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Abstract. Transported oxygen and blood conditions are measured in medical practice
to determine vital signs of patients fast and accurately. This includes effective detection
of hypoxia or life-threatening medical conditions such as anaemia or respiratory failure.
Most of these diagnostic methods require either physical contact or ex vivo measurements.
These could be disadvantages when examining very young patients or those with dementia
or learning disabilities. Therefore, a non-contact approach would be highly beneficial.
Monte Carlo (MC), methods can be used to simulate how light will propagate through
skin. Monte Carlo Xtreme (MCX) studios and MATLAB were used to run the simulations
determining the effect of varying wavelength, melanin concentration and oxygen saturation
on the peak fluence absorbed by skin with the motivation of deciphering hypoxia markers in
the models. The melanin concentration had no effect on the peak fluence. The wavelength
and oxygen saturation were related with the oxygen saturation being directly proportional.
The distance before contact with the skin was also examined and the scattering increased
to a proportional amount meaning the scale of peak fluence could be adjusted for allowing
non-contact procedures to be possible.

1. Introduction
Pulse oximetry is currently widely used by medical clinicians and patients to accurately
determine oxygen saturation levels and hypoxia. As an examination tool it can be used
to assess the severity of any respiratory illness, such as Chronic Obstructive Pulmonary
Disease (COPD) [1], asthma, bronchiolitis [2] and COVID-19. Within the primary care
setting patients with COPD, use pulse oximeters to determine any deterioration in their
disease. For general practitioners this is a fast way of determining whether any ill patient
may need hospitalisation or can be managed at home [1]. In secondary care it is a vital tool
for the assessment of an ill patient and their oxygen requirement. Unfortunately compliance
can be poor as the device currently needs prolonged finger contact for at least ten seconds
to ensure an accurate reading [3]. Therefore, a non-contact oximeter would be invaluable
in helping patients with self diagnosis in primary care and patient compliance in secondary
care. Biomedical optics is a critical field in simulating and designing medical equipment
which is non-contact. Biomedical optics studies the interaction of light with both natural
and synthesised biological tissues; it has led to imaging technologies such as Diffuse Optical
Imaging (DOI) [4], which is used to image blood oxygenation. These technologies use high
spatial resolution and molecular sensitivity at low costs of operation, which further extend
the usefulness of optics in the diagnosis field. Another benefit is the harmless effect that
light has on the body compared with standard medical procedures such as x-rays and MRIs.
Pulse oximetry is built upon the principle that oxyhaemoglobin (HbO2 ) and deoxyhaemoglobin (Hb) differentially absorb red and near-infrared (IR) light. This is due to
HbO2 and Hb being significantly different when absorbing at red and near-IR light (because these two wavelengths penetrate tissues well and harmlessly, unlike blue, green and
far-IR light, which have much higher absorption coefficients for non-vascular tissues and water) [5]. Pulse oximeters use two wavelengths of light, red at 660nm and near-IR at 940nm,
from a pair of LEDs located in one arm of the finger probe. The light that is transmitted

through the finger is then detected by a photodiode on the opposite arm of the probe, and
by measuring the resultant ratio of light transmittance, the devices estimate the absorption
properties of the blood. Using calibrated curves based on the Beer-Lambert Law to infer
blood composition [6].
A = lc
•
•
•
•

A = The absorbance
 = The molar extinction coefficient
l = The optical path length
c = The concentration of the attenuating species

