluation of the diffuse radiance, 

which is difficult to solve. The Monte Carlo simulation is a statistical approach based on the average 

of multiple photons, not solving the transport equation explicitly. MC simulation is an effective and 

accurate method to predict the laser propagation in skin tissues.  

X

Y

Z
 

          (a)                            (b)                       (c)  

Figure 1. Representation of photon reflection on vessel–dermis boundary (a) GMC (b) 

VMC. The photon may propagate backward after hitting the interface cells (marked as 

pink color) at the curved interface, greatly deviating from the real reflection direction. 

(c) TMCE.  

Law of light transportation is highly related to tissue interface in bio-optic MC simulation. Taking 

an ellipse boundary as an example, Figure 1 displays the effect on photon reflections of different 

implementations in GMC, VMC, and TMCE. GMC provides a non-discretized, mathematically 
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defined geometry (Figure 1a). The computation domain in VMC is represented by a three-order matrix 

of hexahedron voxels (Figure 1b). The curved interface (tissue boundary) is expected to cross the grid 

cells, resulting in interface cells [9,11,22] (Figure 1b). The light greatly deviates from the real direction 

after reflection and refraction across the artificial boundary caused by the interface cells (Figure 1b). 

In this work, tetrahedra are generated along the interface, leading to a polygonal approximation to 

match the real interface (Figure 1c). The photon randomly propagates into a series of tetrahedra 

and repeatedly interacts with triangular surfaces until it loses all its weight or escapes the object.     

2.1. Photon–surface interaction in TMCE 

The most challenging task required to trace a photon through complex heterogeneous structures is 

to identify the interaction of photon and the surface. Figure 2 shows the diagram of photon–surface 

interactions. Given location P and unit direction U of a photon in one tetrahedral mesh, the photon 

path can be described as  

       ' = + tP P U  (2)                                                                  

A free photon step size t’, which determines the distance between adjacent laser–tissue events, 

that is, absorption and scattering, can be described [5]. Then, the four triangular surfaces of the 

tetrahedron which the photon locates in are checked to identify a possible photon–triangle interaction. 

For each triangle with its own inward N, we have  

       0 + =dN Q  (3) 

where Q is a point on the plane, and d is a scalar defined specialized by the plane function. The 

intersection point between the plane of the triangle and the photon path can be obtained by representing 

Q by P’ in Eq. (2) as   

        
 +

= −


d
t

N P

N U
 (4) 

After calculating t on the four triangles, the smallest positive t (ts) is compared with t’. If ts > t’, 

then the photon transports within the current tetrahedron (Figure 2a); otherwise, the photon hits the 

triangle of ts (Figure 2b). Reflection or refraction occurs when the photon propagates to the tissue 

interface. The photon continues to transport until the step size is covered.  

Extended BC was adopted in this paper [18]. In extended BC, photons are launched in accordance 

with the profile of laser beam intensity and propagate in laterally infinite tissue layers (Figure 3). When 

hitting a boundary of the object, the photon has a 50% probability of refracting (escaping) the 

computational domain. Photons exiting the domain are propagated further in semi-infinite tissue layers 

until they return (Figure 3a), escape into the air (Figure 3b), or lose all their energy outside the domain 

(Figure 3c).  

A uniform mesh with average interval sizes of Δx = Δy = Δz = 5 μm was conducted in VMC with 

1.34 × 105 cells in the region of blood vessel.  
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Figure 2. Diagram of photon–surface interactions (a) The photon transports within the 

current tetrahedron when ts > t’. (b) The photon hits the triangle when ts ≤ t’. (The triangle 

BCD is the face with ts). 

Semi-infinite

50% refraction 

and  propagation

Semi-infinite

Air Air

Semi-infinite

Air

Semi-infinite

 

                    (a)                          (b)                   (c) 

Figure 3. Representation of extended BC for laser transportation [18]. The computational 

domain is marked by a black rectangle. (a) Reflecting BC, (b) Escape BC, and (c) Extended 

BC. The dashed red line represents the terminated photon. 

2.2. Implementation of TMCE 

Figure 4 shows the flowchart of TMCE. The rules of TMCE are similar to those described in [5]. 

