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Fig. 1 Description of VCH thoracic model. (a) Thoracic model built with 3D matrix of 436 X420 X80 voxels; (b) thoracic

model is divided into 8 tissue parts
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Fig. 2 Light fluence distributions in thoracic tissue under X-Y-Z field of view. (a) Light fluence in X-Y plane; (b) light fluence

in Y-Z plane; (c) light fluence in X-Z plane; (d) three-dimensional space coordinate system used in this study
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Table 1  Optical properties of thoracic tissue at 800 nm

Tissue type n s, /em ' op /em g
Fat 1.33 0. 083 134 0.910
Skin 1.37 0.20 73.7 0.715
Lung 1. 40 1. 00 95.0 0.910
Bone 1.43 0.11 291 0.936
Muscle 1. 40 0. 54 66. 7 0.930

Pulmonary artery

vessel wall 1. 40 0.92 103 0.930
Arterial blood 1. 40 2.33 522 0. 990
Venous blood 1.40 2.38 440 0.990

(NgomMmm™E (O ERBH=NBEH, UL IEE A
BT IR, SEOER L 2 Fiw.
F£ 2 Sa0, M1 SvO, 7EAFA S8 4 b i S 80k 8

Table 2 Parameters of Sa0O, and SvO, for each experimental

group
Group Sa0, /% SvO, /%
Level [ 93 71
Level [l 91 67
Level [l 89 63
Normal 95 75
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Fig. 3 Variation of light fluence in tissue depth. (a) Variation of light fluence from skin to venous blood (the 40th slice) ;

(b) light fluence distribution on the 40th slice
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(b) variation of PPFpa with Lg,; (c) variation of ratio of PPFpa to DPF with Lg,; (d) proportion of photon absorption

in pulmonary artery
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F 3 ARG i S ki SE T AR U SSD fy H
Table 3 Proportion of SSD of each tissue at different levels of pulmonary embolism
Level of pulmonary Proportion of SSD /%
embolism Fat Skin Lung Bone Muscle  Pulmonary trunk Arterial blood Venous blood
Normal 67.398 11. 34 0.002 15.92 5.34 0.0131 0 0. 004
Level 1 67.638 11. 21 0.002 15. 84 5.31 0.0129 0 0. 004
Level [I 67.588 11. 27 0.002 15. 89 5.25 0.0127 0 0.003
Level [l 67.867 11.19 0.001 15. 5.28 0.0126 0 0.002
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Abstract

Objective Pulmonary embolism (PE) is a clinical and pathophysiological syndrome in which an endogenous or exogenous
embolus occludes the pulmonary artery or its branches, causing pulmonary circulatory impairment that can lead to severe
pulmonary infarction, usually accompanied by cardiovascular disease. Currently, the most accurate method for detecting
PE is digital subtraction angiography (DSA) of the pulmonary arteries. However, this detection method is invasive and
can easily damage blood vessels or surrounding tissues and often causes additional complications. Therefore, non-invasive,
real-time, and accurate detection of pulmonary artery hemodynamics is highly desirable. Near-infrared spectroscopy
(NIRS) is a simple, rapid, portable, and relatively inexpensive technique for non-invasive deep-tissue hemodynamic
monitoring, which is based on the spectral characteristics of oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb), which
are characteristics used to quantify tissue hemoglobin oxygen saturation for disease measurement. In recent years, an
increasing number of research groups have chosen to use NIRS to monitor human diseases, and it has been validated for
use in studies involving many tissue sites in the body. However, the study of photons in the human pulmonary artery site
has not been conducted in depth. Therefore, the feasibility of using NIRS to detect pulmonary artery embolism is
investigated in this study.

Methods In this study, we used 80 photographic images from the Visual Chinese Human (VCH) dataset slices to map the
thoracic tissue region of the pulmonary artery from top to bottom to build a 436 X 420 X 80 voxel thoracic photographic
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model (Figure 1). Each voxel is defined as a 0.4 mmX0.4 mm 0.4 mm cube. The entire model is divided into eight
parts based on tissue type, including skin, muscle, bone, subcutaneous fat, lung, pulmonary artery, arterial blood, and
venous blood. The constructed model is then loaded into a software program developed by our team for Monte Carlo
simulation of light propagation in Voxelated Media (MCVM). MCVM generates two files: a photon absorption data file and
a photon escape data file at the body surface, from which we can calculate a series of evaluation metrics to better evaluate
the relationship between photon propagation and the separation of the light source and detector (Lg,) in the VCH chest
model.

Results and Discussions According to photon absorption data, photons pass successively through the skin, fat, muscle,
adipose tissue, and pulmonary artery to the venous blood. The intensity when reaching the pulmonary artery is estimated
to be 45 voxel (Figure 3), which is sufficient to demonstrate that photons can cross the thoracic cavity and penetrate the
experimental region of interest. Four indicators are introduced to study the optimized light source and detector distance:
differential optical path-length factor (DPF), partial path-length factor (PPF), the ratio of PPF to DPF, and the
proportion of photon absorption in the pulmonary artery. DPF increases exponentially with the increase of Lg,, whereas
the three other indicators (PPF, the ratio of PPF to DPF, and proportion of photo absorption in the pulmonary artery)
trend upward and then downward, with the peak occurring in the 2.8-3.1 cm L, range (Figure 4). Based on the above
results, we selected 2.9 cm to study the effects of different degrees of pulmonary embolism on SSD (Table 3) and on the
intensity of light detected on the body surface (Figure 5). As pulmonary embolism progressively worsens, the percentage
of SSD present in the pulmonary arteries decreases (0.0131%, 0.0129%, 0.0127%, and 0.0126% in healthy, Level
I, Level II, and Level [l subjects, respectively). The SSD proportions in arteriovenous blood and lungs were then
evaluated for different degrees of pulmonary embolism. The results indicate that the proportion of SSD in the lung and
venous blood gradually decreases as the degree of pulmonary embolism increases. However, the proportion of SSD in the
arterial blood is almost zero. These results suggest that venous blood and lung tissue influence the sensitivity of the total
assay. A one-dimensional linear regression analysis was performed by standardizing the light intensity of the measurement
in the normal state and different embolic levels as independent variables. The results indicate that the standardized light
intensity decreases with increasing levels of pulmonary embolism. Thus, the level of pulmonary embolism can be
approximated using the detected light intensity.

Conclusions This study implements noninvasive optical monitoring of pulmonary artery embolism based on the Visible
Chinese Human dataset and use of Monte Carlo simulations. By simulating light migration in human thoracic tissues, the
number of absorbed photons and the light fluence distribution in the thoracic tissues are derived, and the evidence suggests
that some of the photons can reach the pulmonary artery, indicating that the proposed technique is feasible. In addition,
this study proposes an optimized separation distance between the light source and the detector and concludes that a
separation of 2.8-3.1 cm may be optimal based on two path length factors, PPF and DPF. The effect of pulmonary artery
embolism on photon detection is verified based on SSD estimates at the pulmonary artery and the output photon intensity.
The results indicate that the SSD at the pulmonary artery decreases with increasing embolization. Furthermore, light
intensity directly correlates with the degree of embolization, and the presence of embolization can significantly decrease
the light intensity, therefore indicating the presence of emboli in the pulmonary artery. Overall, this study demonstrates
the great potential of NIRS for continuous bedside monitoring of pulmonary embolism.

Key words medical optics; pulmonary embolism; near-infrared spectroscopy; Monte Carlo simulation; noninvasive
detection
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