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Abstract 

Approximately one-third of US adults have tattoos, yet the dosimetric impact of intra-

dermal tattoo pigments during radiation therapy remains uncharacterized. Commer-

cial tattoo inks contain unregulated metallic impurities including chromium, lead, and 

nickel, raising concerns about dose perturbations in tattooed skin. This work quanti-

fies radiation dose perturbations induced by high-atomic-number (Z) tattoo pigments 

under clinically relevant radiotherapy conditions. Monte Carlo simulations (TOPAS) 

modeled layered skin phantoms with a 0.3-mm intradermal tattoo layer embedded at 

1.25–1.55 mm depth. Three commercial inks were evaluated: carbon-based (black) 

and metal-containing (Fe-rich brown, Al-containing orange) at pigment loadings of 

5–100 vol% within the tattoo layer, to establish upper-bound effects. Electron (6, 18 

MeV) and photon (6, 18 MV) beams were simulated with standard clinical geometry 

(1 × 1 cm² field, SSD = 100 cm). Photon irradiation produced pronounced, depth-

localized dose enhancement, with peak dose enhancement factor (DEF) reaching 2.5 

for brown ink at 18 MV, a 62% mean increase relative to non-tattooed skin driven by 

high-Z–mediated secondary electron production. Electron beams exhibited energy-

dependent behavior: 6 MeV produced modest enhancement (peak DEF ~ 1.07), while 

18 MeV unexpectedly generated dose deficits (DEF < 1.0) due to enhanced lateral 

scattering. Critically, all perturbations remained depth-confined without lateral propa-

gation, preserving spatial dose uniformity across tattooed and non-tattooed regions. 

Tattoo pigments containing toxic metals create substantial localized dose enhance-

ments under photon irradiation but minimal perturbations under electron therapy. 

These modality-dependent effects represent a previously unrecognized source of 

dose uncertainty in radiotherapy and warrant consideration in treatment planning for 

the growing population of tattooed patients.
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Introduction

Tattooing has become a common, permanent form of body art. Population surveys 
indicate that 32% of adults in the United States and a growing proportion worldwide 
have at least one tattoo [1]. This widespread practice intersects with the central role 
of radiation therapy in cancer care. Projections for 2025 and beyond indicate that 
more than half of all cancer patients expected to receive radiation during the course 
of treatment [2,3]. As the prevalence of tattoos increases, the question of whether 
intradermal tattoo pigments could measurably alter skin dose has direct relevance for 
patient counseling, treatment planning, and regulatory guidance.

Commercially available tattoo inks are heterogeneous mixture of pigments, dis-
persants, and additives [4,5]. Black inks are typically carbon based, whereas colored 
inks often contain metal oxides (e.g., iron oxides), other organic (e.g., azo dyes) or 
organometallic compounds (e.g., copper phthalocyanine) [5,6]. Multiple analyses of 
commercially available tattoo inks have reported variable levels of toxic metals such 
as Ni, Cr, Cd, and Pb, with some products exceeding recommended limits under 
regional frameworks such as the European Union REACH restrictions [7–9]. By 
contrast, tattoo inks fall under cosmetic regulation by the U.S. FDA; no color additives 
are explicitly approved for intradermal injection (i.e., tattooing), and oversight focuses 
primarily on microbiological safety rather than toxicological and radiological proper-
ties [10–12]. These observations motivate a physics-based assessment of whether 
metal-containing components, particularly those with a higher atomic number (Z), 
could perturb therapeutic dose deposition in the skin.

Analogous concerns have previously arisen in other imaging and treatment set-
tings. Early case reports of heating and burns in tattooed patients undergoing mag-
netic resonance imaging (MRI) led to significant attention, but subsequent systematic 
investigations demonstrated that clinically relevant effects are rare when safety 
guidelines are followed [13,14]. A similar, quantitative evaluation is warranted for ther-
apeutic photon and electron beams [15]. Dosimetric commissioning and reference 
measurements (e.g., AAPM TG-106) ensure accuracy under standard conditions 
[16], and local dose perturbations from implants and tissue heterogeneity are well 
documented [17,18]. Because tattoos are dermally embedded, often within treatment 
fields [19], and can contain high-Z components, they may modify superficial dose. 
However, existing data on tattoo-radiation interactions are yet insufficiently charac-
terized or represented in current clinical, toxicological, and regulatory frameworks 
[20–22].

In this context, a key unmet need is a modality-resolved analysis of how realistic 
tattoo pigment scenarios influence skin dose under clinically relevant external beam 
radiotherapy (EBRT) geometries. Herein, we address these gaps by quantifying skin 
dose perturbations from tattoo pigments using Monte Carlo simulations with anatomi-
cally informed skin models that incorporate a sub-millimeter intradermal tattoo layer.

