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Abstract

This research aims to examine the influence of human skull bone thickness and density on light penetration in PBM therapy
across different wavelengths, focusing on how these bone characteristics affect the absorption of therapeutic light. Analyses
explored the effect of skull bone density and thickness on light penetration in PBM, specifically using Low-Level Laser
Therapy (LLLT) for efficacy prediction. Measurements of bone thickness and density were taken using precise tools. This
approach emphasizes LLLT's significance in enhancing PBM outcomes by assessing how bone characteristics influence
light penetration. The study revealed no significant correlation between skull bone density and thickness and light penetra-
tion capability in photobiomodulation (PBM) therapy, challenging initial expectations. Wavelengths of 405 nm and 665 nm
showed stronger correlations with bone density, suggesting a significant yet weak impact. Conversely, wavelengths of 532 nm,
785 nm, 810 nm, 830 nm, 980 nm, and 1064 nm showed low correlations, indicating minimal impact from bone density
variations. However, data variability (R?<0.4) suggests that neither density nor thickness robustly predicts light power
traversing the bone, indicating penetration capability might be more influenced by bone thickness at certain wavelengths.
The study finds that the effectiveness of photobiomodulation (PBM) therapy with bone isn't just based on bone density and
thickness but involves a complex interplay of factors. These include the bone's chemical and mineral composition, light's
wavelength and energy dose, treatment duration and frequency, and the precise location where light is applied on the skull.
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Introduction

Currently, non-invasive brain stimulation techniques are
proving their therapeutic efficacy, and their applications
are expanding to treat various neurological, psychiatric, or
psychological disorders. Among them is photobiomodulation
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(PBM) therapy. This technique has been used for a wide
range of disorders affecting the nervous system, such as for
the treatment of traumatic events like stroke or traumatic
brain injury, to intervene in degenerative diseases and
psychiatric or psychological disorders, and even to prevent
cognitive decline in healthy aging [1-5].

PBM employs the direct application of low-intensity
red or near-infrared light as well as high-power lasers
(Class IV lasers), and can also be implemented using light-
emitting diodes (LED), representing another effective
modality within the spectrum of photobiomodulation.Its
action mechanism is based on its effect on the molecular
chromophores present in our cells. PBM emits photons
absorbed by these chromophores, which can activate specific
signaling pathways and transcription factors that can induce
changes in the expression of specific proteins, optimizing
the functioning of nerve cells [6]. However, it is essential
to consider that the interaction between light and biological
tissues can vary widely because it depends on different
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wavelengths, frequency, power, and the characteristics of
the biological tissue to which light is applied [7].

Since its first use in 1968, photobiomodulation has been
shown to promote hair growth and wound healing in rats
[8]. Today, it is understood that PBM's effects act on the
mitochondrial respiratory chain enzyme, a photoreceptor
that absorbs specific wavelengths, leading to molecular
and cellular changes, and activating protective, antioxidant,
and anti-apoptotic signaling pathways [6]. Mitochondria's
photon absorption capacity ranges from 600 to 1,100 nm,
with absorption peaks in red (620-689 nm) and infra-
red (760-825 nm) spectra, and longer wavelengths like
1064-1072 nm enhance cerebral oxygenation [9, 10]. Most
clinical and experimental studies employ wavelengths of
800, 810, or 1064 nm, though shorter wavelengths like
660 nm, or longer ones like 1072 nm, have also been used
[2].

To achieve a neuroprotective effect, PBM must overcome
several barriers, including bone tissue, a complex structure
with variable optical properties [11]. Previous studies have
shown that near-infrared light can efficiently penetrate
bone, important for imaging techniques and light-based
therapies like PBM [12, 13]. Light penetration, influenced
by wavelength, intensity, irradiance, and bone density
and composition, as well as tissue optical properties, is
crucial [14]. A significant portion of light can penetrate
outer layers and reach nervous tissue, with up to 10, 20,
and 30 mm penetration in the brain, and in some cases, up
to 50 mm and 2 cm, extendable to 3 cm with combined
emission parameters [3, 15, 16]. Jagdeo et al.'s study [14]
examined the transmission of red and near-infrared light
through soft tissues, blood, brain parenchyma, and the
skull, considering thickness and density. They found that
while blood attenuates light transmission, extensive infrared
light transmission occurs through soft tissues, and near-
infrared penetrates these barriers, including the skull and
brain parenchyma, more effectively than red light [13].
Additionally, the penetrance of photobiomodular therapy
has been explored about skull and scalp thickness and in
different skull areas. It was discovered that light penetrance
in the brain decreases with age due to increased brain
size and extracerebral layer thickness and that the 810 nm
wavelength offers the highest energy deposition, with 850
and 1064 nm wavelengths offering more than 670 and
980 nm [11].

Despite these promising advances, a detailed
understanding of how light penetration capabilities vary
depending on wavelength and other parameters remains
limited. Some studies have found that longer wavelengths
can penetrate deeper into bone tissue, but these results
have been inconsistent and are based on bone tissue
models that do not fully capture its structural complexity
and composition [17, 18]. This variability and lack of a
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comprehensive understanding of light penetration in bone
tissue present a challenge in the application of PBM. As can
be seen from the above, a detailed understanding of how the
optical properties of bone tissue affect light penetration is
essential to improve the effectiveness of PBM and optimize
its use as a potential treatment.

