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The extent to which transdermal light sources illuminate the uterine environment is unknown. 
Recent work indicates the human fetus responds to external visual stimuli, such as laser diodes, and 
initial modeling suggests the fetus may not develop in a completely dark environment as previously 
assumed. Development of the human visual system begins within the womb, and there is motivation 
in fields such as developmental psychology, transabdominal oximetry, and photoacoustics to explore 
the extent to which light penetrates maternal abdominal tissue and understand how transdermal 
stimuli appear to the fetus. We develop and adapt a Monte Carlo model utilising third trimester 
histological properties of maternal tissue to simulate transdermal monochromatic collimated light 
sources, with particular focus on the 650 nm wavelength used in experimental applications. We 
determine approximate levels of third trimester uterine illumination from such stimuli, ranging from 
being comparable to an overcast night to a full moon in clear conditions. We further discuss the scope 
for multiple stimuli to be visibly distinct in utero for experimental applications. This modeling provides 
quantitative guidance on the interactions between transdermal monochromatic collimated source 
laser diode stimuli and maternal tissue to practitioners and researchers in the fields of fetal vision, 
ultrasound, and developmental psychology.

Little is known about how the human fetus engages with the visual world. Several studies have shown evidence 
of fetal sensory stimulation in the uterus through auditory or olfactory stimuli1,2, yet the presence of uterine 
visual stimulation from external light sources has been consistently assumed as either absent or negligible3. 
Historically, circumstances allowing for illumination of the uterus were suggested to be limited to cases where 
the maternal abdomen was exposed directly to a powerful light source4. Accordingly, research in the field of 
fetal visual development has been limited, though some experimental work has suggested there is sufficient light 
entering the uterine environment of pigs and guinea pigs to allow for fetal visual stimulation5.

More recently, work exploring the human visual experience prior to birth utilized quantitative modeling 
to assess the visual environment for the human fetus during the final two months of gestation, with results 
indicating many fetuses may develop in conditions providing sufficient illumination of the uterine cavity for 
visual experience6. This finding renewed experimental research interest in fetal visual development, with later 
studies presenting diode light sources to the fetus through the maternal abdomen and concluding that fetuses 
show a preference for face-like stimuli7.

Subsequent research found that uterine light is essential for the typical formation of the eye in mice8. This 
raised the question of whether light was required for all mammalian visual systems during gestation. As it is 
not ethically appropriate to conduct experiments with humans where the visual system may become impaired, 
further work explored the impact of naturalistic variation in average day length (hence, natural light exposure) 
during early human gestation and the associated visual outcomes for infants9. Findings suggested that there may 
be impacts to the human visual system from the number of daylight hours.

It is clear that the development of research within the field of fetal vision, combined with our growing 
knowledge of the uterine visual environment, has indicated the need for targeted research into the levels of light 
stimuli present within the human uterus across gestation. More generally, such research provides benefit to those 
working in transabdominal oximetry and photoacoustics through a greater understanding of the effects of tissue 
components on transdermal light and how stimuli might present to the fetus.
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To our knowledge, modeling of light that reaches the human fetus has been limited to four previous forms 
of approach.

First, perturbation methods have been used to model photon transport through the fetus (a prominent 
example models transport through the brain10); however, researchers in these areas are typically not concerned 
with uterine illumination or stimuli appearance to the fetus — both of interest in developmental psychology.

Second, general illumination of the uterine cavity has been modeled by measuring light transmission 
through biological tissue samples and estimating a regression equation6. This approach demonstrated that the 
uterus may be an environment allowing for visual experience under certain conditions, though the method 
lacked flexibility and offered only an isolated snapshot of the conditions measured with the tissue samples. Any 
variation in optical tissue properties such as absorption or scattering coefficients would impact the physical 
processes occurring during light propagation and cause results to deviate from the model’s predictions. More 
thorough modeling is hence needed to develop this work.

Third, in response to claims of fetal preference for face-like stimuli in the womb7, outputs from Monte Carlo 
(MC) simulations were used to demonstrate the apparent difficulty for the fetus in distinguishing the presented 
stimuli11. This approach explicitly modeled the appearance of transdermal stimuli to the fetus; however, one 
drawback was the limited application and investigation of the work (though this was not the overall intention 
of the paper). The authors employed a single instance of a one-layer tissue model and the maternal abdominal 
tissue was assumed to be homogeneous. In reality, maternal tissue is composed of multiple constituent layers 
— each with different optical properties — and the assumption of a homogeneous medium may omit impacts 
due to the varying nature of the tissue across layers. The field would benefit from a deeper investigation of these 
impacts and the extent to which transdermal stimuli may be used in future fetal visual development studies.

Fourth, in transabdominal fetal monitoring (and similar fields), computational modeling has been employed 
to simulate light transport to the fetus for observation of fetal wellbeing. For example, various efforts have been 
made in fetal pulse oximetry to model light transport in maternal tissue; recently, MC simulations were used to 
determine the effect of amniotic fluid on recovering fetal signals through the maternal abdomen12. In this work, 
researchers utilize a three-layer maternal tissue model and vary the subdermal layer, though their focus (and 
that of others in these fields) is on aspects not directly related to our interests. Such works also typically explore 
signals at wavelengths outside the range of those used in experimental fetal vision research, where studies focus 
on wavelengths that can be perceived by the fetal eye as estimated by newborn capacities.

Further, fetal visual development research currently focuses on the third trimester of pregnancy due to the 
late development of the fetal eye, with previous research showing the fetal brain responds to light during the third 
trimester13 and the fetus moves its eyes at 34 weeks in response to the introduction of transdermal light stimuli on 
the mother’s abdomen14. Hence, in order to further inform and develop these experimental applications, model 
parameters need to be relevant to this stage of pregnancy. No previous research addresses this consideration 
when modeling how transdermal stimuli appear to the fetus or the levels of uterine illuminance provided.