We construct pigment composition scenarios ranging from carbon-based (black 
color) to metal-containing (brown and orange) inks. Monoenergetic 6 and 18 MeV 
electron and 6 and 18 MV photon beams are examined at a standard source-to-
surface distance (SSD) of 100 cm. For each configuration, depth-dose distributions 
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were computed within a 2.4-mm skin slab, and resulting perturbations were analyzed as a function of pigment concentra-
tion and anatomical location. By demonstrating upper bounds on dose changes and identifying conditions under which 
localized hotspots arise, this work aims to inform clinical decision-making for tattooed patients undergoing EBRT and to 
provide a quantitative framework for subsequent experimental and clinical validation.

Materials and methods

Ink composition

Tattoo pigments were represented using three commercial Intenze tattoo inks selected based on a published market 
survey [4]. The inks included a brown and orange ink containing elevated Pb and Cd levels, and a black ink with negli-
gible heavy metal content. Elemental compositions originally reported on a wet-mass basis (including solvent) [4] were 
converted to a dry-mass basis to represent the solid pigment fraction retained in the dermal tissue. A representative 
dry-matter content of 47 wt% (typical range 31–62 wt%) was adopted from the Danish Environmental Protection Agency 
survey (2012) [23].

The dry-mass elemental concentrations were directly implemented into TOPAS material definitions. Component den-
sities were assigned according to their realistic chemical forms rather than elemental state: Fe

2
O

3
 (5.3 g/cm3), used as a 

representative iron oxide pigment commonly reported in commercial brown tattoo inks [4,23], Al(OH)
3
 (2.4 g/cm3) addi-

tives for the orange ink, and carbon black (1.8 g/cm3) for the black ink. Mixtures in TOPAS were defined by weighing each 
elemental component according to its reported mass fraction. This approach produces physically accurate, chemically 
representative densities and avoids overestimation that would result from using pure elemental densities. The resulting 
elemental mass fractions and compound-based densities were then used to generate tattoo-dermis mixture materials 
at 0, 5, 10, 25, 50, 75, 100 vol% pigment loadings, which served as direct material inputs for tool for particle simulation 
(TOPAS) simulations.

Skin layer design

Although realistic tattoo pigment concentrations are typically below 25 vol%, higher loadings (up to 100 vol%) there-
fore represent parametric upper-bound scenarios rather than biological concentrations and systematically characterize 
concentration-dependent effects. To investigate these dosimetric perturbations, a voxel-based multilayer skin model was 
implemented in the TOPAS, as illustrated in Fig 1. The geometry reproduced major anatomical skin structures, including 
the epidermis, papillary dermis, and reticular dermis, using literature-based thicknesses, densities, and compositions 
[24,25].

Fig 1.  Schematic illustration of the irradiation setup used in the Monte Carlo simulations.

https://doi.org/10.1371/journal.pone.0346501.g001



PLOS One | https://doi.org/10.1371/journal.pone.0346501  April 2, 2026 4 / 14

The simulation geometry consists of a multilayer skin model comprising the epidermis and dermis sublayers with a 
0.3-mm tattooed layer was embedded within the reticular dermis at depths of 1.25–1.55 mm below the skin surface. The 
lateral simulation area (1 × 1 cm2) was used, or divided into four quadrants containing brown, orange, black tattoo pig-
ments, and a control region without ink. Irradiation was performed using electron or photon beams with an SSD of 100 cm. 
Energy deposition was scored in the 0–2.4 mm skin region, and a water phantom beneath the skin layer was included to a 
model backscatter condition.

The epidermis was modeled as a 0.1-mm layer consisting of six sublayers: the upper stratum corneum (upper SC, 8.5 
µm, 1.3 g/cm3), middle SC (12.8 µm, 1.2 g/cm3), lower SC (12.8 µm, 1.1 g/cm3), stratum granulosum (8 µm, 1.1 g/cm3), 
stratum spinosum (50 µm, 1.1 g/cm3), stratum basale (8 µm, 1.1 g/cm3). Beneath the epidermis, the 2.4-mm dermal region 
(2.4 mm total) consisted of a 0.4-mm papillary dermis (1.1 g/cm3) overlying a 1.9-mm reticular dermis (1.1 g/cm3).

We derived elemental compositions for each skin layer from published sublayer analyses [24,26], consisting predomi-
nantly of oxygen (62 wt%), carbon (20%), hydrogen (10%), and nitrogen (3%). The remaining ~ 5 wt% consisted of physi-
ologically relevant trace elements, including sodium and potassium (~ 1.4% each), phosphorus (1.6%), sulfur (0.4%), and 
minor quantities of calcium (0.07%), zinc (0.013%), and iron (0.019%). These average compositions were applied uni-
formly across the skin layers for material definition in TOPAS.