Therefore, the aim of this work, conducted as an experi-
mental study, is to analyze the relationship between the
thickness and density of the human skull bone and how
this influences light penetration, considering various
wavelengths from near-ultraviolet to near-infrared. In this
experimental approach, we actively manipulate and assess
the impact of different light wavelengths on bone penetra-
tion, providing a controlled evaluation of these variables'
interplay.

Method
Sample

A total of 25 adult human cranial vaults from the Faculty
of Medicine at the University of Oviedo (Spain) were used.
From each skull, two sample pieces measuring 1.5X 1.5 cm
were obtained from the right (Fp2) and left (Fp1) supraorbi-
tal region, yielding a total of 50 samples (n=50).

The entire procedure followed the strictest quality control
measures and respected the ethical guidelines for research
with human samples (Law 14/2007, of July 3, on Biomedical
Research, Royal Decree 1716/2011, Directive 2004/23/EC).

Devices

In this study, the researchers utilized a collection of
photobiomodulation devices composed of advanced
laser diodes (Osram opto, Thorlabs), each tailored to
emit a specific wavelength. These devices are adept at
producing light across a spectrum ranging from near-
ultraviolet (405 nm) to near-infrared (1064 nm), with
specific wavelengths including 405 nm (GaN), 532 nm &
1064 nm (Nd:YAG), 655 nm, 780 nm, 810 nm, & 830 nm
(GaAs), and 980 nm (InGaAs). The emitted powers for
each wavelength are the maximum emitted by each diode:
27,100 pW (0.0271 W), 81,000 pW (0.081 W), 66,000 pW
(0.066 W), 57,700 pW (0.0577 W), 113,800 pW (0.1138
W), 60,700 pW (0.0607 W), and 176,200 pW (0.1762 W),
showcasing the devices' capability to cover a broad range of
therapeutic needs by adjusting for bone density and thickness
variations, respectively. The diodes in the study continuously
emitted light, key for understanding light absorption and
penetration in bone tissue. Covering wavelengths from
near-ultraviolet (405 nm) to near-infrared (1064 nm) and
emitted powers from 27,100 pW to 176,200 pW, they allow
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comprehensive investigation into how various wavelengths
penetrate bone. Each laser diode is specialized for its
wavelength, ensuring consistent, pure light emission, vital
for accurately assessing each wavelength's impact on bone
penetration in the experiments.

To evaluate the power of the light that passed through the
skull bone samples, a ThorLabs PM 160 optical power meter
was used. This device features a photodiode sensor, designed
to measure optical power in a wavelength range of 400 to
1100 nm, suitable for the variety of laser diodes used in this
study. The meter has an optical power measurement range
of 10 nW to 2 mW, extendable up to 200 mW with a sliding
neutral density (ND) filter. The measurement resolution for
optical power is 100 pW, which can increase up to 10 nW
with the ND filter. The sensor's design includes an ultra-thin
sensor end of 3.5 mm thickness (6 mm with the ND filter),
allowing for precise placement and minimization of potential
measurement interferences. The sensor aperture is $9.5 mm,
and the device comes with an SMOS optical fiber adapter.

To obtain and analyze optical power measurements, the
PM160 GUI version 1.1.0 software was used. This software,
developed by ThorLabs, is designed to work seamlessly with
the PM160 optical power meter.

To optimize the measurement process and ensure
consistency and accuracy of the results, a custom mounting
device was designed and fabricated using 3D printing
technology. This device, consisting of a base on which the
ThorLabs PM160 optical power meter (non-invasive and
validated instrument) was placed and an upper part designed
to house the different laser diodes, allowed for standardized
and controlled measurements. The device was specifically
designed to hold the bone samples on its base while the
various laser diodes used in the measurements were placed
on the top. The dimensions of the device, such as height,
width, and depth, were carefully determined to ensure a
precise fit of the bone samples and the correct placement
of the lasers.

The use of this custom mounting device ensured that
the light beam from each laser diode was applied perpen-
dicularly and centered on the surface of the power meter,
minimizing potential variations in measurements due to the
orientation or positioning of the laser.

Measurement procedure

The measurement procedure to determine the power of light
passing through the cranial bone samples was conducted on
1.5 cm X 1.5 cm samples from each skull at the FP1 and FP2
regions, following the international 10-20 system of EEG.
To measure bone thickness, we employed a digital
caliper with a resolution of 0.01 mm, ensuring precise
measurements of bone thickness. The technique involved
applying the caliper at predetermined, consistent points on

each bone sample, recording multiple measurements for
reliability. As for bone density, we implemented a water
displacement method. Each bone sample was submerged in
a graduated cylinder filled with water, noting the change
in liquid volume. Density was subsequently calculated
using the density formula (mass/volume), where mass was
determined using a precision scale. These methods provide
a detailed and technical analysis of the bone's physical
properties.

Bone samples were placed on the base of the 3D-printed
mounting device, directly above the ThorLabs PM160 opti-
cal power meter. The different laser diodes were positioned
on the top of the device, from where the light beam was
emitted onto the marked point on the bone sample. Each
bone sample was given a specific orientation, and a spe-
cific point was marked on which the light from the different
lasers used in the test would be incident. This standardiza-
tion ensured that all measurements were carried out under
the same conditions, minimizing any variability that might
influence the results. Upon emitting the light, the meter
located below the bone sample recorded the power of the
light that managed to pass through it. The wavelengths used
were 405 nm, 532 nm, 655 nm, 780 nm, 810 nm, 830 nm,
980 nm, and 1064 nm. These measurements were carried
out in a controlled environment in the laboratory, ensuring
reproducible conditions for each test. The evaluator respon-
sible for measuring optical power was indeed blinded during
the study. Each sample was numbered, but the evaluator did
not have precise information regarding the thickness and
density of the samples, ensuring an unbiased assessment of
light power passing through the bone.