The major difference is outlined in purple, which involves the photon-surface interaction that was 

introduced in Section 2.1. In TMCE, given a location (tetrahedron) and the direction of a photon in the 

boundary mesh of epidermis (Figure 6), a free step size of the photon can be computed according to 

the local optical parameters. Then, the four triangular surfaces of the tetrahedron will be examined to 

identify a possible photon–triangle interaction. This process can be repeated until the photon dies or 

escapes the object. In each cycle prior to the photon being moved, the program will check whether the 

photon will hit one of the triangles (Figure 2). If the photon passes through a boundary triangle, 

the extended BC will be implemented (Figure 3) and the program will launch a new photon if there 

are more.  
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Figure 4. Flowchart of TMCE scheme. 

2.3. Blood vessel reconstruction 

The DSC model was adopted to obtain images of real blood vessels [21]. The animal study adhered 

to the Guide for the Care and Use of Laboratory Animals, which was published by the US National 

Institutes of Health (NIH Publication No. 85–23, revised 1996) and approved by the Institutional 

Animal Care and Use Committee of Zhejiang Sci-Tech University (No. 20200304). In the DSC model, 

the approximate parallelism of the blood vessel with the skin surface in the observation chamber was 

fully considered to perform the 3D reconstruction (Figure 5). After a snapshot of the skin image was 

taken by a CCD camera (DP71, Olympus, Japan) (Figure 5a), the main blood vessels were transformed 

to a binary image (Figure 5b), and the skeleton and contour lines of the blood vessels were extracted 

from the 2D image (Figure 5c). The lofting operation in the software Solidworks was used to generate 

the blood vessels. The loft tool in Solidworks creates a shape (the blood vessel in this paper) by making 

transitions between multiple profiles (multiple cross-sections of the blood vessel) and guides curves 

(skeleton of the blood vessel) thus to create complex geometry (the curved blood vessel). The 

information of different cross-sections can be calculated by the extracted contour lines and skeleton of 

the blood vessels. After a smooth operation was completed (Figure 5d), the 3D model of blood vessel 

geometry was generated according to the extracted information [23] (Figure 5e). Coincidence rates of 

the projection of the reconstructed vessel and the original 2D vessel image are more than 96%, which 

verifies the rationality of this method. In this paper, twenty-five vessels were reconstructed from fifteen 
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rats. Hence, we obtain 25 images representing each blood vessels.       

      

 (a)  (b)  (c) 

Lofting

Lofting

        
 (d)  (e)   

Figure 5. 3D reconstruction procedure of real skin blood vessels. (a) Image recording 

on the DSC model, (b) Blood vessels extraction and binary image transformation, (c) 

Contour and skeleton lines extraction, (d) Smoothing and vector form output, (e) 3D 

blood vessel production.    

2.4. Statistical analyses  

Skewness and kurtosis were adopted to analyze the differences in energy distribution by the 

different models. Skewness is measure of the asymmetry of the probability distribution of energy 

deposition in blood vessels, which can be quantified as a representation of the extent to which a given 

energy distribution varies from a normal distribution. The skewness of random variable X is the third 

standardized moment  

Skew[X]=E [(
X-μ

σ
)

3

]                                                                     (5) 

where μ is the mean, σ is the standard deviation, E is the expectation operator.    

Kurtosis is a statistical measure that defines how heavily the tails of the laser energy distribution 

differ from the tails of a normal distribution. The kurtosis is the fourth standardized moment, defined as  

Kurt[X]=E [(
X-μ

σ
)

4

]                                                                      (6) 

where μ is the mean, σ is the standard deviation, E is the expectation operator.  

In this paper, the relationship of Gaussian curvature (GC) and mean curvature (MeC) with energy 

deposition were assessed to analyze the influence of vessel geometry. The principal curvatures (k1 and 

k2) were determined by using an open-source code in MATLAB language [24]. GC and MeC were 
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derived from the principal curvatures as indicated in the following equations:  

 
1 2GC = k k  (7) 

 
1 2MeC ( ) / 2= +k k  (8) 

Correlation analyses were performed by taking deposited energy as the dependent parameter and 

GC or MeC as the independent parameters. For each pair, Pearson’s correlation factor and its p value 

were calculated with a confidence level α = 0.05.   