The tattooed region was modeled as a 0.3-mm sublayer embedded within the reticular dermis (centered at 1.4 mm, 
spanning 1.25–1.55 mm below the skin surface), consistent with common tattoo pigment distributions [27]. Dermis 
density within the tattooed region was defined as a mass-fraction mixture of native dermal tissue and dry tattoo pig-
ment according to the loading fraction. Mixture densities and corresponding material mass fractions were computed 
based on the elemental compositions and bulk densities of each tattoo pigment and the reticular dermis. For exam-
ple, the brown ink (Fe-rich) was assigned to a bulk density of 5.3 g/cm3, representative of its metallic oxide, while the 
reticular dermis density was set to 1.1 g/cm3. To study different pigment loadings, mixtures containing 5, 10, 25, 50, 
75, and 100 vol% tattoo ink were modeled in a 0.30 mm sublayer. Mixture densities were computed by volume-fraction 
mixing (see Table 1):

	 ρmix = vinkρink +
(
1 – vink

)
ρdermis,	

Material composition mass fraction was also calculated accordingly. Corresponding mass fractions used for material com-
position in TOPAS were obtained using:

	
wi = viρi/

∑
j

vjρj
	

Table 1.  Tattoo-dermis mixture densities used in the Monte Carlo simulations at different volume fractions.

Pigment loading (vol%) Dermis fraction (%) Mixture density (g/cm3)

Brown Orange Black

0 (no ink) 100 1.1 1.1 1.1

5 95 1.3 1.2 1.1

10 90 1.5 1.2 1.2

25 75 2.1 1.4 1.3

50 50 3.2 1.8 1.5

75 25 4.2 2.1 1.6

100 0 5.3 2.4 1.8

https://doi.org/10.1371/journal.pone.0346501.t001
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Monte Carlo simulation

Monte Carlo simulations were performed using TOPAS v3.8.1 (Geant4.10.07.p03) to model electron and photon transport 
through the multilayer voxelized skin phantom [28–30]. Irradiation conditions included 6 MeV and 18 MeV electron beams 
and 6 MV and 18 MV photon beams, each with a 1 × 1 cm2 field size and an SSD of 100 cm (Fig 1). The 1 × 1 cm2 field size 
was selected to approximate the lateral dimensions of typical tattoo regions. Electromagnetic interactions were modeled 
using the G4em-Livermore physics list for enhanced low-energy electron transport accuracy. A production cut of 0.001 mm 
was applied within the tattooed region to resolve micro-scale energy gradients. Each condition was simulated with ≥ 
1 × 107 primary particles, yielding statistical uncertainties below 1% within the tattooed region. Dose scoring employed 
a 3D mesh covering the full 2.4 mm skin, with 0.1 mm binning in z and 2 mm in x–y. DoseToWater (water-equivalent 
absorbed dose) was recorded in accordance with the standard skin dosimetry conventions. All reported dose values rep-
resent mean ±1 standard deviation from Monte Carlo statistics.

All simulations were performed at the University of Chicago Research Computing Center (RCC) Midway3 cluster 
(partition: caslake). Each simulation utilized 8 CPU cores (Intel Xeon Gold 6346 @ 3.10 GHz, and nodes with 180 GB 
of system memory. A simulation with 1 × 107 particle histories required approximately 6 minutes for the present geometry 
and physics settings. Considering the four irradiation modalities investigated in this study, the total runtime per phantom 
configuration was approximately 2 hours.

Data analysis

TOPAS outputs were exported as ASCII.csv files containing X, Y, Z, and Dose columns. Analyses were performed 
in Python using standard scientific libraries (NumPy, Pandas, and Matplotlib/Seaborn). Depth-dose curves and two-
dimensional (2D) dose maps were generated to visualize dose perturbations across skin layers and pigment loadings. 
Depth-dose curves were obtained by averaging dose values laterally at each depth:

	 Ddepth(z) = meanx,y
[
D(x, y, z)

]
	

Integrated skin dose was computed by summing dose contributions across all depth bins within the top 2.4 mm. The dose 
enhancement factor (DEF) was defined as the ratio of tattooed to control skin dose:

	
DEF =

Dtattoo

Dcontrol	

Two-dimensional (X–Y) dose maps within the scoring region (0–2.4 mm) were generated using a fixed color scale and 
consistent dose units (Gy) to evaluate lateral dose uniformity across different tattoo loadings and irradiation modalities.