Statistics

In their study, the researchers evaluated the relationship
between bone density and thickness using Spearman's
correlation, chosen due to its suitability for non-normally
distributed data, as confirmed by the Shapiro—Wilk test.
Spearman's correlation was used to measure both linear and
non-linear monotonic relationships, fitting the potential non-
linear nature of their biological data.

The interpretation of the R values was conducted accord-
ing to the following scheme [19]:

R =1: Perfect correlation. Indicates a direct and propor-
tional relationship between the variables.

R=0.9<1: Excellent. Shows a very strong association
between the variables.

R=0.8<0.9: Good. Reflects a strong and significant rela-
tionship.

R =0.5<0.8: Fair. Represents a moderate correlation,
which may be relevant but not as strong.
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R <0.5: Poor. Indicates a weak correlation, suggesting a
less significant or nonexistent relationship between the
variables.

This classification allows us to better interpret the rel-
evance and strength of the associations found in our study,
providing a useful guide for understanding the interaction
between the analyzed variables.

In our linear regression studies, we employed Spear-
man's correlation coefficient (Rho) to assess the strength
of the linear relationship between variables. The interpreta-
tion of Rho values was based on the following criteria [19]:

Rho=1 to 0.7: Strong linear relationship. Indicates a
high degree of association between the variables.
Rho=0.3to 0.7: Moderate. Reflects a moderate degree
of association.

Rho=0.1 to 0.3: Weak. Suggests a low, but potentially
significant, level of association.

Rho=0to 0.1: None. Implies no significant linear rela-
tionship between the variables.

Additionally, linear regression analyses were per-
formed for each laser wavelength to explore the relation-
ship between laser power and bone density and thickness.
To further address non-linear relationships indicated by
Spearman's correlation, logarithmic regression analyses
were conducted.

In our logarithmic regression models, we used the coef-
ficient of determination (R?) to assess how well the model
explains the variability of the data. The interpretation of
R? values was based on the following criteria [19]:

R%=1 to 0.9: Explains the variability of the data. Indi-
cates that the model accounts for almost all of the vari-
ability in the response data around its mean.

R?=0.7 to 0.9: Explains a significant amount of the
variability. Reflects that the model accounts for a sub-
stantial part of the variability in the response data.
R%?=0.4 to 0.6: Moderate fit. Indicates that the model
does not explain a significant portion of the variability
in the data.

R?<0.4: Does not explain the variability of the data.
Suggests that the model fails to account for a consider-
able part of the variability in the response data.

This classification helps in evaluating the effectiveness
of our logarithmic regression models in explaining the
observed data, providing a clear framework for interpret-
ing the results.

This combination of statistical methods provided a
comprehensive examination of the data. All analyses were
done using IBM SPSS Statistics 27.0, considering p <0.05
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as the threshold for statistical significance, in line with
standard scientific practices.

Results

In the analysis of our data, the Shapiro—Wilk test was con-
ducted to assess the normality of our two main variables:
skull bone thickness and density. In the case of bone thick-
ness, a Shapiro—Wilk statistic of 0.965 (df =50, p=0.137)
was obtained. This result was not significant (p > 0.05),
indicating that we can assume a normal distribution for
the bone thickness data. In contrast, for bone density, a
Shapiro—Wilk statistic of 0.946 (df =50, p=0.024) was
obtained. This result was significant (p <0.05), suggesting
that the bone density data do not follow a normal distribu-
tion. It's important to note that when we want to correlate
two samples, and one follows a normal distribution while
the other does not, we should use a non-parametric cor-
relation test.

Upon analyzing the obtained samples, no significant
correlation was found between the thickness and density of
the cranial bone (Rxy=0.07, p=0.629). When considering
non-parametric correlations in our study, we used Spear-
man's correlation coefficient (R) to assess the strength and
direction of the association between variables.

Linear regression studies, taking bone density into
account, showed the strongest correlations with lasers
of 405 nm (R=0.343, p=0.015) and 665 nm (R=0.293,
p=0.039). This suggests that these wavelengths have a
significant effect on bone density, establishing a weak
linear relationship. In contrast, wavelengths of 1064 nm
(R=0.77, p=0.596), 980 nm (R=0.153, p=0.291),
830 nm (R=0.089, p=0.540), 810 nm (R=0.094,
p=0.514), 785 nm (R=0.033, p=0.819), and 532 nm
(R=0.15, p=0.917) displayed the lowest correlations.
This indicates that bone density has a minimal impact on
the wavelengths passing through it, with a virtually non-
existent linear relationship (Fig. 1).

Regarding the relationship between the power of light
that penetrates the bone and the thickness of the bone,
the wavelengths of 532 nm (R =0.590, p =0.000), 830 nm
(R=0.499, p=0.000), 980 nm (R=0.481, p=0.000),
and 1064 nm (R=0.603, p=0.000) had the highest cor-
relations with bone thickness. This suggests that bone
thickness might have a more significant impact on these
wavelengths, given the high significance, even though the
predictive model shows moderate values.

