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adipose tissue is 1.45[10]. Owing to the different refractive 
indices of various compositions, different events occur. 
Muscle is a typical tissue with strong scattering and 
weak absorption features. When the photon packet col-
lides with muscle tissue boundary, total reflection or 
transmission occurs. If the reflectivity is greater than 
the number x, then total reflection occurs; if reflectivity 
is less than the number x, the photon packet migrates 
out of the boundary. The reflectivity is given by the 
Fresnel formula: 
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where ai is the angle of incidence, which can be calcu-
lated by two straight angle formulas; at is the angle 
of refraction, which can be calculated by Snell’s law. 
When the photon packet transmission occurs at the 
boundary, new coordinate is marked as (e, f). The num-
ber of transmitting photon and the gray level increase 
according to the weight change. As the bone tissue is 
a total reflection tissue, total reflection occurs at the 
boundary of bone tissue. The process of photon packet 
colliding with the boundary is shown in Fig. 3. 

If the photons migrate out of the muscle boundary, 
it is considered as natural extinction. With light weight 
than a certain threshold value wth (in this letter wth = 
0.00001), the photon package will not be further stud-
ied in principle. In order to maintain a constant total 
energy of photon package, the “roulette wheel” method 
is used to determine whether to continue to track the 
photon packet[11,12].

Tracing of migration of the emitted photons from 
the near-infrared light source within the knee has been 
simulated by the MC method, as shown in Fig. 4(a). 
Green dots indicate photons that collide with bone tis-
sue then migrate out of the muscle tissue (CP). Red 

Image 
Processing

Boundary 
Treatment

Begin

Collision Bone Or 
Muscle Boundary

Transmisson Or 
Reflection

Collision 
Boundary?

End

YES

NO

Muscle

Bone

Yes
No

No

Yes

Yes

No

Transmisson

Reflection

Initializing 
Photon

Generate △s

Move Photon

Move One 
Step

Absorb

Scattering

Photon Symmetric 
Boundary Coordinates

Transmisson Photon Increase
Image Color Deepen

Weight Too Small?

Survive Roulette

Last Photon ?

Scattering

Fig. 2. Flow chart for the MC simulation of photon propagation. 

Scattering changes the direction of photon transmission. 
The new transmission direction of photon is determined 
by the cumulative probability distribution of scattering 
angle q. The Henyey Greenstein phase function deter-
mines the probability distribution of the cosine of the 
scattering angle q:
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and the scattering angle q satisfies:
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Optical properties of the knee joint present complexity 
due to differences in the individual, and parameters of 
optical properties among various components are differ-
ent. In mammals, the refractive index lies in the range 
of 1.37–1.39 (except fat), and the refractive index of 

Fig. 3. Process of photon packet colliding with the boundary. 
R1 and R2 represent the nearest boundary points. The intersec-
tion (e, f) can be calculated, which is the point at which the 
photon packet meets the interface while moving along the cur-
rent direction. Then, the symmetry point (x′, y′), which is out 
of the bound point (x2, y2) about the boundary line (R1 – R2), 
is considered as the new coordinate point (photon symmetric 
boundary coordinate). The process mentioned above is repeat-
ed when the photon packet arrives at the boundary again.
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From Fig. 5(c), it can be seen that the part with an 
ideal SNR is in the range of 50–100 pixels in the X-
axis, where the proportion is higher than the other 
place. These results are consistent with the qualitative 
analysis results. It is a theoretical basis for the detector 
to be placed, which will be more conducive to early 
detection of KOA.

Although the mechanism of interaction of light with 
the knee joint is very complex, the results simulated 
by the MC method are ideal. Either from the qualita-
tive or quantitative perspective of analysis, the detector 
should be placed in that position: their conclusions are 
consistent. We consider more components of knee to 
simulate photon migration by the MC method in the 
future. And then, various structural shapes of optical 
inspection systems can be designed to place in the suit-
able position.

This work was supported by the National Natural 
Science Foundation of China (No. 61172046) and the 
Natural Science Foundation of Fujian Province of Chi-
na (No. 2011J01363).

References
  1. �D. Chamberland, Y. B. Jiang, and X. D. Wang, Integr. Biol. 2, 

(2010).
  2. �J. Y. Xiao, “Quantitative photoacoustic tomography and its appli-

cation to the diagnosis of osteoarthritis,” PhD. Thesis (University 
of Central South University, 2011).

  
	 (a)				    (b)

 
	 (c)				    (d)

Fig. 4. (a) Migration trace of photons; (b) intensity distribu-
tion of photons; (c) distribution fitting curve of photons; and 
(d) intensity distribution of photons of part and right parts. 
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(c)
Fig. 5. (a) Number distribution curve of photons which migrate 
out of the muscle tissue weight; (b) number distribution curve 
of photons which collide with bone tissue then migrate out of 
the muscle tissue; (c) proportion of photons which collide with 
bone tissue then migrate out of the muscle tissue and photons 
migrate out of muscle tissue. The proportion is the highest 
within the range of 50–100 pixels of the X-axis. 

dots indicate the photons that directly migrate out  
of the muscle tissue (DP). Most of the photons migrate 
out of the knee joint from the incident direction. These 
photons are of two types: CP and DP. The focus here 
is to detect CP. Photons that collide with bone tissue 
are considered as a signal, and the others are noise. 
The intensity distribution of 1000000 photons from 
light source is expressed by RGB color, as shown in 
Fig.  4(b). The deeper the red, heavier the weight of 
photons that collide with bone tissue then migrate out 
of the muscle tissue; the deeper the green, heavier the 
weight of photons that migrate out of the muscle tis-
sue. Results show that only a small amount of the pho-
tons are detected after being absorbed and scattered by 
the knee joint. The detected photons of significance are 
less, which mainly concentrate in two portions S1 and 
S2, as shown in Fig. 4(b). The meaningful reflectance 
photons are relatively small. There are only two ways 
to make up: increasing light source photon injection 
and locating the detector at the optimal position at 
which more photons can be received. The fitting curve 
of distribution of photons is shown in Fig. 4(c). Inten-
sity distribution of photons of left and right parts is 
shown in Fig. 4(d). The longer the distance from the 
center position, the fewer photons.

With the above analysis, we can roughly obtain posi-
tions S1 and S2. For analyzing the signal-to-noise ratio 
(SNR) to determine the accurate position of the detec-
tor, we performed quantitative evaluations of distribu-
tion of photons, as well as qualitative assessments of 
the distribution of photons. The proportion of CP to 
DP from left side of knee is shown in Fig. 5.
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