Results

Tattooed-skin phantom geometry for simulations

Using the ink compositions defined in Materials and Methods Section, we first established a combined chemical-
anatomical framework. Three commercial inks (brown, orange, and black) were selected to span a representative range of 
pigment compositions from low-Z to high-Z formulations. Elemental contents were extracted from legacy batches reported 
in the prior survey [4]. Table 2 summarizes the concentrations of key metals in the selected Intenze inks in comparison 
with EU REACH limits [7]. The brown and orange inks contain the highest levels of regulated species, with Ni, Co, and 
Pb each exceeding allowable limits. Chromium exceeds the 0.5-ppm threshold in all three inks, including the black ink, 
indicating a broad prevalence of Cr contamination across pigment types. The brown ink is Fe

2
O

3
-dominant with Fe pres-

ent at nearly 9 wt% (wet basis) and accompanying impurities spanning sub-ppm to hundreds of ppm, consistent with the 
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compound-based density described in Section 2.1. The orange ink exhibits markedly higher Al, reflecting its Al(OH)
3
 addi-

tives. The black ink carried the lowest total metal content, though Cr and Cu remain at or above regulatory thresholds.
Among three formulations, the brown ink provides the highest and most compositionally diverse high-Z loading, making 

it the most conservative boundary condition for evaluating radiological perturbations. Overall, these compositions demon-
strate that commercial inks can contain non-trivial amounts of high-Z metals, providing a conservative basis for subse-
quent dose-interaction modeling.

Fig 1 illustrates the resulting skin-phantom geometry. The embedded tattoo sublayer, modeled using the ink-specific 
compositions (see Section 2.2 and Table 1), was positioned within the region of steep gradient characteristic of superficial 
EBRT. This placement enables analysis of both photon- and electron-driven interaction pathways, including photoelectric 
absorption, forward/backscatter distributions, and modulation of secondary electron fluence. The framework thereby sup-
ports systematic comparison of dose perturbations across beam modalities evaluated in this work.

Dose enhancement by modality and energy

Dose enhancement was evaluated for the Fe
2
O

3
-dominant brown ink across four clinical energies: two electron (6 and 18 

MeV) and two photon energies (6 and 18 MV). Fig 2 shows all pigment loadings (5–100%) exhibited similar qualitative 
ordering of effects, with higher pigment fractions producing larger perturbations while preserving the overall trend, demon-
strating a concentration-dependent response.

Under electron irradiation, 6 MeV beams produced shallow but distinct enhancement localized to the reticular dermis, 
with peak DEF of ~1.07 at 100% pigment loading (Fig 2a). The dose increase occurred within and slightly above the pig-
ment layer, with the tattoo-layer mean dose rising by ~2.5%. However, this enhancement was highly energy dependent. 
At 18 MeV, the behavior reversed; rather than showing dose enhancement, the brown ink produced localized dose deficits 
(DEF < 1.0), with peak DEF reduced to ~1.03 and mean DEF approximately 1.00 (Fig 2b).

In sharp contrast, photon irradiation yielded substantially larger perturbations than electron beams across all energies. 
The 6 MV photons generated peak DEF of ~2.16 (Fig 2c), while 18 MV photons reached ~2.49 (Fig 2d). Correspond-
ing mean DEF values were 53% and 62% at 6 and 18 MV, respectively, under the theoretical 100% pigment-loading 

Table 2.  Elemental composition of selected Intenze tattoo inks compared to EU REACH regulatory limits. Multiple toxic metals, including Cr, 
Ni, Co, and Pb, exceed allowable thresholds in brown and orange inks, with Cr contamination observed across all three formulations. The 
brown ink exhibits the highest overall metal loading (Fe2O3-dominant at 88,400 ppm Fe, wet weight) and broadest compositional diversity, 
representing a conservative upper-bound scenario for dosimetric modeling.

Z-Element Brown (ppm)a Orange (ppm)a Black (ppm)a Limit (ppm)b REACH Compliancea

13-Al 105 1,830 9.36 N/A –

23-V 11.0 19.3 0.098 N/A –

24-Cr 147 2.99 1.55 0.5 Exceeds (All)

26-Fe 88,400 0.89 6.42 N/A –

27-Co 6.44 32.4 0.011 0.5 Exceeds (Brown, Orange)

28-Ni 9.59 13.0 0.070 5 Exceeds (Brown, Orange)

29-Cu 260 <LoQc 5.02 250 Exceeds (Brown)

48-Cd 0.35 0.14 0.013 0.5 Within (All)

56-Ba 19.3 0.29 0.17 500 Within (All)

80-Hg 0.15 0.32 0.011 0.5 Within (All)

82-Pb 8.13 1.51 0.057 0.7 Exceeds (Brown, Orange)

aConcentrations converted to ppm from wet-mass data in Ref. [4]. Legacy batches are used to bracket realistic worst-case compositions likely encoun-
tered in practice. bREACH thresholds shown where applicable to toxic species; “N/A” where no specific ppm limit applies. cLoQ = limit of quantification.

https://doi.org/10.1371/journal.pone.0346501.t002
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condition, representing an upper-bound scenario. These enhancements arise from increased secondary-electron pro-
duction in the high-Z pigment. For 6 MV photons, elevated electron density in Fe-rich pigment increases the probability 
of Compton interactions, generating more high-energy electrons in the surrounding dermis. At 18 MV, additional contribu-
tions from pair production become significant, further amplifying dose deposition. Across 5–100% pigment loadings, the 
curves preserved the same qualitative shape. At lower loadings (5 vol%), the mean dose deviation remained within 5%, 
while localized peak perturbations slightly exceeded this threshold. Larger deviations above 5% became more apparent at 
higher pigment fractions (>10 vol%).