Haemoglobin is a key protein present primarily within RBCs and is responsible for the
transport of oxygen to tissues. Haemoglobin is composed of two dissimilar chains containing
a ’heme’ group. These are specific amino acid sequences which when combined together
causing a ’heme-heme’ interaction facilitating oxygen uptake. The oxygen uptake leads
to oxygenation of haemoglobin and delivery deoxygenation of haemoglobin. If there is
low oxygen saturation the body adjusts the haemoglobin levels through erythropoiesis
(production of RBCs in the bone marrow) and ensures adequate oxygen supply to the
tissues. This modulation averts tissue hypoxia (lack of oxygen). The symptoms (fatigue,
pale appearance, palpitations and shortness of breath) caused by unhealthy haemoglobin
levels make it hard to diagnose without further examinations such as a blood test.
The symptoms are caused by either a decrease in the production or an increase in
loss/destruction of RBCs, resulting in an overall reduction of haemoglobin in the blood.
As the symptoms are often commonly caused by other medical conditions such as asthma,
most anaemic conditions go undiagnosed until the symptoms are more severe [7].
Purpose-built pulse oximetry is noninvasive and accurate across a full range of clinically
relevant oxygen saturation (SpO2 ) levels and skin tones; however, it requires a standalone
device. The device must also be tightly clasped to a finger for at least ten seconds to
get an accurate reading. This reduces access to SpO2 measurements, particularly among
patients at home or by health care workers in poorer countries. This gap in access to SpO2
measurements has become more prominent during the COVID-19 pandemic, where home
(or out of hospital) monitoring of SpO2 levels has become a valuable tool in determining
the need for clinical care [8]. Therefore, oximeters need to be a widely accessible tool, which
is non-contact to solve practical and compliance issues. The practical problem has been
almost solved by Dr Bowman [9] (and others). They worked together using 3D printers
and standard circuit boards to design more cost-effective oximeters. The equipment is not
medically certified yet. However, it provides a template on how to make a functioning
oximeter easily and leads the way for the future development of optical sensors.
1.1. Methods used before Monte Carlo simulations
Over the last 10 years the radiative transfer equation (RTE) has become the common
equation to use in all applications of biomedical imaging and is currently taken as the
standard solution to light transport in multiple scattering media such as tissue. The
RTE is complex to solve analytically and has to be simplified through approximations and
assumptions for a solution. The RTE only considers the transport of light energy in the
medium, which ignores wave phenomena of light and approximates the scattered fields to
be completely incoherent and largely diffused. The electromagnetic field is hence replaced
with the specific intensity I(r, ŝ, t) and the medium is defined through three parameters: the
absorption coefficient µa , the scattering coefficient µs , and the scattering phase function. In
general, scattering is quantified using the scattering cross-section [10]. For the RTE to be
solved analytically diffusion theory needs to be applied. Diffusion theory has two significant
approximations: The scattering events will be significantly more than the absorption events
and the time for significant change in density is less than the time taken to travel along
the mean free path. These are huge approximations which only apply in mediums with a
high absorption albedo. In astronomy, the absorption albedo measures the ratio of of a non
emitting blackbody to a perfect blackbody. It does this by comparing the diffuse reflection
radiation and the solar radiation. A similar method is adapted for biomedical optics. This
creates a large uncertainty when simulating the interaction of light on skin, especially when
focusing on a pencil beam which is not isotropically radiating.

The Monte Carlo (MC) method is another method used to solve the transport of photons
through biological tissue. MC methods use probabilistic logic of photon patterns when
scattered and absorbed by biological tissue. It is a fast and accurate method of simulating
photon transport, provided that the computers processing power is sufficient. For this
reason, this method is viewed as the best when modelling light transport in tissues.
1.2. Monte Carlo Methods
Due to its flexibility and recent advances in speed, the MC method has been explored in
tissue optics to solve both the forward and inverse problems. In the forward problem, light
distribution is simulated for given optical properties, whereas in the inverse problem, optical
properties are estimated by fitting the light distribution simulated by the MC method to
experimentally measured values [11].
One of the best known MC methods for biomedical optics in multi-layered tissues
(MCMLs) calculates the fraction of photon energy lost due to absorption using the
absorption albedo (a scale of 0-1 defining how much of a perfect absorber the body is).
Scattering events were quantified using polar and azimuthal angles calculated from the
Henyey-Greenstein phase function [12]:
p(θ) =

1
1 − g2
∗
4π [1 + g 2 − 2gcos(θ)] 32

Where: −1 ≤ g ≤ 1 [12], by varying this parameter, the function changes from back
scattering to isotropic scattering and then to forward scattering. The photons are eventually
eliminated when reflected, or transmitted out of the tissue, or when their power drops below
a predefined threshold. Generally, all MC model variants follow the same principles but
can be applied to tissues modelled as two-layers, among others. MC methods have been
used to quantify the interactions between light and blood, skin lesions, breast tumours,
liver tissue and for retinal oximetry [13]. MC methods have been improved by using scaling
and perturbation for the detection of tumour-like heterogeneities and parallel computation
has been used to improve the speed and efficiency of the algorithm. In biomedical
optics, photons are treated as random samples, whereas their absorption, scattering and
transmission after interacting with chromophores and particles are physical processes. The
optical properties of tissues are defined by the refractive index (η), absorption coefficient
(µa ), scattering coefficient (µs ) and anisotropy (g). The absorption coefficient and the
refractive index define the material behaviour, whereas the scattering coefficient and
anisotropy influence the bulk scattering of light at a specific wavelength.
2. Optical simulation of photons in a three layered slab model
Monte Carlo methods are used to solve many data analysis problems by creating many
imitative data sets to test models such as skin. This mock set is built open sampling many
variables against a probability distribution. For any random variable x, there is a probability
density function p(x) that it can be uniformly fitted against over a interval (a,b).
Z