Inspection of the basic component layers of maternal abdominal tissue (skin, adipose, muscle, and uterus) 
highlights the primary motivation of this research. From empirical studies15–17, the layer that generally exhibits 
the greatest thickness and variation in thickness across individuals in their third trimester of pregnancy is adipose 
tissue. In addition, adipose is the layer which generally has the most profound impact on the propagation of light 
to the womb. This can be seen by inspection of the optical properties sourced from literature in Tables 1–3. It 
is clear that adipose tissue is highly photon-absorbing relative to most other tissue layers, thus more heavily 
diminishing the levels of light reaching the womb. Similarly, average layer thicknesses taken from empirical 
studies show adipose tissue thickness in pregnant women to typically vary from 1.0 cm to 2.0 cm. In combination 
with the highly photon-absorbing nature of this tissue, the implication is that adipose plays an important role in 
determining the levels of light reaching the fetus, and a large amount of uterine light variation across individuals 
is influenced by variations in adipose tissue.

In order to model the amount of light that reaches a human fetus from the application of monochromatic 
collimated source stimuli to the exterior maternal abdomen, we present a computational model developed in 
C17 standard C that implements a direct particle simulation MC approach to simulate light transport through 
dynamically dispersive tissue. The model incorporates five layers, with four representing the maternal tissues 
and one representing the amniotic fluid. All simulations have been run with at least 12 billion photon packets 
to reduce noise and generate appropriate statistical accuracy. We adjust the model’s adipose layer by varying its 

nm Skin24,25 Adipose25,26 Muscle27 Uterus28,29 Am. Fluid30

400 3.76 3.90 8.00 1.64 0.0002

450 2.50 2.00 5.67 1.26 0.0004

500 1.19 1.30 4.00 0.95 0.0005

550 1.25 1.40 2.65 0.70 0.0008

600 0.69 0.90 1.70 0.50 0.003

650 0.14 0.70 1.20 0.35 0.003

700 0.48 0.60 0.48 0.20 0.006

Table 1.  Absorption coefficients, µa [cm−1], used in Monte Carlo simulations for each wavelength (listed 
as, and measured in, nm) and medium. Emphasis is placed on using values relevant to women in the third 
trimester of pregnancy (or those that most accurately represent this situation).
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thickness, which addresses two aspects of pregnancy. First, across gestation, the structure of maternal abdominal 
tissue changes in response to the growing size of the fetus — i.e., there is a temporal aspect to consider when 
determining the illumination of the uterus. Adjusting the thickness of the adipose layer is a simple manner 
through which to initially explore this evolution. Second, this gives an insight into how body fat indicators 
may affect the illumination of the womb. For example, mothers with higher BMI values might be expected to 
have greater adipose tissue thickness, while the converse may be expected for mothers with lower BMI values. 
Consequently, these simulations highlight the extent to which uterine illumination levels from direct collimated 
source stimuli vary across the population with respect to such measures.

We further explore an application to a problem faced by developmental psychologists. As this field seeks to 
display distinct light sources to the fetus (such as moving two separate monochromatic collimated source light 
stimuli towards one another along the maternal abdomen exterior during presentation to the fetus), constraints 
require that the light sources, as viewed by the fetus, remain visibly distinct from one another — i.e., minimal 
stimuli merging visible to the fetal eye, and with a reduced concern for whether the original shape remains 
distinct (in contrast to earlier fetal visual work7). One of the things we are interested in exploring, then, is the 
point at which two such stimuli cease to become notably distinct from each other, with conclusions from this 
work being used to inform experimental design in future research.

Thus, in this paper, we aim to answer the following questions: (a) Is there a wavelength (or range of wavelengths) 
that increase likelihood of fetal visibility? (b) To what extent does such a transdermal monochromatic collimated 
light source catered toward fetal visual perceptual parameters illuminate the uterine environment? (c) How 
might this stimuli present to the fetus? (d) How are these quantities affected by variation in adipose tissue? (e) 
To what extent does the horizontal separation distance along the maternal abdomen of multiple transdermal 
monochromatic collimated source stimuli affect how readily discernible the images are for the fetus?

Methodology
We use MC computational modeling to simulate the propagation of light from directed transdermal 
monochromatic collimated source stimuli through the abdominal tissue of a pregnant woman. No human 
tissues or samples were involved in this study. Consideration was given to use of the diffusion approximation in 
modeling; however, its validity is typically limited to situations where the light has been highly scattered18 or the 
probability of scattering events is much greater than that of absorption events19. With the inclusion of amniotic 
fluid in our models, the diffusion approximation becomes relatively inaccurate when compared to methods 
such as MC modeling. Similarly, existing applications such as NIRFAST20,21, which are dependent on diffusion 
approximations, may become less effective for our intended uses in modeling maternal tissue environments. This 

nm Skin24,25 Adipose25,26 Muscle31 Uterus28,29 Am. Fluid

400 626.94 178.66 146.43 180.00 1.00†

450 460.46 165.00 129.48 171.40 1.00

500 363.80 153.51 115.98 163.00 1.00

550 304.11 144.00 104.98 152.60 1.00

600 265.29 135.61 95.86 141.00 1.00

650 90.08 128.43 88.17 137.00 1.00

700 220.21 122.00 81.60 113.00 1.00

Table 2.  Scattering coefficients, µs [cm−1], used in Monte Carlo simulations for each wavelength (listed as, and 
measured in, nm) and medium. Emphasis is placed on using values relevant to women in the third trimester of 
pregnancy (or those that most accurately represent this situation). † Assumed for all wavelengths. Researchers 
have used this value in MC simulations for longer wavelengths in the visible spectrum12, though modeling of 
shorter wavelengths in amniotic fluid is limited.