Depth-dose profiles under electron and photon irradiation

Having established the modality dependence using the brown ink, we next examined how these trends across both 
electron and photon beams and across the three ink formulations. Fig 3 compiles raw total dose-depth profiles for brown, 
orange, and black inks under 6 MeV electron and 6 MV photon irradiation at pigment loadings from 0% to 100%.

Under 6 MeV electron irradiation (Fig 3a–c), all three pigments exhibited shallow, localized perturbations that remained 
confined to the reticular dermis. Consistent with Section 3.2, brown ink showed the localized increase of ~ 6–7% at 

Fig 2.  Modality- and energy-dependent dose enhancement factors (DEF) for Fe2O3-dominant brown tattoo pigment. (a) 6 MeV and (b) 18 MeV 
electrons, and (c) 6 MV and (d) 18 MV photons. Electron beams produce modest perturbations, with 6 MeV showing enhancement (peak DEF ~ 1.07) 
while 18 MeV exhibits dose deficits (DEF < 1.0). In contrast, photon beams generate pronounced enhancement (peak DEF ~ 2.2–2.5) driven by 
high-Z-mediated secondary electron production. Curves shown here for 5%, 10%, 25%, 50%, 75%, and 100% pigment loading.

https://doi.org/10.1371/journal.pone.0346501.g002
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100% pigment loading (Fig 3a). The other two inks exhibited smaller localized enhancements of ~ 2–3% at full loadings, 
reflecting their lower high-Z content. Despite these localized features, the total dose delivered to the skin slab (0–2.4 mm) 
differed by < 2.5% relative to the no-ink control for all three pigments and concentrations (Fig 2e), and the corresponding 
DEF remained within 1.00–1.03.

Under 6 MV photon irradiation (Fig 3d–f), the dose-depth profiles exhibited more distinct pigment- and 
concentration-dependent perturbations due to the large dose perturbations shown in Fig 2c. Color-dependent trends 
persisted across the entire superficial region: brown > orange > black, consistent with the 6 MeV electron results mentioned 
above. These findings show that tattoo pigments introduce localized depth-dependent variations whose magnitude cor-
relates with the high-Z fraction of the pigment.

Spatial dose perturbations

Furthermore, to determine whether tattoo pigments introduce lateral dose heterogeneity, 2D dose maps were generated 
for both the electron and photon irradiation conditions using a four-quadrant, multi-color tattoo configuration. Under 6 
and 18 MeV electron irradiation, the dose maps in Fig 4 show largely uniform lateral dose distributions across all pigment 
loadings. While local pixel-scale fluctuations are visible, particularly at 100% pigment loading (Fig 4c, f), these variations 
do not form coherent quadrant-wide patterns. Notably, although the brown-pigment quadrant (bottom right) exhibits slightly 

Fig 3.  Composition-dependent depth-dose profiles for three inks under 6 MeV electron and 6 MV photon irradiation. (a, d) brown (Fe
2
O

3
-rich), 

(b, e) orange (Al-containing), and (c, f) black (carbon-based). Under electron irradiation, all pigments show shallow, localized perturbations with total 
skin-integrated dose differing by <2.5% from control. Under photon irradiation, dose perturbations follow the trend brown > orange > black, reflecting each 
ink’s high-Z metal content. Pigment loadings: 0%, 5%, 10%, 25%, 50%, 75%, and 100%.

https://doi.org/10.1371/journal.pone.0346501.g003
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higher frequency of locally elevated pixels at full loading, this effect remains spatially diffuse and does not produce a sys-
tematic lateral dose shift across the tattoo plane.

Under 6 and 18 MV photon irradiation, the dose maps in Fig 5 reveal clear and structured geometry-correlated 
dose patterns. As pigment loading increases, tattoo-containing quadrants show consistent and spatially coherent dose 
enhancement relative to the no-ink region (top left), with the effect most pronounced at 100% loading (Fig 5c, f). These 
patterns directly reflect the underlying pigment distribution, indicating a fundamentally different lateral sensitivity compared 
to electron irradiation. Together, these results demonstrate that while electron irradiation may exhibit minor local fluctua-
tions at high pigment loadings, clinically relevant lateral dose modulation emerges predominantly under photon irradiation, 
where tattoo composition and spatial arrangement directly imprint onto the dose distribution.