On the other hand, lasers with wavelengths of 665 nm
(R=0.359, p=0.010), 780 nm (R=0.300, p=0.035),
and 810 nm (R=0.364, p=0.009) displayed the weakest
correlation. Still, they indicated a significant effect when
considering bone thickness. For the wavelength of 405 nm
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Fig.1 Wavelengths of 405 nm (R=0.343, p=0.015) and 665 nm
(R=0.293, p=0.039) demonstrate a weak albeit significant linear
relationship with bone density. In contrast, wavelengths ranging from

(R=0.158, p=0.237), the correlation value indicated a
weak predictive model, suggesting that bone thickness has
minimal impact on this wavelength (Fig. 2).

The logarithmic regression studies with the light power
passing through bone as an independent variable showed
the following values for different wavelengths: 450 nm
(R2=0.097, p=0.028), 665 nm (R*=0.100, p=0.025), sug-
gesting that bone density has the most significant impact on
these wavelengths in a logarithmic model (p <0.05). On the
other hand, the values obtained for wavelengths of 532 nm
(R?=0.001, p=0.870), 785 nm (R>*=0.001, p=0.848),
810 nm (R*=0.008, p=0.522), 830 nm (R*=0.010,
p=0.492), 980 nm (R>=0.026, p=0.262), and 1064 nm
(R?=0.008, p=0.536) suggest that bone density does not
have a significant impact on these wavelengths in a loga-
rithmic model (p > 0.05). The data variability (R2 <0.4) for
bone density suggests that, in a logarithmic model, it is not
a predictor of the light power passing through it (Fig. 3).

The results for the relationship between the power of the
light passing through the bone and the thickness of the bone
for the wavelengths 1064 nm (R2=0.349 p=0.000), 830 nm
(R2=0.247 p=0.000), and 532 nm (R2=0.353 p=0.000)
suggest that these wavelengths might have a high impact
considering the thickness of the bone in a logarithmic model
(»<0.001). Furthermore, values obtained in this regression
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532 to 1064 nm, such as 1064 nm (R=0.77, p=0.596) and 785 nm
(R=0.033, p=0.819), show no relevant correlation, suggesting a
minimal impact on bone density

for wavelengths 665 nm (R2=0.159 p=0.004), 785 nm
(R2=0.105 p=0.022), 810 nm (R2=0.144 p=0.007), and
980 nm (R2=0.224 p=0.001) suggest that these wavelengths
may have an impact considering the thickness of the bone in
a logarithmic model (p < 0.05). The exception in this case is
marked by the wavelength 450 nm (R2=0.029 p=0.237),
which seems to have no significant impact considering the
thickness of the bone in a logarithmic model (p>0.05). How-
ever, the variability of the data (R2 < 0.4) for bone thickness
suggests that, in a logarithmic model, it is not a predictor of
the power of the light passing through it (Fig. 4).

On the other hand, when considering the power emit-
ted in a vacuum by the different laser diodes based on their
wavelengths, the percentage of power that passes through
the bone can be calculated for the various wavelengths. It
was found that the highest average power for all samples was
from the 655 nm laser at 0.95%, while the lowest power was
from the 405 nm laser at 0.01% (see Fig. 5).

Discussion
In the study, the relationship among three pivotal vari-

ables: the power of light penetrating cranial bones,
bone density, and bone thickness was delved into using
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Fig.2 The wavelengths of 532 nm, 830 nm, 980 nm, and 1064 nm
show high and significant correlations with bone thickness, indicating
its notable impact on those wavelengths. The wavelengths of 665 nm,
780 nm, and 810 nm have lower albeit significant correlations with

Photobiomodulation (PBM) devices that emit different
wavelengths. Linear and logistic regression models were
employed as the methodological approach, deemed effec-
tive for analyzing predictive relationships between depend-
ent and independent variables [20].

The study focused on the right and left orbital frontal
cortex, corresponding to Fp1l and Fp2, following the 10-20
electroencephalography system convention [21]. The selec-
tion of these areas for analysis was driven by the involve-
ment of the frontal region of the brain, including the pre-
frontal cortex, in various cognitive and emotional functions
[22-24].

The location of the orbital frontal cortex has emerged as
a common target for non-invasive neuromodulation tech-
niques, such as transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS) [25, 26].
These techniques are particularly appealing due to their
accessibility, safety, and empirical evidence of effectiveness
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bone thickness. In contrast, the wavelength of 405 nm shows a weak
and non-significant correlation, suggesting a minimal impact of bone
thickness on this wavelength

in treating various neurological or psychological disorders
[27-29]. Similarly, PBM is being used for treatment and
rehabilitation following brain injury, in neurodegenerative
diseases and psychiatric or psychological disorders [3-5]. It
is becoming a promising intervention technique. PBM appli-
cations have achieved increased cerebrovascular oxygenation
associated with neurocognitive improvement post-applica-
tion [30], increased metabolic connectivity, and an effect on
endothelial cells, causing changes in hemodynamic-meta-
bolic coherence on each side of the prefrontal cortex [31].
Thus, most research suggests that PBM's beneficial effects
stem from increased cerebral blood flow, greater availability
and oxygen consumption, improved ATP production, and
increased mitochondrial activity. Animal studies have shown
that enduring changes might be due to the activation of par-
ticular signaling pathways and transcription factors, leading
to shifts in the expression of specific proteins [3].
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show a significant impact of bone density on the power of light pass-
ing through it, with p-values <0.05. In contrast, wavelengths ranging
from 532 to 1064 nm do not exhibit a significant impact of bone den-