 

Skin Adipose Muscle Uterus Am. Fluid

g 0.90† 0.90 0.90 0.90 0.9911

n 1.40† 1.40 1.40 1.40 1.3511

t 0.2024¶ 1.00-2.5015–17§ 0.4832 0.6033¶ 25.00*

Table 3.  Optical anisotropies (g), refractive indices (n), and tissue thicknesses (t [cm]) used in Monte 
Carlo simulations for each medium across every wavelength. All values are sourced directly from literature 
where possible, though it is noted when an approximation has been made. Emphasis is placed on using 
values relevant to women in the third trimester of pregnancy (or those that most accurately represent this 
situation). † These values are used for all tissue layers.  They are commonly found within ranges seen in 
literature.11,24,25,27,34. § This range also covers a large component of that seen in our experimental work. ¶ These 
values have been slightly altered to fit our voxel gridding. ∗ Chosen to provide a large packet propagation area.
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can be further reasoned due to our close source proximity to the region of interest and the use of wavelengths 
outside the near-infrared wavelength range.

All simulations are ideally completed with model parameters relevant to the third trimester of pregnancy, 
as this is the optimum period for studying the development of the fetal eye via directed light stimuli. Hence, 
we have attempted to ensure optical parameters and layer thicknesses are derived from empirical data based on 
pregnant women at this stage of gestation. For certain aspects, however, the literature is not yet detailed enough 
to enable a definitive restriction of model parameters to any specific temporal stage of pregnancy. Consequently, 
though we attempt to limit used parameters to those found from third trimester pregnancies, some values are 
taken from the general population where appropriate data is unavailable. In cases where general population data 
is unavailable, values have been approximated from those available in the literature.

To run the simulations, we developed a computational model written in C17 standard C that follows a similar 
algorithm to that employed by the prominent Monte Carlo for Multi-Layered media (MCML)22 model to run 
direct particle MC simulations. The primary reason for developing our own model was to incorporate aspects for 
computational efficiency such as Message Passing Interface (MPI) and to allow for streamlined customization 
related to our research group’s applications in future work.

Our environmental model for this work is split into five layers: four representing the maternal tissues and 
one representing the amniotic fluid. Future experimental investigations by our group will deliver laser diode 
lights direct to the mother’s skin, and the wavelength to be employed is 650 nm. This wavelength has been 
used in prior experimental work7,13 and is chosen due to both its large tissue penetration depth (relative to 
shorter wavelengths) and its visibility to the human eye, which typically detects light in the range of 380 to 750 
nm23. To demonstrate the benefit in terms of penetration depth for 650 nm, we simulate several monochromatic 
collimated light sources at wavelengths across this range, for which we have identified and incorporated relevant 
layer-dependent optical properties. The following wavelengths will be considered: 400 nm, 450 nm, 500 nm, 550 
nm, 600 nm, 650 nm, and 700 nm. Optical parameters for these wavelengths are listed in Tables 1–3.

Lastly, to replicate the differences in tissue structure across individuals, we adjust the thickness of adipose 
tissue used in the model — the simulations use adipose thicknesses of 1.0 cm, 1.5 cm, 2.0 cm, and 2.5 cm. All 
other parameters are held constant.

The Monte Carlo model
The model follows a similar algorithm to that of MCML22. An input file describing the layers, their parameters, 
the beam, and several further simulation variables is read and a voxellated tissue region is generated to match the 
tissue’s physical description. This allows for simple manipulation of the tissue to account for its heterogeneous 
nature. Hence, this voxellated approach is chosen to allow for future adaptation of the model to account for 
heterogeneity across the tissue of individuals. This will also enable the delivery of a consistent light source at the 
individual level for future experimental studies.

Photons are launched as packets with random, medium-specific path lengths and their propagation 
through to a tissue interaction site is simulated. The source is set as a single collimated photon beam launched 
orthogonally into the tissue at its surface. As the stimuli used in our wider research group’s physical experiments 
has an incident beam diameter of 1.6 mm, we initiate the simulated source with a beam diameter of 1.6 mm, 
with photons randomly distributed across this region at launch. This size is typical of laser diodes for these 
applications. We use the Henyey-Greenstein35 phase function to model the distribution of deflection angles in 
scattering:

	
p(θ) = 1

4π

1 − g2

(1 + g2 − 2g cos(θ))
3
2

,� (1)

while the azimuthal angle is sampled from a uniform distribution across the interval 0 to 2π. If the step of a 
packet will cross a boundary between tissue sublayers, transmission is determined by comparing a random 
number to the internal reflectance as computed by the Fresnel equations36:

	
r⊥ = − sin(θi − θt)

sin(θi + θt)
� (2)

	
t⊥ = + 2 sin(θt) cos(θi)

sin(θi + θt)
� (3)

	
r∥ = + tan(θi − θt)

tan(θi + θt)
� (4)

	
t∥ = + 2 sin(θt) cos(θi)

sin(θi + θt) cos(θi − θt)
. � (5)

This is a common method employed in MC models (for example, see MCML22). In short, the above equations 
can be manipulated to give the local reflectance37:

	
Ri(θi) = 1

2

(
sin2(θi − θt)
sin2(θi + θt)

+ tan2(θi − θt)
tan2(θi + θt)

)
,� (6)
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where θ represents the angle of incidence or transmission depending on the subscript.

For the MC method, a pseudorandom number is generated and compared with Ri(θi) to decide whether 
the photon packet is reflected or transmitted. If the packet is internally reflected, its trajectory component 
perpendicular to the surface is reversed and it continues propagation in the current layer. If the packet is 
transmitted, its direction is updated according to the new layer’s parameters and its propagation continues. This 
process repeats until the packet’s weight reaches a predetermined lower bound and its termination is handled 
by a roulette process38:

	
W1 =

{
kW0 if ξ ≤ 1

k

0 if ξ > 1
k

,
� (7)

where k is typically chosen as 1039, W0 is the photon’s current weight, W1 is the updated weight, and ξ is a 
pseudorandom number in the interval [0, 1].

Fig. 2.  Cross-sections of relative fluence rate (i.e., relative intensity, or watts of power incident per cm2 per 
watt delivered) in the r-z plane for three select single beams of differing wavelength incident at the surface of 
the maternal abdominal skin. Note values are presented in base-10 logarithmic scale and the geometry is here 
presented in cylindrical coordinates.