Discussion

The three tattoo inks examined in this work exhibited clear composition-dependent dose perturbations that reflected their 
differing metal contents (Table 2). The Fe

2
O

3
-dominant brown ink, containing higher levels of high-Z elements made up 

of mostly Fe and other metals like Cr, Ni, Co, etc., produced the largest dose deviations. The orange (Al-containing) and 
the black ink (C-based, low in metal content) generated comparatively smaller perturbations (Fig 3). This trend follows 
established relationships between effective atomic number, pigment density, and transport of secondary electrons in 

Fig 4.  Electron-beam spatial dose distributions for a multi-color tattoo geometry (1 × 1 cm2, four 0.5 × 0.5 cm2 quadrants). No ink (top-left), black 
(top-right), orange (bottom-left), and brown (bottom-right). Dose maps shown for 6 MeV(a–c) and 18 MeV (d–f) electron at 0%, 50%, and 100% pigment 
loading. Electron irradiation produces laterally uniform dose distributions.

https://doi.org/10.1371/journal.pone.0346501.g004
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heterogeneous skin environments [31]. Spatial dose maps in Figs 4 and 5 revealed that pigment composition did not intro-
duce lateral dose non-uniformity for either modality. Even at 100% pigment loadings of multi-color tattoo geometries (Fig 
4c, f and Fig 5c, f), consisting of brown, orange, black, and no-ink, gave no coherent brightening, attenuation, or spatial 
imprinting across the irradiated plane. These results confirm that tattoo pigments perturb dose primarily along the depth 
axis, while lateral transport remains uniform across the field.

Under electron irradiation, the brown ink generated depth-localized enhancements of approximately 7% at 6 MeV (Fig 
2a and 3a). In contrast, at 18 MeV, the energy-dependent transition to dose deficits (DEF < 1.0, Fig 2b) demonstrates that 
higher-energy electrons can reduce local dose in tattooed regions, an outcome opposite to the enhancement observed 
with lower-energy electron (6 MeV) and all photon conditions (6, 18 MV).

This counterintuitive transition reflects the competing mechanisms in high-Z heterogeneities [31,32]. At 6 MeV, back-
scatter and secondary electron production from Fe

2
O

3
 dominate, leading to net dose enhancement confined to the vicinity 

of the pigment layer. At 18 MeV, electrons possess sufficient energy to penetrate through the pigment layer with limited 
range perturbation. Although scattering probability remains elevated in high-Z material, the longer mean free path and 
more forward-peaked angular distribution result in enhanced lateral deflection rather than localized energy deposition. 
Consequently, a fraction of primary electrons is redistributed away from the tattoo region, creating a dose deficit in the 
tissue immediately beneath the pigment layer. Because electron-induced perturbations remain confined in depth and do 

Fig 5.  Photon-beam spatial dose distributions for a multi-color tattoo geometry (1 × 1 cm2, four 0.5 × 0.5 cm2 quadrants). No ink (top-left), black 
(top-right), orange (bottom-left), and brown (bottom-right). Dose maps shown for 6 MV (a–c) and 18 MV (d–f) photon at 0%, 50%, and 100% pigment 
loading. Photon irradiation shows clear geometry-correlated enhancement patterns, but perturbations remain spatially confined to tattooed regions with-
out lateral propagation.

https://doi.org/10.1371/journal.pone.0346501.g005
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not extend laterally, the depth-integrated superficial dose outside the tattoo region was minimally affected in both electron 
energies, regardless of whether local dose increased (6 MeV) or decreased (18 MeV).

In contrast, photon beams yielded substantially larger and more depth-extended perturbations than electron beams. 
Peak DEF values exceeded a factor of two to three, and mean DEF values increased by 53% (6 MV) and 62% (18 MV) 
relative to no-ink control under the theoretical 100% pigment-loading condition. To ensure patient safety, these values 
represent a clinically conservative upper-bound scenario designed to evaluate potential risks under extreme conditions. 
Therefore, they should be interpreted as parametric limits that may overestimate the dose perturbation magnitude for typ-
ical tattoos, where pigments are dispersed within dermal tissue at lower effective volume fractions. Based on the pigment 
mass loadings reported by Engel et al. (0.6–9.4 mg/cm2 for a red azo dye as model tattooed skin) and the tattoo layer 
thickness used in the present model (0.3 mm) [33], these values correspond to approximate pigment volume fractions up 
to 25% assuming typical azo organic densities.

The enhanced doses in the presence of high-Z pigment are governed by Compton scattering and, at higher energies, 
pair production [34]. For 6 MV photons, enhanced electron density with Fe-rich brown pigment increases the probabil-
ity of Compton interactions, leading to elevated number of high-energy electrons in the surrounding dermis. At 18 MV, 
additional contributions from pair production became significant. Owing to the Z dependence, pair production within the 
Fe

2
O

3
-dominant pigment generates energetic electron-positron pairs whose extended ranges and subsequent annihilation 

processes further increase secondary particle transport and dose spread. This combined increase in secondary electrons 
explains the systematically higher DEF observed for 18 MV relative to 6 MV photons. Across 5–100% pigment loadings, 
the depth-dose curves in Fig 3c, d preserved the same qualitative shape, confirming high-Z-mediated photon interaction 
mechanisms dominate the observed dose enhancement.