Photobiomodulation (PBM) differentiates itself from
transcranial magnetic or electrical stimulation techniques
in its mechanism of action, safety, and applicability. While
PBM directly acts on cellular chromophores and enhances
mitochondrial function, offering a more direct approach to
treating neurological disorders, transcranial techniques mod-
ulate neuronal activity. PBM is characterized by high toler-
ability and minimal side effects, contrasting with potential
complications of transcranial techniques. Moreover, its ease
of use and portability surpass transcranial devices, which
often require specific clinical settings. Although clinical evi-
dence supports both modalities, PBM presents a promising
field for future research due to its unique features [32].

In the context of photobiomodulation (PBM) for neuro-
logical disorders, choosing between LED and low-level laser
therapy (LLLT) is crucial due to their inherent differences in
light coherence, treatment precision, and penetration depth.
Studies indicate that LLLT provides deeper penetration and
precision, essential for targeting specific brain areas, while
LED technology is advantageous for treating larger areas
with a lower risk of thermal damage. Research suggests that
wavelength and light coherence significantly influence treat-
ment efficacy, emphasizing the importance of selecting the
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sity, as their p-values are >0.05. The low variability (R2 <0.4) in the
data suggests that, within this model, bone density is not a robust pre-
dictor of the power of the light passing through it

appropriate PBM type based on the specific condition being
treated [15, 33].

In general, the results did not show a correlation between
density and thickness, or a significant linear or logarithmic
relationship between the laser's power penetrating the bone
and the variables of density and thickness. This reveals the
absence of a defined correlation between these variables in
the studied sample. Therefore, neither cranial bone density
nor thickness seem to play a crucial role in determining
light penetration, suggesting the potential standardization of
parameters. However, the study by Yuan et al. [11] observed
that light penetrance in the brain decreases with the thick-
ness of the extracerebral layers, among which the skull is
included. Methodological differences with this study might
explain our results, as that study encompasses both the skull
and the scalp, while our study was restricted to the skull.
Furthermore, Yuan et al. [11] included samples from birth
to aging, which might translate into a more significant dif-
ference between the thicknesses of the skull and scalp, more
homogeneous in an adult sample like in our study.

This leads us to postulate that other factors might play
a more significant role in determining how much light
can penetrate the cranial bone. The mineral and chemical
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Fig.4 The wavelengths of 1064 nm, 830 nm, and 532 nm indicate
a significantly high impact of bone thickness on the power of light
passing through it in a logarithmic model (p<0.001). The wave-
lengths of 665 nm, 785 nm, 810 nm, and 980 nm also show an impact
in the logarithmic model, but with a lesser degree of significance

composition of the bone is a factor that could have a substan-
tial impact on light penetration. Bones are not homogenous;
they are composed of an organic matrix and minerals such
as calcium phosphate. This intricate framework can inter-
act with light in various ways, altering its propagation [34].
Moreover, we must remember that bone is a dynamic tis-
sue that is constantly remodeling throughout an individual's
life. Likewise, factors like the orientation of trabeculae, the
bone's water and fat content, and the presence of any bone
damage or disease could influence light penetration. The
absorption and scattering of light by the bone are complex
processes that are influenced by multiple factors, and these
might have a more significant impact than bone thickness
and density [35].

The results of this study also show that a laser's wave-
length is an important factor in determining its ability to
penetrate bone. The 655 nm laser diode, with a wavelength
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(»<0.05). However, the 450 nm wavelength does not appear to be
significantly influenced by bone thickness in this model (p>0.05).
The overall variability (R2<0.4) suggests that bone thickness, in
this model, is not a robust predictor of the power of the light passing
through it

in the near-infrared range, was the most effective, with
0.95% of its power penetrating the bone. In contrast, the
405 nm laser, with a wavelength in the ultraviolet range,
had the lowest performance, with only 0.01% of its power
managing to penetrate the bone.

These findings align with the results of previous studies
showing that longer-wavelength lasers are more effective
at penetrating bone tissue [14, 36, 37]. This is because
longer-wavelength lasers possess lower photonic energy
than shorter-wavelength lasers. This means they are less
likely to interact with the bone tissue's atoms and mol-
ecules, allowing them to pass through more easily. As pre-
viously noted, the enhanced penetration of specific wave-
lengths over others might be due to the bone's intrinsic
properties, such as its composition and structure, which
could affect light absorption and scattering. Additionally,
the variability in absorbing different wavelengths may
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result from differences in the amount of water, collagen,
and other substances present in the bone.

Therefore, even though light penetration does not seem
to directly depend on bone density or thickness, as per our
regressions, there are differences between groups, sug-
gesting other factors or combinations of factors might
be at play.

Lastly, it must be considered that the effectiveness of
PBM (Photobiomodulation) is determined not only by the
chosen wavelength but also by the energy dose, duration,
or frequency of treatment.. Given that there is no widely
accepted set of optical properties for brain tissues, it is
essential to continue research to determine the optimal
light dosimetry for various treatments and conditions.