 

Fig. 1.  Geometry of the layered tissue model used in our Monte Carlo simulations. Layer A is skin, Layer B is 
adipose, Layer C is muscle, Layer D is uterus, and Layer E is amniotic fluid.
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The procedures are looped through until all packets have been simulated to their completion. At this stage, 
output data is written to a file which is read into Matlab scripts to generate images. For our later inspection of 
multiple beams, as the system used in these simulations is linear and invariant, we may simply shift the beam 
horizontally and sum the two response grids40. This component of the research is also handled by Matlab scripts 
before generating outputs.

To improve the model’s computational efficiency, we incorporate parallel processing of photon trajectories. 
This is accomplished through use of the MPI standard, allowing faster processing of the 12 billion packages 
simulated per run. Data generated was benchmarked during model development against that produced by 
established models (such as MCML22) and found to be in good agreement. All simulations were conducted with 
0.04 cm voxels.

Tissue model
We employ a four-layer tissue model for our simulations, consisting of skin, adipose, muscle, and uterus. Below 
the uterus layer is amniotic fluid. A z-plane cross-section of the tissue model used in our simulations is shown 
in Figure 1. Optical parameters for each layer are sourced for wavelengths at 50 nm increments across the visible 
spectrum. These are shown in Tables 1–3.

Fig. 4.  Cross-sections of relative fluence rate (i.e., relative intensity, or watts of power incident per cm2 per watt 
delivered) in the r-z plane for a single beam incident at the surface of the maternal abdominal skin, for varying 
adipose thicknesses. Dashed white lines represent layer boundaries outlined in Table 3. Values are presented in 
base-10 logarithmic scale and the geometry is in cylindrical coordinates.

 

Fig. 3.  Relative fluence rate (i.e., relative intensity, or watts of power incident per cm2 per watt delivered) at the 
fetal detection layer for the seven wavelengths simulated.
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The experimental side of this research requires the stage of fetal visual development to be sufficiently 
advanced enough to detect stimuli. Therefore, presentation of the laser diodes occurs during the third trimester 
of pregnancy and this needs to be accounted for in the tissue layer geometry. We have taken layer thickness 
values from empirical studies and these are shown in Table 3.

Results
Initial MC simulations model a single monochromatic beam’s propagation through the tissue model. As we 
intend to use 650 nm stimuli in future experimental applications due to their visibility for the human eye 
and increased penetration depth in comparison to lower wavelength stimuli, we first simulate individual 
monochromatic collimated light sources at uniformly distributed wavelengths across the visible spectrum to 
demonstrate the improved penetration depth for 650 nm stimuli in maternal tissue.

Figure 2 shows cross-sections in the r-z plane of the relative fluence rate (i.e., relative intensity, or watts of 
power incident per cm2 per watt delivered41) on a base-10 logarithmic scale for three select single beams in the 
range of 400 nm to 700 nm. For emphasis in these outputs, we have included a pseudo-fetal layer 1.0 cm below 
the tissue-fluid interface. In practice, the pseudo-fetal layer is not actually part of the tissue model — rather, it 
essentially acts as a detector layer to capture the residual energy carried by any photon packets which reach the 
simulated fetal depth, and this serves to provide an estimate on the energy reaching the fetus from light sources. 
Note all wavelengths are incident perpendicular to the surface of the maternal abdominal skin, the geometry is 
presented in cylindrical coordinates for these figures, and axial symmetry is assumed.

From inspection of Figure 2, it is evident that the wavelengths with greatest influence on light penetrating the 
uterus are those with higher magnitudes. From the intensities recorded at the fetal detection layers, for example, 
the 650 nm wavelength has the broadest presence while the 450 nm wavelength is minimally represented. 
Further, the intensity recorded by the fetal detector layer for each of the seven wavelengths simulated is shown in 
Figure 3. Note that the 400 nm wavelength did not reach the fetal detector layer, so it is not shown here. Again, 
there is a clear increase in intensity measured at the fetal detection layer as wavelength increases.

With justification for the use of 650 nm stimuli established, Figure 4 next shows cross-sections in the r-z 
plane of the relative fluence rate (i.e., relative intensity, or watts of power incident per cm2 per watt delivered) on 
a base-10 logarithmic scale for a single 650 nm beam incident at the surface of the maternal abdominal skin, with 
each image displaying a different adipose thickness. The relationship evident from these images is that increased 
levels of adipose tissue thickness correspond to reduced levels of light intensity reaching the amniotic fluid. Note 
that the geometry is presented in cylindrical coordinates for these figures and axial symmetry is assumed.

Since a key objective of our work is to determine the appearance of transdermal monochromatic collimated 
source stimuli delivered to the fetus in utero, we present in Figure 5 the cross-sections of the simulated single 
beams’ relative fluence rates in the x-y plane for varying adipose thicknesses (note the change to Cartesian 
coordinates for subsequent images, with no transformation conducted as the model tracks data on both 
cylindrical and Cartesian grids). Due to the variety of fetal eye positions in utero, it is unclear what position 

Fig. 5.  Relative fluence rates [W/cm2 per W delivered] for a single delivered beam. Images show relative 
intensity at the interface between tissue and amniotic fluid for varying thicknesses of adipose. Note the change 
in scale between figures.
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(relative to the tissue-amniotic fluid interface) is the ideal point to consider the simulated light intensity. We 
present a single option for consideration here: each image shows the beam’s simulated relative fluence rate at 
the tissue-fluid interface for tissues with differing adipose thicknesses (in line with the source stimuli). This 
decision is due to the low absorption coefficient11 and relatively low scattering coefficient12 in amniotic fluid 
for the considered wavelength. Hence, we propose that light which reaches this interface is likely to continue 
propagating to the fetus with minimal attenuation — especially when noting that the typical separation between 
the fetal eye and the uterus is on the order of 1-2 cm13.

