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Fig.1 VCH-based lung model. (a) VCH original lung image; (b) segmented tissue from the (a) image; (c) five lung lobes; (d) 3D image

is an arrangement of 200 processed (b) images
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Fig.2 Five lung lobes detect light source positions. (a) Coordinate system corresponding to Fig. 2(b); (b) detection of light source

positions in the superior lobe of the left lung, the superior lobe of the right lung, and the middle lobe of the right lung;

(¢) coordinate system corresponding to Fig. 2(d); (d) detection of light source positions in the inferior lobe of the left lung and the

inferior lobe of the right lung
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Table 1 Optical properties of tissues at 800 nm

1 1

Tissue type nou/em b op/em g Reference
Skin 1.37  0.200 73.7 0.715  [18-19]
Muscle 1.40  0.540 66.7 0.930 [20]
Bone 1.43  0.110 291 0.936 [21]
Fat 1.33  0.083 134 0.900 [22]
Liver 1.40  0.800 56.6 0.929 [23]
Lung 1.40  1.000 95.0  0.910 [20]
Myocardium  1.40  0.920 103 0.930 [24-25]
Stomach 1.40  0.780 47.0 0.761 [26]
Arterial blood 1.40  2.333 522 0.990 [27-28]
Venous blood 1.40  2.338 440 0.990 [27-28]
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Fig. 3 Preliminary experiments of light intensity signals in the lungs. Digits 1-5 indicate the positions of the superior lobe of the right lung,

the superior lobe of the left lung, the middle lobe of the right lung, the inferior lobe of the left lung, and the inferior lobe of the right

lung, respectively. Digit 6 indicates the cell phone application (upper computer). Digit 7 indicates the NIR detection device.

(a) Detection of light signals at positions 1, 2, and 3 of volunteers; (b) detection of light signals at positions 4 and 5 of volunteers
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Fig. 4 Light fluence distribution images of the five lung lobes. (a) Inferior lobe of the right lung; (b) superior lobe of the left lung;

(c) middle lobe of the right lung; (d) inferior lobe of the left lung; (e) superior lobe of the right lung. The dot “0” and arrow

indicate the starting point of the light source and the direction of photon emission, respectively
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Fig. 5 Changes in photon absorbance of the five lung lobes with source-detector distance Lg,. (a) Photon absorbance of the left lung

lobe changes with Lgy,; (b) photon absorbance of the right lung lobe changes with Ly,

3.3 RiR-FRMF[EFMLML

T R XS OE U - R A BE R e AT AL o B DGR
P 2% PE B o A, DPF . PPF W b & &k £ 1k .
DPF J& R I -8 I 45 0 25 B2 1500 1 F 35 AR K K AR
iR B L) 2 K, B DPF A &l 03 (4 DA A 722 A x
R bE X HUR A R PR . PPF & — AN 28U Lo ] X
T HE R A R AR, I, PPEARER T — A1
{90 DR, B e T - R 5 P A Ol i 0 AT R Al Y

A ARk, o] AR B e A e R - R I 2 R 2 . P T
5 il i i) DPF PPF Fifi > U -4 I %% 15 25 0 A8 4k, 31
BAERE 6 s . X DPF 56T -1 00 #$ 15 55 Lo, ¥F
Fr AR LM 1] U 8L A 0 mT LA Y Bl 25 %6 TR -4 00 28 B 5
Lo, B8, 54 il it 09 DPF 2 39 K g, &l 6(al) ~
(ab) 78 o Ze i B ) PPF 786G U5 -5 25 15 88 Lo,
b 3.4 em B3k ) M SR 5 W E R R WA 6(b1) B
TN o ZEM L) PPE 78GR -0 5 BE 55 L, o~ 3.6 cm
BF 3 21 0 A, AR I 1R R, QiR 6 (b2) i o A il
T PPF A6 6 IR - 2% B 5 Lo, M 3.1 cm i) 34 3]
W {E , SR JF 2 R R, I 6 (b3) Bk o A fili v i

PPF 1E 6 -3 I 28 15 55 Lo,y 3.3 em B ik F) W& (|, 4%
Ja 2R B W 6 (b4) s o A7 Bl B ik ) PPF 76k
TR ZSHE S Ly M 2.9 em Ab A — A IE{H , 24 Ly, KT
AR, PPF 8 % F B, & 6(b5) At s o BRI,
5/ il i B PPF 48 5 B T 6 58 A5 5 0T il 350 14 i Jgk
P, BB G TR - 8 FE B Lo, 300, PPF $8 80 52 B o
RGNS 454 DPF L& PPF 18 805 #r ]
DLAS 5 A ili i X6 o7 9 5 A D1 VR 0 4% 2 L, B
[l A ZE 0l N 1 3.3~3.5 cm, ZE M B 3.5~3.6 em, £
fifi ik 3.0~3.1 em, £ il H i 3.3~3.4 cm, £5 fili b
2.8~2.9 cm,
34 ZBER