b

p(x) dx

P rob(a≤x≤b) =
a

When simulating photons arriving at the skin we will approximate it is a Poisson pdf, which
assumes the rate of photons is constant and each photon detection is independent [14].

p(r) =

υ r e−υ
r!

The variable that will be changing in this case could be the jump that a photon makes
between two tissues, or if the photon scatters the occurring angle of deflection. When
simulating propagation we choose a value for x, then a pseudo-random number generator
will generate a random variable which will be uniformly distributed over the given interval
[15]. Below shows the computers process for simulating how each photon will interact in
the simulation:

Figure 1. This figure shows the computational process for running Monte Carlo simulations
[15]
3. Using Jupyter Notebook to determine the scattering coefficients at specific
wavelengths
The absorption coefficients in the epidermis layer are epidermis layer are directly
proportional to the wavelength and melanin concentration it is absorbing at that moment.
The absorption coefficient of the epidermis layer is defined with respect to skin without
chromophores and melanin distribution. The relationship between concentration of melanin
and absorption is accounted as a volume fraction factor [16]:
µa.skin = 7.84 ∗ 107 ∗ λ−3.225 [λ : nm]
µa.melanin = 6.6 ∗ 1010 ∗ λ−3.3 [λ : nm]
µa.epidermis = (fmelanin )(µa.melanin ) + (1 − fmelanin )(µa.skin )
The equations shown above are used to calculate the absorption coefficients in Jupyter.
These will determine the optical properties for the epidermis Z layer to simulate how
photons will interact with the epidermis. However calculating the scattering and absorption
coefficients for the dermis is a little more complicated. This is because it is directly related to
oxygen saturation, the volume fraction concentration of blood and the absorption coefficient
of oxygenated and deoxygenated Hemoglobin. The absorption coefficients were taken using
data from a paper by Takatani [17], where similar tissues were used to define the optical
properties consistent with other papers mentioned previously. For the third and final Z layer
the two equations below are used, (γ, has been calculated assuming that the hemoglobin is
constrained to being within the enthrocytes only) [16]:
3.1. Calculating absorption coefficients
γ = Ht ∗ FRBC ∗ FHb
Where:
•
•
•
•

Ht = Hematocrit
FRBC = cell volume fraction of RBCs in the blood.
FHb = volume fraction of hemoglobin in each RBC.
γ is the common factor for variables in the equation below:

µa.dermis = (1 − S)γCblood ∗ µa.Hb (λ) + SγCblood ∗ µHbO2 (λ) + (1 − γCblood )(CH2O ∗ µa.H2O (λ))
+(1 − γCblood )(1 − CH2O ) ∗ µa.skin
Where:
• µa.dermis is the absorption coefficent of the dermis.
• S is the oxygen saturation.
• Cblood is the concentration of blood.
• CH2O is the concentration of water.
• µHbO2 is the absprotion coeffient of deoxyhaemoglobin.
The figures below shows the results of the calculations at each wavelength and melanin
concentration for the epidermis and the absorption coefficients for the dermis at each oxygen
saturation:

Figure 2. Shown above are the
varying absorption coefficients at
each wavelength and melanin concentration. There is a distinct exponential decay in the absorption
coefficients as the wavelength increases.

Figure 3. There is a similar exponential decay tend for the dermis,
however there is a re-peaking in the
absorption coefficients. This causes
the spike at 650nm.