As expected, the maximum relative intensity declines as adipose tissue thickness is increased. Adipose tissue 
typically has relatively high levels of absorption and scattering (see Tables  1 and  2) in comparison to other 
component layers represented in the model, such as skin and amniotic fluid, which leads to the large decline 
in relative intensity seen with increased adipose thickness. In contrast, amniotic fluid exhibits relatively low 
levels of absorption and scattering, leading to more noticeable diffusion of the photons that enter the uterine 
environment. The beam intensity is typically lower in the amniotic fluid than at the interface, with a broader 
geometric spread being evident. This is indicated by the widening of the intensity patterns shown in the amniotic 
fluid layers of Figure 4 (in particular, for the lesser adipose tissue thicknesses where more light is reaching the 
fluid), in contrast to the relatively narrow spreads within the tissue.

Figure 6 shows the intensity of the beam at the interface between tissue and amniotic fluid, relative to its 
maximum simulated intensity in the x-direction for y = 0 (i.e., the intensity simulated directly below the source 
delivery at this depth is normalized to 1.0). This plot gives an indication of the horizontal diffusion for a given 
transdermal monochromatic collimated stimuli after propagating through maternal tissue. Such information 
is useful for experimental applications where determining appropriate horizontal separation differences for 
transdermal stimuli on the maternal abdomen is required to ensure delivered stimuli remain visually distinct in 
the uterus. Note that larger adipose thicknesses result in visually similar beam profiles to that shown in Figure 6, 
so we simply present the first adipose thickness for consideration.

Figure  7 shows the decline in relative fluence rate along the z-axis for the four simulated adipose layer 
thicknesses. Due to the source location, the maximum values for intensity occur at the surface of the tissue (z 
= 0 cm). The fluence rates decrease with increasing z, as the beam propagates through more of the simulated 
tissue. Similar to previous studies12, our model shows exponential trends (linear when on a logarithmic scale) for 
the decline in fluence rate over the tissue and amniotic fluid. As adipose tissue thickness increases, the decline 
in relative fluence rate by the tissue-fluid boundary becomes increasingly apparent. By taking the log values 
recorded at the tissue-fluid interface for each adipose thickness, inverting the log, and comparing the values 
for each thickness, we find that a reduction by 0.5 cm of adipose tissue results in, on average, an approximately 
15 times larger eventual relative fluence rate measured at the tissue-fluid interface than before. For example, 
reducing adipose thickness from 2.5 cm to 2.0 cm results in a simulated relative fluence rate at the tissue-fluid 
interface approximately 15.5 times larger than that simulated with 2.5 cm of adipose tissue. Similar numbers are 
seen when reducing from 2.0 cm to 1.5 cm of adipose tissue and from 1.5 cm to 1.0 cm of adipose tissue.

In situ experimental designs motivating this modeling work will later involve moving two separate 
transdermal monochromatic light stimuli towards one another, without merging from the perspective of the 
fetus. We are interested, then, in knowing at what point two such stimuli cease to become notably distinct from 
each other. Consequently, we also model the appearance of two transdermal monochromatic stimuli presented 
to the fetus in utero, and the cross-sections of simulated x-y plane data for these are shown in Figures 8 and 9. 
Each row of images shows the relative fluence rates of two stimuli, as measured at the tissue-fluid interface. 

Fig. 6.  Relative intensity of the single beam to its maximum intensity along the x-direction at y = 0 for the 
tissue profile with 1.0 cm adipose thickness at the interface between tissue and amniotic fluid. This gives 
an indication of the horizontal diffusion for a given transdermal monochromatic collimated stimuli after 
propagating through maternal tissue. Only the profile with 1.0 cm adipose thickness is shown. Similar 
plots generated for tissue profiles with thicker adipose result in noisier images (due to increased absorption 
impacting statistics) that reflect similar underlying distributions.
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We present three separation distances of the light sources for comparison: 18 mm, 25 mm, and 35 mm. These 
are based on proposed measurements employed for in situ psychological experiments42. In terms of intensity 
profiles, it is apparent that an 18 mm separation distance does not lead to noticeably distinct stimuli presentation 
for any tissue thickness simulated; however, there is reasonable distinction evident for simulations using the 25 
mm separation distance, and the 35 mm separation distance appears to lead to noticeable intensity distinction 
for all simulated tissue thicknesses.

Similar to Figure 6, the graphs presented in Figure 10 show the profiles of simulated intensity relative to 
maximum intensity for two beams. As in Figures 8 and 9, these are measured along the centre of the x-y plane 

Fig. 8.  Relative fluence rates [W/cm2 per W delivered] for two stimuli. Left images show 18 mm stimuli 
separation, centre images 25 mm, and right images 35 mm. The top row is the relative fluence rate at the 
interface between tissue and amniotic fluid for 1.0 cm adipose, and the bottom row 1.5 cm adipose. Note the 
change in scale between figures.

 

Fig. 7.  Relative fluence rate vs. z-depth for different adipose tissue thicknesses. Note the relative fluence rates 
are presented in logarithmic scale. Vertical dashed lines represent boundaries between tissue layers, as defined 
in Table 3.
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at the tissue-fluid interface. Again, simulated separation distances of 18 mm, 25 mm, and 35 mm are applied at 
the sources.

As expected, moving the sources closer together causes the intensity distinction between the two beams to be 
reduced. As adipose tissue thickness is increased, the distinction between the beams at the tissue-fluid interface 
is steadily reduced, with the 18 mm source separation only showing minimal distinction in the peaks for the 1.0 
cm adipose tissue (shown in Figure 10), while the 25 mm separation appears to maintain distinct intensity plots 
when measured at the interface until the adipose tissue is increased to 2.5 cm. The 35 mm separation consistently 
produces distinguishable images at the tissue-fluid interface across all thicknesses, demonstrated in Figures 9 
and 10, with the relative intensity to maximum dropping below 0.2 between the simulated stimuli at the tissue-
fluid interface. Note again that larger adipose thicknesses result in qualitatively similar beam profiles to that 
shown in Figure 10, so we simply present the first adipose thickness for consideration.