It is crucial to acknowledge the inherent limitations
of our study. While we have investigated the relation-
ship between cranial bone density and thickness and
light penetration in PBM, our samples were exclusively
derived from cadaveric skull bones. This represents
a significant limitation, as the optical and biological
properties of living tissues can differ considerably from
post-mortem tissues. Living biological tissues con-
tain a range of chromophores such as water, oxyhemo-
globin (HbO2), deoxyhemoglobin (Hb), myoglobin,

shows the highest average power passing through the bone at 0.95%,
while the 405 nm laser shows the lowest at 0.01%

melanin, cytochromes, flavins, and water molecules.
These chromophores can significantly influence the
absorption, scattering, and reflection of light, potentially
altering the light penetration results observed in our
cadaveric samples.

Conclusion

Furthermore, different light wavelengths have varying
degrees of absorption and scattering in biological media and
tissues, suggesting that direct extrapolation of our findings
to clinical scenarios may require further evaluation. In par-
ticular, the interaction of light with the chemical and mineral
composition of living bone, as well as its constant remod-
eling, may have significant implications for PBM efficacy
not fully reflected in our cadaver-based model.

Therefore, while our findings provide valuable insights
and suggest the potential for standardizing parameters in
PBM based on bone density and thickness, it is crucial to
recognize that these results should be interpreted with cau-
tion. Future research should focus on studying the inter-
action of PBM with living bone tissues and consider the
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influence of chromophores and bone's chemical composition
on light penetration.

Acknowledgements We thank the AINDACE Foundation (Ayuda a la
Investigacion del Dafio y Enfermedades Cerebrales) and the Medical
Faculty of the University of Oviedo.

This study was funded by the European Union and the Prince-
dom of Asturias FEDER FICYT SV-PA-21-AYUD/2021/51378, and
Ministry of Sciences and Innovation [Ministerio de Ciencia e Inno-
vacion] PID2020-117259RB-100, and Ministerio Economia e Industria
MCINN-23-PLEC2022-009464

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.

Data availability The data supporting the findings of this research are
available upon request. Access inquiries should be directed to the cor-
responding author.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest about the work presented in this manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Cardoso FDS, Mansur FCB, Lopes-Martins RAB, Gonzalez-
Lima F, da Silva SG (2021) Transcranial laser photobiomodu-
lation improves intracellular signaling linked to cell survival,
memory, and glucose metabolism in the aged brain: a preliminary
study. Front Cell Neurosci 15. https://doi.org/10.3389/fncel.2021.
683127

2. Pruitt T, Wang X, Wu A, Kallioniemi E, Husain MM, Liu H
(2020) Transcranial photobiomodulation (tPBM) with 1064-nm
laser to improve cerebral metabolism of the human brain in vivo.
Lasers Surg Med 52(9). https://doi.org/10.1002/1sm.23232

3. Gutiérrez-Menéndez A, Marcos-Nistal M, Méndez M, Arias JL
(2020) Photobiomodulation as a promising new tool in the man-
agement of psychological disorders: a systematic review. Neuro-
sci Biobehav Rev 119(April). https://doi.org/10.1016/j.neubiorev.
2020.10.002

4. Montazeri K, Farhadi M, Fekrazad R, Akbarnejad Z, Chaibakhsh
S, Mahmoudian S (2021) Transcranial photobiomodulation in the
management of brain disorders. J Photochem Photobiol B Biol
221(April). https://doi.org/10.1016/j.jphotobiol.2021.112207

5. Qu X, Li L, Zhou X, Dong Q, Liu H, Yang Q, Han Y, Niu H
(2022) Repeated transcranial photobiomodulation improves
working memory of healthy older adults: behavioral outcomes of

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

poststimulation including a three-week follow-up. Neurophotonics
9(3). https://doi.org/10.1117/1.NPh.9.3.035005

Ma H, Du Y, Xie D, Wei ZZ, Pan Y, Zhang Y (2024) Recent
advances in light energy biotherapeutic strategies with photo-
biomodulation on central nervous system disorders. Brain Res
1822:148615. https://doi.org/10.1016/j.brainres.2023.148615
Barbora A, Bohar O, Sivan AA, Magory E, Nause A, Minnes R
(2021) Higher pulse frequency of near-infrared laser irradiation
increases penetration depth for novel biomedical applications.
PLoS ONE 16(1):e0245350. https://doi.org/10.1371/journal.pone.
0245350

Mester E, Ludany G, Selyei M, Szende B, Total GJ (1968) The
stimulating effect of low power laser rays on biological systems.
Laser Rev 1:3. Retrieved from https://www.osti.gov/biblio/48364
55

Cardoso FDS, Mansur FCB, Lopes-Martins RAB, Gonzalez-Lima
F, da Silva SG (2021) Transcranial laser photobiomodulation
improves intracellular signaling linked to cell survival, memory
and glucose metabolism in the aged brain: a preliminary study.
Front Cell Neurosc 15. https://doi.org/10.3389/fncel.2021.683127
Pruitt T, Wang X, Wu A, Kallioniemi E, Husain MM, Liu H
(2020) Transcranial photobiomodulation (tPBM) with 1,064-nm
laser to improve cerebral metabolism of the human brain in vivo.
Lasers Surg Med 52(9). https://doi.org/10.1002/Ism.23232

Yuan Y, Cassano P, Pias M, Fang Q (2020) Transcranial photobio-
modulation with near-infrared light from childhood to elderliness:
simulation of dosimetry. Neurophotonics 7(1). https://doi.org/10.
1117/1.NPh.7.1.015009