Although the photon-induced perturbations remain confined to the dermis, the depth range of maximal enhancement 
corresponds predominantly to the reticular dermis rather than the superficial papillary layer. This compartment contains 
dense vascular networks, adnexal structures such as sweat glands and hair follicles, and exhibits a higher capacity for 
inflammatory signaling. As a result, localized dose perturbations in the reticular dermis are likely to be relevant to radiation 
dermatitis. Such effects may be particularly consequential in treatment settings where superficial dose drives toxicity [35], 
including breast irradiation, head-and-neck radiotherapy, and other skin dose-limited cases.

Notably, current treatment-planning–system (TPS) algorithms do not explicitly account for tattoo-specific high-Z 
pigments or their depth-dependent transport behavior [16], suggesting that these localized dose enhancements can be 
systematically under-represented when tattoos lie within or adjacent to the treatment field. Although volumetric tattoo-
specific data are beyond the scope of this work, the localized dose increases observed within the dermal layers imply that 
sufficiently large or pigment-dense tattooed areas could experience non-negligible increases in dose-volume metrics such 
as V

30
/V

40
/V

50
 Gy. In clinical contexts where hypofractionation or stereotactic body radiation therapy (SBRT) is used, high-

dose per fraction may amplify both acute and late reactions [36], further supporting caution when photon beams traverse 
above pigment-dense tattoos. While comprehensive risk stratification will require future studies, the present findings high-
light tattoo pigments as a modest but previously unmodeled source of uncertainty in skin-dose estimation. The modality-
dependent behavior reflects fundamental differences in energy deposition mechanisms: electrons deposit dose directly 
and are rapidly attenuated, limiting perturbations to the immediate vicinity of the high-Z inclusions; photons, by contrast, 
generate secondary electrons through Compton and pair-production interactions that propagate into adjacent tissue layers 
[37]. These findings suggest that tattooed regions may warrant additional consideration during photon treatments involv-
ing shallow targets, skin-dose constraints, or bolus use [15]. Further characterization of modern pigment formulations and 
in-vivo validation will be essential to define clinical protocols.

From a regulatory and translational perspective, radiological behavior represents only one dimension of tattoo-pigment 
safety. Chemical toxicity, impurity control, and microbiological contamination remain active concerns within U.S. and 
international regulatory frameworks. The recent implementation of the Modernization of Cosmetics Regulation Act by FDA 
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(MoCRA, 2022) reflects ongoing efforts to strengthen oversight of pigment quality, particularly in relation to manufactur-
ing hygiene and microbiological safety [38]. Of additional relevance is the unregulated commercial availability of tattoo 
inks through consumer retail channels, where products containing non-compliant metal concentrations remain accessible 
to the general public [8,9], a population of which a substantial proportion will require radiotherapy at some point of their 
lifetime. Although the inorganic components in tattoo inks are present at lower concentrations than engineered metal, 
metal oxides and chalcogenides, the underlying principles governing their interactions with ionizing radiation remain 
similar. Under megavoltage photon irradiation, high-Z inorganic materials such as Fe

2
O

3
 or Au exhibit distinct scattering 

and charged-particle transport characteristics relative to surrounding tissues. In particular, Compton-mediated secondary 
electron generation combined with altered electron transport and stopping behavior in dense pigment regions may contrib-
ute to localized variations in energy deposition at pigment-tissue interfaces. Such localized dose amplification has been 
linked, in other material-biological systems, to enhance redox chemistry and reactive oxygen species formation [39–41]. 
These considerations underscore the need for a multidisciplinary safety framework that integrates radiological, chemical, 
and biological evaluation of tattoo pigments.

This study has several limitations. The findings are derived from Monte Carlo simulations using idealized multilayer 
skin phantoms, which necessarily simplify patient-specific anatomical variability. From a chemical standpoint, the pig-
ment compositions modeled here represent approximations of reported formulations, and deviations in actual ink com-
position, aggregation state, or pigment-protein interactions could alter the magnitude of dose perturbation. Moreover, 
the pigment loading and effective density used in the simulations represent simplified sensitivity scenarios and may 
overestimate the effective pigment volume fraction present in typical tattooed skin. Accordingly, the model should be 
interpreted as a representation of pigment accumulation in vivo. In addition, this work focused on photon and electron 
beams; interactions involving particle beams such as protons or carbon ions, of increasing clinical relevance, remain 
uncharacterized.