Discussion
We first use MC simulations to demonstrate the relationship between increasing wavelength (across the visible 
spectrum of light) and the propagation of monochromatic collimated light source laser diode stimuli presented 
to the maternal abdomen and, consequently, the fetus in utero. As the wavelength of light simulated increases 
across the visible spectrum, light intensity levels reaching the fetus typically increase. For example, comparing 
the results for the 450 nm wavelength to those of the 650 nm wavelength in Figure 2 shows a clear increase 
in light intensity at increasingly greater penetration depths of the maternal tissue and amniotic fluid. This is 
further shown in Figure 3. Typically, for biological tissue, one would expect penetration depth to increase with 
wavelength across the visible spectrum43, and these results are in line with this expectation.

We then demonstrate the relationship between increasing thicknesses of adipose tissue and the attenuation 
of transdermal monochromatic collimated source laser diode stimuli presented to the human fetus in utero. In 
general, the levels of light intensity reaching the fetus decrease with increasing adipose thickness. For example, 
comparing the results for the 1.0 cm adipose thickness to those of the 2.5 cm adipose thickness in Figure 7 shows 
the former experiences relative fluence rates at the tissue-fluid interface approximately 3, 500 times larger than 
the latter. This is further demonstrated by the apparent decline in intensity exhibited by the beam profiles at the 
tissue-fluid interface in Figure 5— the scale from the 1.0 cm adipose thickness to the 2.5 cm adipose thickness 
falls dramatically, and this is representative of the significant attenuation of simulated photon packets due to 
increased adipose influence on propagation.

It is important to note that most of the images provided thus far display measurements of relative light 
intensity. In other words, the incident power (in watts) per unit area (in cm2) per unit power presented (in 
watts). For example, the log value shown in Figure 7 at the tissue-fluid interface along the z-axis is approximately 
−7.22 for the 2.0 cm adipose thickness, indicating a simulated relative fluence rate of 6.03 × 10−8 W/cm2 per W 
delivered. Using the 5 mW power presented to the tissue, we find a simulated fluence rate of 3.01 × 10−10 W/cm2 
for this incident power. As noted, this is a measure of intensity; however, it does not give an intuitive indication 
of how “bright” this stimuli may appear to the fetus. In order to interpret the stimuli from this alternative 
perspective, we need to convert the simulated intensity to illuminance. This can be handled in a relatively simple 

Fig. 9.  Relative fluence rates [W/cm2 per W delivered] for two stimuli. Left images show 18 mm stimuli 
separation, centre images 25 mm, and right images 35 mm. The top row is the relative fluence rate at the 
interface between tissue and amniotic fluid for 2.0 cm adipose, and the bottom row 2.5 cm adipose. Note the 
change in scale between figures.
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manner to ascertain an approximate value that can be interpreted by way of comparison to more common 
sources of illuminance.

The conversion of intensity (irradiance) in units of Watts/m2 to illuminance in units of lux can be performed 
using the following formula44:

	
lux = 683.002 ·

∫ ∞

0
E (λ) ȳ (λ) dλ,� (8)

where 683.002 is the constant representing the maximum spectral luminous efficacy and is measured in lm/W; 
E (λ) is the intensity (irradiance) spectrum measured in W/m2 per nm, which is taken from the simulation 
results; ȳ (λ) represents either the photopic (light-adapted) or scotopic (dark-adapted) luminosity function of 
wavelength for humans; and the integral is taken over the spectrum of simulated wavelengths. For our single 
wavelength simulations, we integrate over a Dirac delta function. Hence, the conversion equation becomes 
simply

	 lux = 683.002 · E (λ) ȳ (λ) .� (9)

The distinction between using the photopic or scotopic luminosity function involves the levels of light under 
consideration — for everyday light levels, the response of the human eye is most appropriately approximated 

Fig. 10.  Relative intensity of the two beams to their maximum intensity along the x-direction at y = 0 for the 
tissue profile with 1.0 cm adipose thickness at the interface between tissue and amniotic fluid. The top image 
shows an 18 mm stimuli separation, the centre image a 25 mm separation, and the bottom image a 35 mm 
separation. Only the profile with 1.0 cm adipose thickness is shown. Similar plots generated for tissue profiles 
with thicker adipose result in noisier images (due to increased absorption impacting statistics) that reflect 
similar underlying distributions.
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by the photopic luminosity function, while the scotopic luminosity function is most applicable in low light 
conditions. Consequently, one might initially expect the uterine environment to correspond to one where the 
scotopic function is most relevant; however, it is unclear exactly what levels of light might already be present 
in the uterus due to natural light sources. Similarly, the development of the fetal eye (and its adaptation to the 
uterine environment) is presently not well known. Assuming low light levels would likely offer the safest and 
most reasonable starting estimate, and this indicates use of the scotopic function may be appropriate for our 
purposes.

Taking, for example, our previously mentioned value of 3.01 ×10−10 W/cm2 at the tissue-fluid interface 
for 2.0 cm adipose thickness, converting this to W/m2 to find E(650 nm), and substituting this value into the 
equation with ȳ(650 nm) = 0.107 for the photopic function at 650 nm or 0.000677 for the scotopic function at 
650 nm45, we calculate illuminances of 2.2 × 10−4 lx or 1.4 ×10−6 lx, respectively. The former is roughly between 
the illuminance levels of an overcast night sky and a clear, starry night sky46, while the latter is not immediately 
comparable to any common illuminance level. This suggests that illuminance levels provided to the uterine wall 
by the simulated stimuli are unlikely to offer a noticeable illuminance for the fetus when adipose tissue thickness 
is 2.0 cm or above.