X S I6 H OR Y 13 44 f B A D Al Y O R A
S T AN, — 5 I, XSG R AT A 5 A7 B RO
SRAT T HEATUR UL, LUTH BR &8 40 T3 A 52 e 5 S8 5 1
B A~ 75 A O IO il A R A 8 T 6 B, DA R
TRz R B A M s 5 S . 5 — i, B
B 5 A i I 18 6 W ISR 3R RS Il v G R L AE
X L BE PR S S50 A R 0 R R R DU AR B S L, T Ok
T R 13 45 B o I % i b 6 8, IR

1507205-5



2505 £ 15 H9/2023 &£ 8 B/ E M,

1
@p = 1x10 e DPF O 3 ppr
E — fitting — fitting
€ 1x10t | -
& ]
£4 3
5 1x107 | ° Al
O
E .
1x10-° : 1 L 0 > oldd ’
0 1 2 3 4 1 2 3 4 5
Lsp /cm Lsp /cm
1x10! 20
@2) pgre— L2 o PFF
i — fitting 15 — fitting
& 1x10 -
< = (=]
25 = 10
E 1xa0et a .
) B
= o
n
1x10° ; : ;
0 1 2 3 4
Lsp /cm Lsp /cm
1x10! 15
(8) EL e DPF L e PPF
2 . R
= — fitting fitting
w  1x107 | - 10
-1 L
O Ay o
'8 & M E
T OIxI0PF ee & 5
5
£ ®
1x10- | 1 1 0 vv).-...... 1 >0
0 1 2 3 4 1 2 3 4 5
Lsp /em Lsp /em
(ad) 1x10! (b4) 25
%o e DPF e PPF
= — fitting 20 |- = fitting
% 1x10 - 4
B, S 15
g5 =
[=}
o Ix109 g 10
< * 5
g
1><10_5 1 1 1 O | b T
0 1 2 3 4 1 2 3 4 5
Lsp /cm Lsp /cm
5 1x10! b5 5
(ab) ® e DPF i e PPF
E — fitting 4| = fitting
B 1x107 | 5
- S 3
25 . =
e B o
5 1x10% - * &
b5
= . :
110 1 ! L 0 L —osse-se-se-e! .
0 1 2 3 4 1 2 3 4 5
Lsp /cm Lsp /cm

6 5N DPF Fl PPF 56 TG -4 0 #53 B 85 Lo, 19 2R 2T o (al) (b1) 2 il T 15 (a2) (b2) 2 i b i 5 (a3) (b3) 43 it F M
(ad) (b4) A7 il i 5 (a5) (b5) A5 fili_t it
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Fig. 6

(a5)(b5) superior lobe of the right lung
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P B85

Comparison of experimental and simulated light intensities in the lung detection region. (a) Comparison of experimental and

simulated light intensities in each lung lobe of 13 volunteers, where “SR” represents superior lobe of the right lung, “IR”

represents inferior lobe of the right lung, “MR” represents middle lobe of the right lung, “SL” represents superior lobe of the

left lung, and “IL” represents inferior lobe of the left lung; (b) fitting of experimental and simulated values in Fig. 7(a), where R*

is the coefficient of determination, * represents P<C0.05 and ** represents P<C0.01; (c) comparison of experimental and

simulated light intensities in 5 lung lobes of a male volunteer; (d) fitting of experimental and simulated values in Fig. 7(c)
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Abstract

Objective Lung disease is a local or systemic disease characterized by pulmonary manifestations. The importance of this organ, the
lung, to the human body cannot be overstated, and a diseased or damaged lung can seriously affect human health. According to the
World Health Organization, global cancer incidence and mortality rates have shown a continuous increase in recent years, with lung
cancer topping the list. With increasing air pollution, a growing smoking and aging population, and the emergence of drug-resistant
pathogens, tuberculosis and pneumoconiosis have become the top two infectious diseases in China, accounting for 90% of
occupational disease cases. The diagnosis and treatment of lung diseases are becoming increasingly important, and many patients with
lung diseases such as lung cancer, severe pneumonia, emphysema, and pulmonary embolism in intensive care units require
noninvasive, continuous, and immediate monitoring. Thus, noninvasive real-time lung monitoring methods are important for the

prevention and treatment of lung diseases.