3. Results and discussion  

The two-layered skin model adopted in this paper contains the epidermis, the dermis, and the blood 

vessels (Figure 6). A 1.5 mm × 1.5 mm × 1.0 mm computational domain of the skin with a 

reconstructed blood vessel buried at a depth of 0.5 mm was used. The thicknesses of the epidermis and 

the dermis were set respectively as He = 60 μm and Hd = 940 μm based on statistical average values [1]. 

A spherical photon beam incident perpendicularly on the center of epidermis (Figure 6). In TMCE 

method, the tetrahedron mesh is generated by the commercial software GAMBIT 2.4. The body-fitted 

tetrahedra are generated along the vessel–tissue interface (vessel wall), which is efficient in increasing 

accuracy because no interface tetrahedra exist.  

 

Figure 6. Computational domain of the two-layer skin model with a reconstructed blood vessel.  

Among the three kind of MC methods mentioned in this manuscript, the GMC method gives a 

non-discretized, analytically defined geometry. Although contain some approximations, the mesh-

based MC as VMC and TMCE methods expand the implementation of MC method. Except for the 

effect of MC method, the building of a real blood vessel is also regarded as an important factor of the 

laser-tissue simulation. In this paper, two kind of blood vessel modelling are proposed: reconstructed 

blood vessel and the related simplified blood vessel. In order to study the effect of vessel curvature of 

the reconstructed blood vessel, the standard deviation of the Gaussian curvature (stdGC) of a single 

vessel in the DSC model was adopted, which ranges from 10 to 80 in statistics. Figure 7 shows the 

distribution of stdGC of 25 blood vessels reconstructed in this paper. The stdGC presents normal 

distribution and the value between 10 and 80 accounts to 96%. The blood vessels were divided into 

three groups according to the value of stdGC: six of small stdGC (0 ≤ stdGC < 30 mm−2), eleven of 

medium stdGC (30 mm−2 ≤ stdGC < 50 mm−2), and eight of large stdGC (stdGC ≥ 50 mm−2). Three 

typical vessels (with a diameter of 100 ± 10 μm) of small, medium, and large stdGC were selected to 



2463 

Mathematical Biosciences and Engineering  Volume 18, Issue 3, 2455–2472. 

analyze energy deposition (Figure 8). Fig 8a–c shows the reconstructed blood vessels. As shown in 

Figure 8d–f, the simplified cylindrical vessel was built to coincide approximately with the 

reconstructed vessel in position for convenience of model comparison. The diameter of the related 

cylindrical vessel was chosen as its volume equals to the volume of the related reconstructed vessel. 

The slope and the position of the cylindrical vessel was chosen as the most overset area exists when 

the cylindrical vessel and the related reconstructed vessel oversets.     

 

Figure. 7 Distribution of stdGC of the 25 blood vessels.  

 
 (a) (b) (c) 

 
 (d) (e) (f) 

Figure 8. Geometry models of reconstructed vessels and corresponding cylindrical vessels. 

Blood vessels with a diameter of 100 ± 10 μm were divided into three groups according to 

stdGC: small (0 ≤ stdGC < 30 mm−2), medium (30 mm−2 ≤ stdGC < 50 mm−2), and large 

(stdGC ≥ 50 mm−2). For each group, one common vessel was selected to study the energy 

deposition. Reconstructed vessel with (a) stdGC = 20.5 mm−2 (b) stdGC = 41.3 mm−2 and 

(c) stdGC = 64.5 mm−2 and related cylindrical vessel (d), (e) and (f).      
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The vessel construction method and the MC algorithms are considered important factors in 

simulation. In this section, three computational models: VMC with a simplified vessel (a straight 

cylinder), TMCE with a simplified vessel, and TMCE with a real vessel (reconstructed vessel) were 

made by combining blood vessel geometries with different MC methods. For simplicity, the three 

models are named as Models A, B, and C, respectively. By comparing model A with model B, we can 

obtain the error of different mesh-based method. On the other hand, by comparing model B with model 

C, we can analyze the effect of different vessel construction method. A uniform mesh with average 

interval sizes of Δx = Δy = Δz = 5 μm was conducted in VMC. Spatial discretization steps in TMC 

were 50 and 10 μm in the dermis and blood vessel, respectively. Thus, the three models shared almost 

the same mesh number (1.2–1.4×105) in the vascular region, providing convenience in comparing the 

different algorithms.   