In contrast, however, taking the simulated tissue-fluid interface relative fluence rate from Figure 7 for the 1.0 
cm adipose thickness and applying the same calculation gives a result of approximately 0.05 lx for the photopic 
function, which is an illuminance approximately between a full moon in clear conditions or a quarter moon46. 
Using the scotopic function as above results in a calculated illuminance of 3.27 ×10−4 lx, which is between the 
levels of illuminance exhibited by an overcast night sky and a clear, starry night sky46. These values, and those as 
calculated for the simulations involving all other tissue thicknesses, are summarized in Table 4 alongside their 
counterpart values taken from simulating light propagation into the amniotic fluid. In general, the conclusion 
drawn from these simulations is that the uterine wall is reasonably illuminated under these conditions for 
adipose tissue thicknesses of 1.0 cm to 1.5 cm, but adipose thicknesses of 2.0 cm and above seem unlikely to 
offer noticeable uterine wall illumination. Similarly, due to the nature of amniotic fluid, levels of illuminance 
from the given transdermal stimuli with 1.0 cm or 1.5 cm adipose tissue thickness would seem likely to remain 
reasonably high upon reaching the fetus.

To further validate usage of the 650 nm wavelength in stimuli presented to the fetus via the maternal 
abdominal exterior, we next compare the consequent illuminances determined from values in Figure  3. We 
find that the illuminances calculated at the fetal detection layer for 1.0 cm adipose thickness range from 5.84 × 
10−10 lx for the 450 nm stimulus to 1.35 × 10−3 lx for the 700 nm stimulus. Note that no light was detected at the 
detection layer for the 400 nm stimulus, and that these values are calculated with the scotopic function, which 
provides a lower, potentially more realistic estimate than the photopic function. The former value is not readily 
comparable to any common illuminance level, while the latter is between that of a clear, starry sky and a quarter 
moon46. The remaining simulated wavelengths between 450 nm and 700 nm show increasing illuminance as 
wavelength increases; however, the lowest to be comparable to a common illuminance level is 600 nm at 2.82 × 
10−5 lx, which is comparable to an overcast night sky46. These values further support the choice of 650 nm for 
the experimental stimulus based on light reaching the fetus. In addition, these results suggest a stimulus between 
600 nm and 700 nm provides sufficient intensity to the fetus (in the 1.0 cm adipose case) to be potentially visible. 
This would, of course, depend on the precise capabilities of the fetal eye, though values may be higher if the 
photopic function is more applicable. Further, 700 nm is relatively close to the edge of the visible spectrum, so 
stimuli at this wavelength may not provide the intended visible image to the fetus.

Note that the prior discussion does not counter the limited scope for fetal ability to individuate transdermal 
stimuli with smaller separation distances. Though the illuminance offered by a single laser diode collimated 
light source may be evident to the fetus, the likelihood of the fetus being able to discern separate equivalent 
transdermal monochromatic light sources when presented in close proximity to one another — less than 25mm, 
for instance — is heavily impacted by attenuation in the maternal tissue (particularly from adipose tissue). 
Similarly, additional diffusion in the amniotic fluid further complicates this aspect. Consequently, it is possible 
that fetuses developing in uterine environments with moderately thick adipose tissue layers are able to see such 
transdermal stimuli presented, yet they are unable to recognize the stimuli as distinct sources of light if their 
delivery separation distance is not sufficiently large on the maternal abdomen.

Despite the reasonable likelihood of certain transdermal monochromatic laser diode stimuli reaching the 
fetus and illuminating the womb, the argument of whether the fetal eye and brain are developed enough to 
recognize or respond to the stimuli is one which needs to be considered when applying these results. In general, 
experimental work in the field of fetal vision focuses on third trimester fetuses. It has been shown that the fetal 

Adipose
thickness [cm]

Tissue
thickness [cm]

Log at
interface

Photopic
[lx]

Scotopic
[lx] Photopic comparison

1.00 2.28 -4.85 5.16 × 10−2 3.27 × 10−4 Quarter moon–Full moon, clear conditions

1.50 2.76 -6.03 3.41 × 10−3 2.16 × 10−5 Clear, starry sky–Quarter moon

2.00 3.28 -7.22 2.20 × 10−4 1.39 × 10−6 Overcast night sky–Clear, starry sky

2.50 3.76 -8.41 1.42 × 10−5 8.99 × 10−8 Overcast night sky

Table 4.  Illuminances determined by simulations at the tissue-fluid interface for various adipose tissue 
thicknesses.
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eye develops late in pregnancy13, and the fetus is capable of responding to transdermal laser diode stimuli after 
34 weeks of pregnancy14. Hence, although it is not the focus of this paper, any interpretation of these results from 
the perspective of fetal recognition should consider only the third trimester of gestation — the applicability to 
fetal recognition in earlier stages of development is not yet well known.

In addition, the typical separation between the fetal eye and the uterus is on the order of 1-2 cm13, and this 
is unlikely to align with the near point of the fetus (though there is presently no information in this area). The 
work we have performed does not claim that the fetus is able to focus on the uterine wall — rather, it is likely 
that stimuli would be out of focus for the fetus given the typical separation distance. Despite this, developmental 
methods for measuring visual acuity such as the optokinetic nystagmus47 and preferential looking48, have 
never been employed with a fetal sample. It should also be recognised that ideal acuity is not required for the 
individuation of two stimuli prior to the fetal near point, as we have attempted to simulate earlier in this paper. 
This is also the case for other aspects of visual information processing where nonfoveated space is normative, 
such as the visual periphery49.

An important conclusion that can be drawn from these simulations pertains directly to the experimental 
component of this wider research and the field of fetal visual development in general. Our group is interested 
in the visual capabilities of the human fetus, and this is most readily examinable through delivering laser diode 
stimuli to the uterus and recording fetal response via ultrasound or heart rate. Based on the results of our model, 
experiments of this nature clearly face constraints in the delivery of stimuli to the fetus, including low levels of 
illuminance delivered for some adipose tissue thicknesses and the poor uterine distinction of multiple stimuli 
presented to individuals with higher adipose thickness. Consequently, this knowledge can serve to inform future 
experimental design in at least four ways.

First, stimuli within the 600 nm to 700 nm range are most likely to penetrate the maternal tissue sufficiently 
to provide illuminance to the fetus that is comparable to more common lighting scenarios. Preference toward 
650 nm stimuli is reasonable, given both the relatively low illuminance calculated from the simulated 600 nm 
source and the proximity of 700 nm to the visible spectrum’s end suggesting the fetal eye may struggle to detect 
the image.