The exponential decay shows that with the increasing wavelength, the absorption coefficients
will decrease. This suggests that the fluence will likely increase as the depth increases.
3.2. Calculating the scattering coefficients
From the Jacques paper the equations below are used to calculate the scattering coefficients:
µs.epidermis = a(

λ
)−b
500 ∗ 10−9

Where:
• a = 68.7 (a scaling factor for the wavelength dependent term (cm−1 )
• b = 1.161 (the scattering power)
• λ = wavelength
µs.dermis = c(
Where:

λ
)−d
500 ∗ 10−9

• c = 45.3 (a scaling factor for the wavelength dependent term (cm−1 )
• d = 1.292 (the scattering power)
Shown in the figure below, are the calculated Reduced Scattering Coefficients which are
then converted with the anistropy into the scattering coefficients:

Figure 4. The calculated reduced scattering coefficients are shown above, (similar to the
absorption coefficients) there is a distinct decay curve with increasing wavelength.
This further shows that the fluence will increase with depth, as it is more focused and has
less spread the deeper the wave will travel into the skin.
4. Results
4.1. Evaluating the varying fluence levels at different wavelengths of light
From the absorption and scattering coefficients it was estimated that the fluence will increase
with depth and this was shown to be true. However the wavelength was not directly
proportional to the fluence but instead fluctuated shown by the figure below:

Figure 5. The fluence as a function of depth at separate wavelengths, is shown above. The
fluence steadily increases until passing through the final z-layer.

The initial increase in fluence with increasing wavelength is caused by the decreasing
absorption coefficients of oxyhaemoglobin and deoxyhaemoglobin. The drop in peak fluence
after 750nm is caused by a re-spiking in the absorption coefficients of oxyhaemoglobin and
deoxyhaemoglobin. Shown below, (sliced down the middle of the x-axis) are the simulated
scattered/absorbed photons at 700nm (on the left) and 900nm (on the right). There is a
significant difference in the scattered and the absorbed photons. In the 900nm simulation
the intensity of the absorbed photons is much more concentrated towards the centre of the
beam, although the spread is higher.

Figure 6. This figure shows the
varying fluence at 700nm. There
is a 1mm layer of air before the
contact with the first layer of skin.

Figure 7. This figure shows the
varying fluence at 900nm. There
are more photons in the outer layers
due to increased scattering and the
fluence is lower in the central layer.

4.2. Evaluating how varying oxygen saturation levels impact the fluence
The oxygen saturation for healthy, unhealthy and anaemic patients as a function of
wavelength, can then be simulated to examine the affect of oxygen saturation on fluence.
As predicted the fluence is directly proportional to the oxygen saturation within the dermis
and the figure below shows the variation in peak fluence:

Figure 8. In the figure above the melanin concentration and wavelength remained constant
and the the oxygen saturation was varied from anaemic patients to healthy patients.
Showing that the fluence will increase the healthier the patient is (higher oxygen saturation
means healthier patient).

Therefore, an accurate way of determining the oxygen saturation in patients is to measure
the fluence. Another discovered benefit is that it is not impacted by whether the oximeter
is contact or non-contact, as the air has little scattering/absorbing affects.
4.3. Evaluating the fluence as a function of melanin concentration

Figure 9. The fluence steadily increases with increasing depth and the melanin
concentration has an almost negligible affect on the peak fluence.
The melanin concentration has little effect on the peak fluence because the melanin pigment
is used to protect the skin from Ultra-violet light and as red to near-infrared light is
simulated/used the skin is not in danger and therefore, the melanin concentration will
not affect the fluence.
4.4. Evaluating whether the fluence is effected by increasing non-contact distance
The fluence was then simulated with an increasing air z-layer (with very low scattering
and absorption coefficients) up to 10mm and the effect on the fluence was simulated. The
scattering before and after absorption increased. However, the overall peak fluence only
slightly decreased. Therefore, the effect of scattering although apparent was not significant,
but will still cause an increased uncertainty in the non-contact oximeters if not accounted
for.
5. Discusssion
Monte Carlo methods were successful in accurately simulating the photon propagation and
once understood, the code was relatively straight forward to use. However, some papers
[18], [19], further studying the effect of prolonged infra-red exposure suggest that it can be
both beneficial (when dealing with hypertension) [19] and harmful (induces RBC membrane
damage) [18]. Monte Carlo simulations will not take into affect these issues as the optical
properties are defined by the skin used at the time and are effected by whether the sample
was washed or bloody etc. Therefore, to improve the realism of the simulations the optical
properties should be defined from multiple skin samples states (bloody, washed, etc). The
exact change in optical properties will need to be identified from running the new simulations
for each of the varying skin samples.
As expected, the fluence gradually increased with depth, until levelling out due to the limits
of penetration. The wavelength was initially predicted to be directly proportional to the
fluence as with a higher wavelength there will be a deeper penetration. However due to the
re-spiking in oxyhaemoglobin and deoxyhaemoglobin absorption coefficients the wavelength
was not directly proportional to the fluence. The oxygen saturation was the only physical
property directly proportional to the fluence as with increasing saturation the peak fluence
increased. The fluence is also directly related to the depth as with a constant wavelength,
melanin concentration and oxygen saturation the fluence increased with increasing depth.