Degteva MO, Tolstykh EI, Shishkina EA, Sharagin PA, Zalyapin
VI, Volchkova AY, Smith MA, Napier BA (2021) Stochastic para-
metric skeletal dosimetry model for humans: general approach
and application to active marrow exposure from bone-seeking
beta-particle emitters. PLoS One 16(10). https://doi.org/10.1371/
journal.pone.0257605

Nizamutdinov D, Ezeudu C, Wu E, Huang JH, Yi SS (2022)
Transcranial near-infrared light in treatment of neurodegenera-
tive diseases. Front Pharmacol 13. https://doi.org/10.3389/fphar.
2022.965788

Jagdeo JR, Adams LE, Brody NI, Siegel DM (2012) Transcranial
red and near infrared light transmission in a cadaveric model.
PLoS One 7(10). https://doi.org/10.1371/journal.pone.0047460
Henderson TA, Morries LD (2017) Multi-Watt near-infrared pho-
totherapy for the treatment of comorbid depression: an open-label
single-arm study. Front Psychiatry 8. https://doi.org/10.3389/
fpsyt.2017.00187

Pitzschke A, Lovisa B, Seydoux O, Zellweger M, Pfleiderer M,
Tardy Y, Wagniéres G (2015) Red and NIR light dosimetry in the
human deep brain. Phys Med Biol 60(7):2921. https://doi.org/10.
1088/0031-9155/60/7/2921

Jacques SL (2013) Optical properties of biological tissues: a
review. Phys Med Biol 58(11). https://doi.org/10.1088/0031-9155/
58/11/R37

Salehpour F, Cassano P, Rouh N, Hamblin MR, De Taboada L
(2019) Penetration profiles of visible and near-infrared lasers and
light-emitting diode light through the head tissues in animal and
human species: a review of literature. Photobiomodul Photomed
Laser Surg 37(10):581-593. https://doi.org/10.1089/photob.2019.
4676

Muiiiz Fernandez J (2018) Introduccién a la Psicomet-
ria: Teorfa Clasica y TRI. Ediciones Pirdmide, S.A. ISBN
978-84-368-3932-6

Shokri A, Moradhaseli H, Fekrazad R, Jazaeri M, Asefi S (2023)
Effect of photobiomodulation therapy with different wavelengths
on bone mineral density in osteoporotic rats. Lasers Med Sci.
https://doi.org/10.1007/s10103-023-03714-4


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2021.683127
https://doi.org/10.3389/fncel.2021.683127
https://doi.org/10.1002/lsm.23232
https://doi.org/10.1016/j.neubiorev.2020.10.002
https://doi.org/10.1016/j.neubiorev.2020.10.002
https://doi.org/10.1016/j.jphotobiol.2021.112207
https://doi.org/10.1117/1.NPh.9.3.035005
https://doi.org/10.1016/j.brainres.2023.148615
https://doi.org/10.1371/journal.pone.0245350
https://doi.org/10.1371/journal.pone.0245350
https://www.osti.gov/biblio/4836455
https://www.osti.gov/biblio/4836455
https://doi.org/10.3389/fncel.2021.683127
https://doi.org/10.1002/lsm.23232
https://doi.org/10.1117/1.NPh.7.1.015009
https://doi.org/10.1117/1.NPh.7.1.015009
https://doi.org/10.1371/journal.pone.0257605
https://doi.org/10.1371/journal.pone.0257605
https://doi.org/10.3389/fphar.2022.965788
https://doi.org/10.3389/fphar.2022.965788
https://doi.org/10.1371/journal.pone.0047460
https://doi.org/10.3389/fpsyt.2017.00187
https://doi.org/10.3389/fpsyt.2017.00187
https://doi.org/10.1088/0031-9155/60/7/2921
https://doi.org/10.1088/0031-9155/60/7/2921
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1089/photob.2019.4676
https://doi.org/10.1089/photob.2019.4676
https://doi.org/10.1007/s10103-023-03714-4

Lasers in Medical Science (2024) 39:76

Page110f 11 76

21.

22.

23.

24.

25.

26.

217.

28.

29.

Jasper H (1958) The ten-twenty electrode system of the inter-
national federation. Electroencephalogr Clin Neurophysiol
10:371-375

Miller EK, Cohen JD (2001) An integrative theory of prefrontal
cortex function. Annu Rev Neurosci 24. https://doi.org/10.1146/
annurev.neuro.24.1.167

D'Esposito M, Postle BR (2015) The cognitive neuroscience of
working memory. Annu Rev Psychol 66. https://doi.org/10.1146/
annurev-psych-010814-015031

Davidson RJ, Irwin W (1999) The functional neuroanatomy of
emotion and affective style. Trends Cogn Sci 3(1). https://doi.org/
10.1016/51364-6613(98)01265-0

Nahas Z, Lomarev M, Roberts DR, Shastri A, Lorberbaum JP,
Teneback C, McConnell K, Vincent DJ, Li X, George MS, Bohn-
ing DE (2001) Unilateral left prefrontal transcranial magnetic
stimulation (TMS) produces intensity-dependent bilateral effects
as measured by interleaved BOLD fMRI. Biol Psychiatry 50(9).
https://doi.org/10.1016/s0006-3223(01)01199-4