3.1. Validation of TMCE  

The energy deposition along the skin depth in the center axis was compared with the GMC 

method [25] to validate the accuracy of the TMCE and TMC method. Two discrete blood vessels 

with a diameter of 120 μm and depths of 250 and 500 μm were considered (Figure 9a). The skin was 

irradiated by a 585 nm laser with an incident energy density of 1 J/cm2 and a spot diameter of 1 mm, 

for the convenience of comparison with the reference [8]. Optical properties of blood, epidermis and 

dermis in 585 nm wavelength are presented in Table 1, which are assumed to be constant in space and 

time. Figure 10 shows that the energy deposition along the skin depth predicted by TMCE was in 

accordance with that by GMC.     

To further compare TMC and TMCE in boundary adaptability, the smaller computational domain 

of 0.75 mm × 0.75 mm × 1.0 mm with the same blood vessel geometry was considered (Figure 9b). 

The spot diameter of laser beam in Figure 6b is 0.5 mm. Deposition errors in the annular cylinder close 

to the inner wall of the superficial vessel was segmented by Δr of 5 μm and θ of 1o (Figure 9c). Each 

1° annular cylinder is one statistical unit of the circumferential distribution of energy deposition.      

The deposition in the 1° annular cylinder computed by GMC, VMC, TMC and TMCE was 

collected. The relative error KVMC, KTMC and KTMCE of VMC, TMC and TMCE are calculated with 

GMC as a benchmark, as follows:  

 KVMC= |
EVMC-EGMC

EGMC
| ×100%, KTMC= |

ETMC-EGMC

EGMC
| ×100%,  KTMCE= |

ETMCE-EGMC

EGMC
| ×100%  (9) 

where E is the photon deposition in each 1° annular cylinder.     

Figure 11 presents the relative error distribution in each 1° annular cylinder. From Figure 11a we 

can see a KVMC up to 60% observed at 120°–170° and 190°–260°, whereas KTMC and KTMCE maintained 

less than 12% and 10%, respectively, and not sensitive to angles. When reducing the computation 

domain, the top KVMC slightly increased to 64%. KTMC increased up to 15% at 120°–350°, because the 

escape BC adopted in TMC resulted in more loss of photon weight when the blood vessel got nearer 

to the boundary of the domain. the computation domain reduced. On the contrary, KTMCE steady almost 

unchanged and kept in 10%, showing better spatial adaptability of computation domain.   
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(a)      (b)       (c) 

Figure 9. Computational cases with two blood vessels to validate the TMCE (a) 

Computation domain of 1.5 mm × 1.5 mm × 1.0 mm (b) Computation domain of 0.75 mm 

× 0.75 mm × 1.0 mm (c) Statistical area of error analysis.  

Table 1. Tissue Optical Parameters for 585 nm [8]. 

Tissue μa (cm−1) μs (cm−1) g n 

Blood 191 468 0.995 1.33 

Epidermis 18 470 0.790 1.37 

Dermis 2.2 129 0.790 1.37 

 

Figure 10. Comparison of energy deposition along the depth direction of skin. 
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 (a)  (b) 

Figure 11. Relative error distribution in 1° annular cylinder region. (a) x = y = 1.5 mm 

(b) x = y = 0.75 mm.  

3.2. Overall deposition in the blood vessel   

Table 2 shows the overall difference regarding energy deposition in the blood vessel in three 

models. Differences between the three models are inapparent: average difference of mean, standard 

deviation, skewness, and kurtosis [26] are all less than 2%. The histogram of the three models of blood 

vessel with stdGC = 41.3 mm-2 are shown in Figure 12. Photon energy exhibits a bimodal 

characteristic. The high peak in the low deposition region is caused by the reflection and recycle of the 

photon that escaped from the computational region. No apparent difference in the histogram is 

observed among the three models. Overall deposition in the blood shows a slight difference, but 

distribution detail may have a large difference. Hence, the main part of deposition in blood vessels 

should be studied.  

3.3 Accuracy and Computational cost of model A, B and C  

The accuracy and computation time should be compromised to provide a comprehensive 

evaluation of the three models. Firstly, the effect of different models on the computational 

precision was studied. Blood vessel geometry shown in Figure 8c and f were used to compare the 

three models. Moreover, GMC simulation with blood vessel geometry in Figure 8f was performed 

to provide a benchmark.  

