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Abstract—To support the design of optoelectronic systems
using NIRS (Near-Infrared Spectroscopy), we have enhanced and
evaluated an open-source software that uses the Monte-Carlo
simulation method to model photon propagation in biological
tissues. These enhancements enable accurate estimation of the
MOP (Mean Optical Path) and penetration depth of incident
light, offering researchers tools to simulate and analyze light
behavior in biological tissues. We validated these improvements
by applying them to both single-layer and multi-layer tissues.
The software now features a crucial function to calculate the
transmission and reflection rates based on the area and position
of the photodetection zone. Validation results indicated that the
relative error between the calculated and theoretical transmis-
sion and reflection rates was within acceptable limits. These
enhancements significantly enhance the software’s practicality,
aiding researchers in better understanding and utilizing NIRS
technology. Thus, simulations of human ankle tissue with the
upgraded software confirmed the enhancements’ effectiveness
through MOP analysis that photons reached the ligament layer.

Index Terms—MCML, Monte-Carlo, MOP, NIRS

I. INTRODUCTION

Optical spectroscopy is a discipline of physics that involves
analyzing the electromagnetic spectrum of a more or less
complex body over a certain range of wavelengths. It is widely
used in both research and industry. In biomedical applications,
the visible and near-infrared regions are of growing interest,
particularly in the context of embedded health systems [1, 2].
This is often referred to as optoelectronic systems for NIRS
(Near-Infrared Spectroscopy) [3].

To date, the development of such systems is still largely
empirical [4, 5]. As NIRS is gradually becoming more widely
used in medical equipment, knowing only the reflectance and
transmittance of different materials is no longer sufficient for
specific use cases, such as in fNIRS (functional NIRS) imaging
[6], cerebral oximetry monitoring, spinal oximetry, etc. Indeed,
it is essential to ensure that the light penetrates through the
superficial skin and reaches the target tissue layers in order to
obtain accurate information. Therefore, to effectively design
a NIRS device tailored to the intended application, it is
essential to have an appropriate simulation tool, particularly

for modeling the optical path of light and its penetration depth
in biological tissues.

In this paper, we begin with a brief introduction of the refer-
ence open-source software, MCML, that we used in our study.
We then discuss the motivations behind our modifications. An
important parameter, the DPF (Differential Pathlength Factor),
is used to describe the MOP (Mean Optical Path) and through
it, the propagation depth of light. Following the enhancements
made to MCML, we conduct three case studies to validate our
work. The relevant source codes can be found in [7].

II. MODELING METHOD

A. Presentation of MCML

MCML is an open-source software for steady-state optical
simulation in biological media, defined as semi-infinite layered
structures [8, 9]. Developed in the 1990s, it has been adapted
and enhanced by numerous teams [9–11].

To simulate photon migration in these multilayered media,
each light propagation medium must be characterized by four
macroscopic optical parameters, defined at a wavelength λi:

• µa, the absorption coefficient;
• µs, the scattering coefficient;
• g, the anisotropy coefficient, with µ′

s = (1− g)µs;
• n, the refractive index.
This stochastic method involves dividing the incident light

into photon packets, specified by their weight and position
in space. Upon generation, these photons undergo various
random events (absorption, scattering, propagation and reflec-
tion) that alter their weight and position with each iteration.
MCML is capable of performing multiple iterative analyses
sequentially for a given wavelength λi, thereby simulating the
behavior of photons.

The accuracy of the results is proportional to 1√
Nph_tot

,

where Nph_tot the total number of emitted photons, and it
is highly dependent on the choice of photon step size during
the process. This average free path Li, between the meshing
dimensions of biological tissue, typically ranges from 10 to
1000µm within NIRS spectrum and is approximated by [9]:



Fig. 1: Distribution of optical paths in reflection (a) and transmission (b) for a layer of human hypodermis

Li = − ln(ξi)

µa + µs
(1)

where ξ is a pseudo-random number with 0 < ξ < 1.

B. Contributions and additional features to MCML

Before developing a design tool for NIRS systems, we tested
software like MCmatlab and Monte-Carlo eXtreme [9, 12, 13].
However, these either failed to display complete photon paths
or were too complex to meet our requirements, prompting us
to implement specific improvements to MCML.

In its original version, the concept of a photodetection is not
included. Therefore, two rectangular photodiodes, adjustable
in both position and dimensions, have been added. One
detection zone is positioned in the same plane as the emitting
source (z = 0) to detect photons reflected by the medium.
The other detection zone is placed on the opposite side of
the medium (z = Zmax), capturing photons that pass through
the medium. In addition to allowing the source position to
be adjustable, we have added the capability for Gaussian and
uniform spatial distributions.

The MOP is an important parameter in the modified Beer-
Lambert law [4, 14], via the DPF. In practice, this parameter
is difficult to obtain and is often used as an adjustment
parameter. Therefore, having a more scientifically accurate
value is beneficial. It is calculated as the average of the optical
paths of all Nph photons received by the photodetector:

MOP =
1

Nph

Nph∑
j=1

OPj (2)

where the optical path length for photon j, denoted as OPj ,
is calculated as follows [15]:

OPj =

N∑
i=1

Li (3)

with N , the total number of iterations for one photon.
The photon penetration depth is also a fundamental parame-

ter. It allows for the judicious selection of wavelengths and the
definition of the optimal distance between emitter and receiver
in reflection mode for a chosen λi.