This is caused by near infra-red and red light being differentially related to oxyhaemoglobin
and deoxyhaemoglobin and therefore, the fluence will be rapidly effected by the dermis layer
of skin as the epidermis has no oxygen within it. The melanin concentration was unrelated
to the fluence as predicted. This is because melanin pigment protects the skin from harmful
UV radiation and the radiation simulated and used in oximeters is red - infrared which will
not damage the skin unless it has prolonged (30min) exposure to it [20].
The effect of increasing distance before the skin was also examined up to 12mm before
entering the skin. The scattering of red light increases significantly as the distance to
contact increases and the fluence peaks decrease. However, the peaks appeared to decrease
at a proportional rate. Therefore, the oxygen saturation could still be accurately measured
but would relative to an overall lower fluence. The scattering effect can also be reduced by
using various methods discussed in multiple papers [21], [22]. One of these methods would be
to extract light that has maintained its original polarisation state, by removing orthogonal
polarisation states from the transmitted beam at the sensor. Another method to reduce
the scattering would be to apply spatial filtering removing wavelengths which had changed
due to Rayleigh and Mie scattering [23]. Mie scattering occurs when the particle size is
significantly higher than the wavelength the particle is absorbing, this will occur when the
light is absorbed by the skin [24], then scattered by the significant particle size difference.
Rayleigh scattering will occur when the propagating light is of a similar or slightly smaller
wavelength than the particles it is interacting with (i.e. when infrared light is travelling
through the air) [25]. The main scattering that will impact the optical simulations is Mie
scattering, which is accounted for in the simulations. However, despite Rayleigh scattering
not effecting contact oximeters it will start to affect the fluence reading more when the
distance the wave travels before making contact increases. In the simulation program the
Rayleigh scattering is classed as negligible and Therefore, to truly simulate non-contact this
will need to be factored into the program. The effect of Rayleigh scattering is likely to be
to be small however it will alter the peak fluence altering the oxygen saturation reading if
the non-contact oximeters were not adjusted to account for this effect.
To improve the realism of the simulations the effect of changing temperature in the air and
on the skin needs to be examined. A practical reason for this is that oximeter readings
can vary significantly if the patient has cold hands. Therefore, new optical properties for
skin need to be defined at varying temperatures. For air the optical properties in Rayleigh
scattering with varying temperatures and humidity will also need to examined as this will
impact the scattering before contact with the skin.
Despite a non-contact oximeter being highly beneficial it will need the patient to remain
still for about ten seconds, this could potentially cause compliance difficulties. However, as
it is non-contact the patient compliance issues will likely be a lot less common and with
better processing systems the oximeter scan time will decrease.
Overall, non-contact oximeters will be relatively straight-forward and cost effective to make.
They will highly benefit medical practitioners and patients, in both primary and secondary
care when examining if the patients disease is deteriorating and diagnosing the disease
initially. Further improving the fast diagnosis of serious and life-threatening diseases such
as aneamia, COPD and Covid-19 which could save many lives. However, the processing
power will need to improve to reduce the length of time before accurately measuring the
fluence. This is expected to increase the cost of manufacturing oximeters which will reduce
the accessibility of non-contact oximeters. Therefore, despite being non-contact, future
non-contact oximeters will still have to rely on some patient compliance but will make a
huge improvement in clinical care.
6. Conclusion
Thus, the main way of examining the oxygen saturation is to look at the fluence at a constant
wavelength. This is not impacted by oximeters becoming non-contact as the scattering and
absorption effects of the air can be factored into the measurements. The reduced overall
fluence caused by increased scattering is proportional and measurements can be adjusted
to accommodate the changing oxygen saturation. Non-contact oximeters are therefore very
plausible. In the future, simulations can be made more realistic by factoring in the effects of
temperature and more accurate optical properties of skin, in different states such as being
bloody or washed.
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