The laser energy deposited along the vessel main axis (z=0.5 mm) was shown in Figure 13. In the 

region covered by the laser spot, the deposited energy has a relatively uniform distribution in GMC, 

whereas more energy deposited in the central region of Model A (marked as the brown circle). On the 

other hand, distribution of energy deposition in Model B was in consistence with that of GMC. 

Although the reconstructed blood vessel used in Model C has a high value of stdGC, the energy 

distribution characteristic agrees with that of GMC.  

To further compare the accuracy of the three models, photon deposition distribution in the central 

cross-section of the vascular region in the blood vessel is shown in Figure 14. More energy deposits at 

the top half of the vessel than the bottom half, because the top half faces the photon initial direction. 

From Figure 14a we can see the photon that transmits to the vessel from the top half should be mostly 

deposited near the vessel wall, forming the crescent of high deposition region. In Model A, a zigzag 
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appears across the vessel boundary. The results computed by TMCE show a much better crescent shape 

(Figure 14b–c). The result of Model B agrees with that in GMC, illustrating the accurately capture of 

the crescent by TMCE. Although the vessel geometry are not identical, the crescent captured by Model 

C were approximately agreement with that in GMC. This finding is attributed to the well adaptability 

of Model C.   

Table 2. Overall energy deposition (J/cm3) in blood. 

stdGC 20.5 mm-2 41.3 mm-2 64.5 mm-2 

Model A B C A B C A B C 

Mean 248.4 250.4 258.1 311.5 316.9 312.6 309.7 308.8 314.4 

Std Dev 150.3 149.9 153.6 143.3 142.3 144.1 128 129 127.6 

Skewness 0.249 0.247 0.225 0.049 0.057 0.048 0.004 0.0376 0.001 

Kurtosis 1.235 1.219 1.244 1.132 1.106 1.157 -0.85 -1.011 -0.97 

 

 

     

 (a) (b) (c) 

Figure 12. Histogram of energy deposition in each cell of blood vessel with stdGC = 41.3 

mm-2 (a) Model A: VMC with straight vessel (b) Model B: TMCE with straight vessel (c) 

Model C: TMCE with curved vessel. 

 

 
 (a) (b) (c) (d) 

Figure 13. Photon deposition (J/cm3) along the vessel main axis at z = 0.5 mm. (a) GMC 

with the straight vessel, (b) Model A: VMC with the straight vessel, (c) Model B: TMCE 

with the straight vessel, and (d) Model C: TMCE with the curved vessel.   
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 (a) (b) (c) (d) 

Figure 14. Photon deposition (J/cm3) in the central cross-section of the vascular region. (a) 

GMC with straight vessel, (b) Model A: VMC with a straight vessel, (c) Model B: TMCE 

with a straight vessel, and (d) Model C: TMCE with a curved vessel.    

To the pulsed dye laser with wavelength of 585 nm or 595 nm, the damage of vascular lesions 

mainly concentrates in rupture [21]. The energy deposition above 450 J/cm3 was taken as the 

benchmark of hemorrhage because the top half part of the vessel, which faces the photon initial 

direction, often collects enough energy for vessel rupture at Eh = 450 J/cm3 [21]. The volume ratio 

(VR) was introduced as the volume ratio between mostly deposited volume (E > Eh) and the whole 

volume in blood vessel. VR is important because its value is closely related to the thermal damage of 

the target vessel [21]. Figure 15 shows the energy deposition in the mostly deposited vessel region 

obtained by the three models. Mean value, standard deviation and VR were performed on the 25 blood 

vessels and was averaged into three groups as small, median and large stdGC. The volume ratio of 

mostly deposited energy decreased from Model A to Model C then Model B. For the vessel group with 

large-stdGC, the relative difference between Models A and B is 39%, which is much larger than that 

between Models C and B (10%). For the vessel group with small stdGC, the difference drops to 9% 

and 5%, respectively. The results indicate that the poor adaptability of the curved tissue interface in 

VMC leads to a high energy deposition error, which is not recommended in the computation. To 

models B and C which are based on TMCE, the error is not negligible after simplifying the vessel to a 

cylinder in TMCE. This effect would be much more apparent in a more curved vessel. Instead of a 

cylinder-shaped vessel, a real vessel contains the whole curvature information. Thus, to blood vessels 

with high stdGC, only model C is recommended because the cylinder-shaped vessel of model B leads 

to unneglected errors by loss of curvature information to real blood vessel. In the following section, a 

statistical analysis between energy deposition and geometric factors of model C can be performed.  