The original version of MCML calculates the reflection
factor, R, and the transmission factor, T, over the entire top
(z = 0) and bottom (z = Zmax) surfaces using the following
equation:

R or T =
1

ωiNph_tot

Nph_X∑
j=1

ω0j (4)

where:

• ωi, the initial weight of the photon;
• Nph_tot, the number of photons emitted by the light

source;
• ω0j , the weight of the jth photon when it leaves the

medium;
• Nph_X , the number of photons exiting from the top of

the tissue with X = R or the bottom with X = T .

By integrating photodetection into the MCML, we quan-
tified the number of photons received by the photodiodes,
allowing us to refine the original calculation method.



Fig. 2: Simulation results of ankle tissue at 1300nm

As expressed in equation (5), R and T could be calculated
by determining the ratio of the number of photons detected by
the photodiode in each mode to the total number of photons.

R or T =
1

ωiNph_tot

Nph∑
j=1

ω0j (5)

III. RESULTS AND VALIDATION

A. Analysis of a single-layer

Initially, a single layer of human hypodermis with a thick-
ness Zmax = 1cm is examined for λi = 1300nm.

We selected this wavelength because the current data on the
optical parameters of ligaments at this wavelength is the most
comprehensive available, providing a crucial reference for our
upcoming experiments [16].

For the simulation, the optical parameters used for this
medium one mentioned in Table II, and sourced from [16].
Fig. 1(a) shows the reflection mode simulation results for
Nph_tot = 2 × 106 photons and an elementary distance
Li of 10µm. The light source is a point source located
at (x, y, z) = (0.8cm, 0.2cm, 0cm). The photodiode, which
is a square with a side length of 0.5mm, is positioned at
(x, y, z) = (1.2cm, 0.2cm, 0cm). Fig. 1(b) shows the trans-
mission mode simulation results under the same conditions.

By examining the reflection mode simulation results, we
observe that the photons emitted and detected by the photo-
diode penetrate to a maximum depth of approximately 0.6cm,
with an average penetration depth of around 0.28cm. The

theoretical value, defined by the equation (6) [8], is 0.32cm,
resulting in a relative error of 12.5%.

δ =
1√

3µa(µa + µs(1− g))
(6)

The transmission factor, calculated as follows, gives us
a theoretical value of 0.44%, compared to 0.52% in the
simulation, resulting in a relative error of 18%.

It is crucial to emphasize that these errors are acceptable
within the framework of a Monte-Carlo simulation for a
stochastic process, particularly with a high µ′

s [9, 17, 18].

B. Analysis of transmittance in a non-scattering medium

In order to further validate this update, we set the scattering
coefficient µs of the hypodermis tissue to zero during the simu-
lation, creating an ideal non-scattering medium, and performed
several simulations by varying the absorption coefficient µa

from 0.5cm−1 to 3cm−1.
The theoretical value of the transmission coefficient can be

calculated using the following equation:

Tth = e−(µa+µ′
s)d × 100% (7)

where d represents the tissue thickness.
As shown in Table I, the relative error remained below 5%,

indicating satisfactory results for this update.



Absorption Simulated Theoretical Relative
coefficient (cm−1) value (%) value (%) error (%)

0.5 74.16 77.88 4.78
1.0 57.80 60.65 4.70
1.5 45.12 47.23 4.72
2.0 35.02 36.78 4.79
2.5 27.27 28.65 4.82
3.0 21.30 22.31 4.53

TABLE I: Comparison of simulated and theoretical values

C. Analysis of a multi-layer in reflection

The study object is an ankle, consisting of tissues as defined
in Table II [16] with g = 0.9 and n = 1.37 for all elements.

We simulated human ankle tissue under the same reflection
mode conditions as previously described, with the results
shown in Fig. 2.

The simulation demonstrates that photons emitted from the
source reached the ligament tissue and then reflected back to
the receiver. At the end of the simulation, it was observed
that the photon penetration depth was approximately 0.45cm,
with an optimal distance between the emitter and receiver of
0.4cm. This allows us to target the ligaments, which are the
tissues we aim to assess in the context of ligament repair. The
detailed research process can be found in [19].

Layer d (cm) µa (cm−1) µs (cm−1)
Epidermis 0.025 0.71 25.70

Dermis 0.12 1.19 16.20
Hyperdermis 0.20 1.05 15.80

Ligament 0.22 0.70 16.50

TABLE II: Optical parameters of simulated tissues at 1300nm

IV. CONCLUSION

Several enhancements have been made to the reference
software MCML, resulting in a robust simulation tool for
designing the optoelectronic components of NIRS systems.
This tool facilitates the optimization of wavelength selection
and the positioning of optical emitters and receivers based on
the tissues to be monitored. Estimating MOP is also a crucial
aspect for applying the modified Beer-Lambert law.

Improvements are being made in an ongoing project, with
automatic identification of MOP in tissues and envelopment
of propagation paths, as well as a useful GUI (Graphical User
Interface) to be added to the final version. These enhancements
will allow for the calculation of light propagation depth in
biological tissues using advanced algorithms, providing signif-
icant reference value for actual measurements. Additionally,
efforts will be made to accelerate the simulation process,
which is currently not optimized, with the ultimate goal of
integrating the tool into a co-design environment.
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