George MS, Lisanby SH, Avery D, McDonald WM, Durkalski
V, Pavlicova M, Anderson B, Nahas Z, Bulow P, Zarkowski P,
Holtzheimer PE 3rd, Schwartz T, Sackeim HA (2010) Daily left
prefrontal transcranial magnetic stimulation therapy for major
depressive disorder: a sham-controlled randomized trial. Arch
Gen Psychiatry 67(5). https://doi.org/10.1001/archgenpsychiat
ry.2010.46

Nemeroff CB, Mayberg HS, Krahl SE, McNamara J, Frazer A,
Henry TR, George MS, Charney DS, Brannan SK (2006) VNS
therapy in treatment-resistant depression: clinical evidence and
putative neurobiological mechanisms. Neuropsychopharmacology
31(7). https://doi.org/10.1038/sj.npp.1301082

Loo CK, Mitchell PB (2005) A review of the efficacy of transcra-
nial magnetic stimulation (TMS) treatment for depression, and
current and future strategies to optimize efficacy. J Affect Disord
88(3). https://doi.org/10.1016/j.jad.2005.08.001

Lefaucheur JP, Aleman A, Baeken C, Benninger DH, Brunelin J,
Di Lazzaro V, Filipovi¢ SR, Grefkes C, Hasan A, Hummel FC,
Jaaskeldinen SK, Leocani L, Londero L, Nardone R, Nguyen JP,
Nyffeler T, Oliveira-Maia AJ, Oliviero A, Padberg F, Palm U,
Paulus W, Poulet E, Quartarone A, Rachid F, Rektorova I, Rossi S,
Sahlsten H, Schecklmann M, Szekely D, Ziemann U (2020) Evi-
dence-based guidelines on the therapeutic use of repetitive tran-
scranial magnetic stimulation (rTMS): an update (2014-2018).

30.

31.

32.

33.

34.

35.

36.

37.

Clin Neurophysiol 131(2). https://doi.org/10.1016/j.clinph.2019.
11.002

Holmes E, Barrett DW, Saucedo CL, O’Connor P, Liu H, Gonza-
lez-Lima F (2019) Cognitive enhancement by transcranial photo-
biomodulation is associated with cerebrovascular oxygenation of
the prefrontal cortex. Front Neurosci 13. https://doi.org/10.3389/
fnins.2019.01129

Wang X, Ma L-C, Shahdadian S, Wu A, Truong NCD, Liu H
(2022) Metabolic Connectivity and Hemodynamic-metabolic
coherence of human prefrontal cortex at rest and post photobio-
modulation assessed by dual-channel broadband NIRS. Metabo-
lites 12(1). https://doi.org/10.3390/metabo12010042

Mosilhy EA, Alshial EE, Eltaras MM, Rahman MMA, Helmy
HI, Elazoul AH, Hamdy O, Mohammed HS (2022) Non-invasive
transcranial brain modulation for neurological disorders treatment:
a narrative review. Life Sci 15(307):120869. https://doi.org/10.
1016/j.1£5.2022.120869

Salehpour F, Rasta SH (2017) The potential of transcranial photo-
biomodulation therapy for treatment of major depressive disorder.
Rev Neurosci 28(4). https://doi.org/10.1515/revneuro-2016-0087
Stanisz GJ, Odrobina EE, Pun J, Escaravage M, Graham SJ, Bron-
skill MJ, Henkelman RM (2005) T1, T2 relaxation and magnetiza-
tion transfer in tissue at 3T. Magn Reson Med 54(3). https://doi.
org/10.1002/mrm.20605

Kut C, Chaichana KL, XiJ, Raza SM, Ye X, McVeigh ER, Rodri-
guez FJ, Quifiones-Hinojosa A, Li X (2015) Detection of human
brain cancer infiltration ex vivo and in vivo using quantitative
optical coherence tomography. Sci Transl Med 7(292). https://
doi.org/10.1126/scitranslmed.301061 1

Grigoriev GV, Grigorescu S, Yakubovich A (2013) Influence of
laser wavelength on the depth of penetration into bone tissue.
Lasers Med Sci 28(1):303-308

Chung H-W, Kim M-C, Lee J-M, Kim D-H (2015) The eftect of
laser wavelength on the penetration depth of laser irradiation in
bone tissue. J Biomed Opt 20(11):1-10

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev-psych-010814-015031
https://doi.org/10.1146/annurev-psych-010814-015031
https://doi.org/10.1016/s1364-6613(98)01265-0
https://doi.org/10.1016/s1364-6613(98)01265-0
https://doi.org/10.1016/s0006-3223(01)01199-4
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1001/archgenpsychiatry.2010.46
https://doi.org/10.1038/sj.npp.1301082
https://doi.org/10.1016/j.jad.2005.08.001
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.3389/fnins.2019.01129
https://doi.org/10.3389/fnins.2019.01129
https://doi.org/10.3390/metabo12010042
https://doi.org/10.1016/j.lfs.2022.120869
https://doi.org/10.1016/j.lfs.2022.120869
https://doi.org/10.1515/revneuro-2016-0087
https://doi.org/10.1002/mrm.20605
https://doi.org/10.1002/mrm.20605
https://doi.org/10.1126/scitranslmed.3010611
https://doi.org/10.1126/scitranslmed.3010611

	Dosimetry in cranial photobiomodulation therapy: effect of cranial thickness and bone density
	Abstract
	Introduction
	Method
	Sample
	Devices
	Measurement procedure
	Statistics

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