The time cost of the three models were studied to provide a comprehensive evaluation of the three 

models. Considering the different mesh element used in VMC and TMCE, the averaged mesh volume 

was used to compare the computation time in the three models. The Fig.8c and f are chosen as the 

computational model and the photon number is 106. As illustrated in Figure 16, among the three models, 

a smaller mesh volume results in more computation time on judgement of photon transport in grids. 

The time consumed in Model B is approximately 1.5 times than that in Model A. The reason may be 

that the time cost in mesh judgement in TMCE is more than that in VMC. The difference in time cost 

between Model B and Model C is small and can be ignored, illustrating that calculation do not increase 

due to the reconstructed blood vessel. Overall, the influence of time cost is not apparent. Model C is 

the recommended model under comprehensive consideration of the accuracy and computation time of 

the three models.     
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Figure 15. VR obtained by Models A, B, and C at different blood vessel group based on stdGC. 

 

Figure 16. Computation time versus mesh size by the three models. 

3.4. Statistical analysis of Model C 

A statistical analysis was conducted on the surface of each blood vessel by Model C. Distance 

factor dctr was introduced to consider the effect of the laser beam, as follows: 

 ( ) ( ) ( )( )2 2 2

0 0 0 01/= + − + − + −ctrd d x x y y z z  (10) 

where (x0, y0, z0) is the center point of the computational domain, and the d0 is a small number set to 

10−3. Independent geometry parameters were set as the product of MeC and dctr and the product of GC 

and dctr:  

 MeCd MeC=  ctrd  (11) 
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 GCd GC=  ctrd  (12) 

Pearson’s correlation coefficients and p values between independent factors and energy deposition 

are shown in Table 3. The results confirm that the two parameters influence energy deposition in the 

vessel wall. GC and MeC appear negatively correlated with the deposition. We define Emax as the 

maximum deposited energy among all the cells in the blood vessel. The E/Emax is the ratio between 

energy deposition in each cell and Emax. Scatter plot of E/Emax versus GC and MeC for the vessel with 

stdGC of 41.3 mm−2 was taken as an example to provide a full view (Figure 17). Each point in Figure 

17 represents a value of E/Emax in a certain cell in the blood vessel. Cells with E/Emax above 0.6 have 

large variation of GC(-1000 to 700) and MeC (-500 to -30). MeC exhibits a much stronger correlation 

with the deposition than GC because of a much larger absolute value of slope of the fitted curve 

(marked as dashed line). The characteristic of MC with the laser energy deposition can provide a view 

in predicting photon-thermal behavior of PWS vessels with large mean curvatures.     

Table 3. Pearson’s correlation and p values of independent parameters MeC and GC, with 

E/Emax as the dependent parameter. 

E/Emax small stdGC median stdGC large stdGC 

 Pearson’s r p value Pearson’s r p value Pearson’s r p value 

MeCd −0.490 0.000 −0.546 0.000 −0.574 0.000 

GCd −0.066 0.000 −0.158 0.000 −0.139 0.000 

 

(a)            (b) 

Figure 17. Scatter plots of E/Emax versus (a) GC and (b) MeC of Model C (stdGC = 41.3 mm−2). 

4. Conclusions  

In this work, we developed a TMCE method, which is a flexible, accurate approach for predicting 

light propagation in skin tissues. The quantification of relative error distribution by TMCE, TMC and 

VMC was performed in the inner part of vascular wall when taking GMC as a benchmark. The 

maximum relative error of VMC stays above 60% in the large or small domains. Peak value of blood 

vessel shows that KTMCE kept in 10% after the computation domain reduced, whereas the high value of 

KTMC increases from 10% to 15%. Comparison between VMC and TMCE on cylindrical or 

reconstructed blood vessels shows neglected differences in the overall distribution of energy deposition 

of the three models. However, in the highly deposited region, bad adaptability of the curved tissue 

interface in VMC leads to more energy deposition error than replacing the reconstructed blood vessel 
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with a cylinder-shaped vessel. This effect would be more apparent in a more curved vessel. An 

additional outcome of the work is the statistical significance of mean curvature on energy deposition, 

which indicates the potential of mean curvature in predicting laser-induced behavior of PWS vessels.  
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