Second, the 5 mW incident power used in these experiments appears to be on the low end of what is capable 
of delivering stimuli to the average fetus. A stronger laser diode (within the range of safe power levels) would 
result in brighter stimuli presentation to the fetus; however, this evidently poses potential danger to both the fetal 
eye and the mother’s skin due to heat output from the light source.

Third, the poor propagation of simulated light through thicker adipose layers suggests an effective screening 
mechanism when identifying candidates for experimental participation. Such an approach could involve 
measuring abdominal tissue composition via ultrasound to exclude those with high adipose thicknesses. 
Alternatively, the measuring of a “no response” outcome during stimuli experiments might suggest that the 
mother was an inappropriate candidate for the utilized light source. This may be further verified by examining 
data taken from the ultrasound readings and categorising “no response” participants based on tissue composition.

Fourth, experimental applications involving multiple transdermal monochromatic light sources need to 
carefully consider placement along the maternal abdomen — stimuli with separation distances less than 25 
mm evidently will face a large degree of “blurring” across the delivered stimuli, dependent on the exact fetal eye 
location (and its covering), and this can pose significant problems for experimental design and the conclusions 
drawn.

Future work should consider the influence of varying the muscle and uterus layers simulated. These layers 
also exhibit high absorbing and scattering properties, respectively, and though their significance in the overall 
tissue composition is not as prominent as that of adipose, their thicknesses do vary across individuals. Similarly, 
the thickness of these layers has a temporal aspect (like adipose tissue), with the stage of gestation also noticeably 
affecting their prominence. As an example, the maternal muscle structure stretches and separates during the 
late stages of pregnancy due to the growth of the fetus50. Hence, models that include a layer of muscle at the 
abdominal apex may overestimate the attenuation of light from this direction, and future modeling should 
consider this temporal aspect. There is also an argument to be made for accounting for skin color in the model, 
as melanin is highly absorbing in this part of the light spectrum. Consideration of these aspects with alterations 
made in a similar manner to those shown in this work would further illuminate their significance in determining 
the levels of light reaching the fetus.

Further, this work has assumed the fetal eye is open when determining transdermal stimuli appearances in 
utero (i.e., attenuation has not been simulated through an eyelid). Of course, the presence of an additional layer 
of skin would introduce further attenuation of the light source simulated. Due to the nature of the fetal sleep 
cycle and practical constraints, it is difficult to align experimental participants with times where the fetal eye 
is definitely open and exposed. Hence, the exact applicability of this present study to experimental situations 
where the fetal eye is closed needs to be considered carefully. Future work should introduce an additional layer 
to represent the eyelid in order to offer information on these situations. The presence of clothing (and similar 
additional layers) could also be considered in future simulations akin to this work; however, in situ studies 
exploring the development of fetal vision typically require direct skin contact for stimuli delivery, so similar 
applicability to the wider research field would be limited in comparison to that of this work.

Lastly, we have here simulated collimated sources in instances where the abdominal tissue is assumed to be 
locally flat (planar). In reality, the maternal abdomen exhibits curvature and this change in geometry would 
presumably have some impact on the results for situations where stimuli were not presented in such close 
proximity to one another. Future modeling work intends to account for this aspect alongside the points noted 
above.
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Conclusion
The modeling presented in this paper offers quantitative data via MC simulations which further indicate that the 
human uterine environment can be at least partially illuminated via appropriate laser diode stimuli presented to 
the maternal abdomen. We have developed our own model of photon propagation through maternal abdominal 
tissue in line with common algorithms within the field and incorporated computational approaches that allow 
for efficient simulation of large numbers of photon packets (beyond 12 billion per run).

Results from the performed simulations suggest stimuli delivered to the fetus via the maternal abdominal 
exterior should be within the range of 600 nm to 700 nm to improve the likelihood of fetal detection, with 650 
nm potentially providing the ideal stimuli when considering the development of the fetal eye, the relatively 
low illuminance provided by 600 nm stimuli, and the proximity of 700 nm to the edge of the visible spectrum. 
The intensity of light and consequent illuminance delivered to the fetus is found to vary strongly with maternal 
abdominal adipose thickness, and our simulations show that collimated transdermal monochromatic stimuli 
delivery to the fetus can result in illuminance comparable to that of a full moon for lower adipose thicknesses 
and a 650 nm source.

Increased adipose thickness causes light to be heavily attenuated, and this strongly degrades the delivered 
stimuli; however, the simulations suggest consideration of stronger incident stimuli (within the realms of fetal 
and maternal safety) would improve uterine illuminance. Further, the work of this paper suggests an appropriate 
screening tool for participants in fetal visual stimuli experiments could involve measuring abdominal adipose 
thickness of the mother; if stimuli are unable to be adjusted to improve photon penetration, the results of this 
modeling support excluding results from these participants due to low levels of delivered uterine illuminance.

Lastly, we have explored the potential to deliver multiple distinct transdermal monochromatic stimuli to the 
fetus in line with our research group’s experimental design. The results of our simulations suggest that, from the 
three separation distances proposed for multiple stimuli: a distance of 18 mm is unlikely to produce distinct 
visual stimuli for the fetus, a distance of 35 mm is likely to generate visually distinct stimuli, and a distance of 
25 mm may produce visually distinct stimuli for the fetus (though this depends on the precise capabilities of 
the fetal visual system which are presently unknown). Again, usage of a more powerful laser diode light source 
would ensure the presented images are visible for fetal eyes resting further into the amniotic fluid; however, 
any increase in power would need to be handled with caution and strong regard for safety requirements due to 
potential danger imposed to both the fetal eye and maternal skin.

This work has focused on varying adipose thickness; however, future studies will also investigate the required 
stimuli separation distances (and attenuation of stimuli) under varying muscle and uterus thicknesses. In 
addition, there is scope to explore the extension of collimated light sources to a range of alternate stimuli.

Data availability
All data from the simulations performed within is available upon reasonable request from the corresponding 
author.
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