Methods The VCH slice specimens used in this study were from an adult male that was sliced horizontally at regular intervals in a
standing position. Each slice was a digital color photograph with distinguishable tissues. The lung was divided into five lobe regions
for simulations. Two hundred such images were combined with image processing methods to construct a three-dimensional matrix to
present the entire lung tissue structure. According to the location of the lung lobes, five lung lobe models of 420 voxel X436 voxel X
200 voxel were segmented. The simulation results showed the specific situation of the five lung lobes. Each voxel was a 0.04 cm X
0.04 cm<0.04 cmcube. The Monte Carlo method was used to simulate the migration of light in the lungs. This study used the
MCVM software, which targets 3D voxelized media. In the simulation, the light source was set to an 800 nm point light source, and
the optical properties of 10 tissues were in the near-infrared band at 800 nm. The light source was initially located near the fourth right
rib near the sternum body. Additionally, in a preliminary experiment, light intensity signals were measured in the lungs of 13 young
healthy volunteers. The 13 volunteers included 4 women and 9 men (25-35 years old). During the experiment, the light sources were
placed at the corresponding positions of the five lung lobes in turn. The volunteers’ prothorax detected light intensity at three
locations. The back of the volunteer detected light intensity at two locations. All subjects were asked to lie down quietly and rest for
2-3 min before the measurements to allow their breathing to stabilize. The parameters for the experiment were set based on near-
infrared device applications. The main parameters are the wavelength of the light source and the collection frequency. These
parameters were transmitted to the near-infrared device using bluetooth. Then, the light intensity signals at each position were
collected by the near-infrared device. The parameters collection time was 2 min.

Results and Discussions Based on the VCH lung model (Fig. 1), this study used the Monte Carlo simulation method to
quantitatively analyze the photon migration characteristics in the human lung. The light fluence distribution in the lungs and the
changes in the light fluence intensity indicated that photons could reach the lungs from the light source (Fig. 3). The photon
penetration depth from the skin to the lung was 32-36 mm, while the photon penetration depth in the lung was 6-8.4 mm. The SSD
for the five lobes was 0.0235% —0.0368%. The average photon absorption of five lung lobes was approximately 9% (Fig. 4). The
differences in photon migration in the five lung lobes could be reflected. Additionally, we proposed an optimization plan for the source-
detector distance (Lg,). According to the two path length factors, PPF and DPF, combined with the PPF/DPF index, the L, in the
lungs could be the optimal topological location between 2.8 and 3.6 cm; however, the distance from the superior lobe of the right lung
was 3.3-3.5 cm. Using VCH-based Monte Carlo simulations of human lungs, the optical migration characteristics of the lungs were
quantitatively visualized, the feasibility of noninvasive optical detection of the lungs was proven, and the optimal L, for the optical
detection of the lungs was found. This study performed optimization to determine the important parameter Lg, for optical noninvasive
testing of the lungs. The optimal lung L, was 2.8-3.6 cm, but the optimal spacing of the superior lobe of the right lung was 3. 3-3.5 cm.
Compared to previous studies on the detection of other parts of the human body in the biomedical optics community, the optimal
distance between the lungs was significantly smaller than the optimal distance in other body parts. The optimal spacing for these
different body parts has been reported to be approximately 3 cm. In this case, a greater separation distance did not a better result. On
the contrary, with an increase in the spacing of the source-detector, the energy density of the transmitted photon rapidly decreased,
which seriously affected the quality of the detection signal. The optimal separation preference depended on the detection of light
density and the path length factors, PPF and DPF. In a preliminary lung light intensity experiment, the L, spacing was 2.8 cm,
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which was within the optimal Lg, range for the lung. A better light intensity signal could be obtained by performing detection in the
optimal Lg, range. The experimental data showed that the light intensity values calculated from the detection were much smaller than
the simulated light intensity values [Fig. 7(a) and Fig. 7(c)]. The overall light intensity trend of the five locations indicated a
correlation between the experimental and simulated values with P<<0.05 [Fig. 7(b) and Fig. 7(d)]. This implied that the detected light
intensity signals at the five locations may come from five lung lobes. This further proves the feasibility of the noninvasive optical

detection of human lungs.

Conclusions In summary, this study used Monte Carlo simulations to visualize the propagation of near-infrared light in a VCH
lung model. Photon migration in the lungs was studied. Photon absorption of each lobe was shown to be approximately 9%. The
optimal source-detector distance in the superior lobe of the right lung was found to be 2.8-2.9 cm, while the optimal distance for the
other lung lobes was 3.0-3.6 cm. A preliminary experiment demonstrated the feasibility of optical detection of the lungs. This study
also provided theoretical support for using functional near-infrared spectroscopy for lung detection and a reference for the optimal L.
It is hoped that the results of this study will promote research on lung diseases in the biomedical optics community.

Key words medical optics; near-infrared spectroscopy; Monte Carlo simulation; non-invasive detection; medical optics; lung

monitoring
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