Furthermore, the beam sources were modeled as monoenergetic with Gaussian energy spread rather than using 
phase-space files from commissioned linear accelerator head simulations. While this simplified approach is appropriate 
for systematic comparison across energies and pigment compositions, it does not account for spectral components such 
as low-energy scatter photons, contaminant electrons, or head-leakage radiation that may be present in clinical beams. 
Future work incorporating realistic phase-space distributions, e.g., IAEA phase-space files for generic clinical linear accel-
erators [42], together with patient-specific tattoo geometry and composition, and experimental validation, will help refine 
the magnitude of predicted dose perturbations and establish clinical relevance for tattooed patients undergoing radiation 
therapy.

Conclusion

Tattoo pigments containing iron oxides and trace metals induced modality-dependent, depth-localized perturbations, with 
photon beams producing the largest dose enhancement effects under high-density simulation conditions. While electron 
beams generated modest and clinically limited changes, photon irradiation created pronounced dosimetric hotspots driven 
by high-Z-medicated secondary electron production. These localized enhancements do not necessarily translate to large 
field-integrated dose changes, yet their magnitude in the dermis suggests that tattoos may represent an under-recognized 
factor when treating shallow targets or managing skin-dose constraints. A more comprehensive understanding of pigment 
chemistry and patient-specific geometry, coupled with experimental in-vivo or ex-vivo validation, will be critical for develop-
ing evidence-based guidance and ensuring patient safety, especially in photon-based EBRT.

Acknowledgments

The authors acknowledge J. Johnson, I. Kanza T. Ravella, E. Stolen, and W. Wang for their participation in discussions 
during early stages of the project.



PLOS One | https://doi.org/10.1371/journal.pone.0346501  April 2, 2026 13 / 14

Author contributions

Conceptualization: Hongjun Park, James J. Sohn.

Data curation: Beechui Koo.

Methodology: Hongjun Park.

Software: Beechui Koo, Jungwook Shin.

Supervision: James J. Sohn.

Validation: Beechui Koo, Jungwook Shin.

Writing – original draft: Hongjun Park.

Writing – review & editing: Byoung Hyuck Kim, James J. Sohn.

References
	 1.	 Schaeffer K, Dinesh S. 32% of Americans have a tattoo, including 22% who have more than one. Pew Research Center; 2023. Available from: 

https://pewrsr.ch/3QFg5w1 (accessed 2025 Aug 16).

	 2.	 Delaney G, Jacob S, Featherstone C, Barton M. The role of radiotherapy in cancer treatment: estimating optimal utilization from a review of 
evidence-based clinical guidelines. Cancer. 2005;104(6):1129–37. https://doi.org/10.1002/cncr.21324 PMID: 16080176

	 3.	 Koka K, Verma A, Dwarakanath BS, Papineni RVL. Technological Advancements in External Beam Radiation Therapy (EBRT): An Indispensable 
Tool for Cancer Treatment. Cancer Manag Res. 2022;14:1421–9. https://doi.org/10.2147/CMAR.S351744 PMID: 35431581

	 4.	 Forte G, Petrucci F, Cristaudo A, Bocca B. Market survey on toxic metals contained in tattoo inks. Sci Total Environ. 2009;407(23):5997–6002. 
https://doi.org/10.1016/j.scitotenv.2009.08.034 PMID: 19766292

	 5.	 Bocca B, Sabbioni E, Mičetić I, Alimonti A, Petrucci F. Size and metal composition characterization of nano- and microparticles in tattoo inks by a 
combination of analytical techniques. J Anal At Spectrom. 2017;32(3):616–28. https://doi.org/10.1039/c6ja00210b

	 6.	 Arl M, Nogueira DJ, Schveitzer Köerich J, Mottim Justino N, Schulz Vicentini D, Gerson Matias W. Tattoo inks: Characterization and in vivo and in 
vitro toxicological evaluation. J Hazard Mater. 2019;364:548–61. https://doi.org/10.1016/j.jhazmat.2018.10.072 PMID: 30388639

	 7.	 European Commission. Commission Regulation (EU) 2020/2081. Brussels. 2020. https://www.legislation.gov.uk/eur/2020/2081

	 8.	 Moseman K, Ahmed A, Ruhren A, Swierk JR. What’s in My Ink: An Analysis of Commercial Tattoo Ink on the US Market. Anal Chem. 
2024;96(9):3906–13. https://doi.org/10.1021/acs.analchem.3c05687 PMID: 38387033

	 9.	 Moseman K, Noble S, Sanders S, Guo H, Swierk JR. Analysis of blue and green REACH compliant tattoo inks. Analyst. 2024;149(21):5329–35. 
https://doi.org/10.1039/d4an00793j PMID: 39327926

	10.	 Haugh IM, Laumann SL, Laumann AE. Regulation of tattoo ink production and the tattoo business in the US. Curr Probl Dermatol. 2015;48:248–
52. https://doi.org/10.1159/000369231 PMID: 25833652

	11.	 U.S. Food and Drug Administration. Tattoos & permanent makeup: fact sheet. https://www.fda.gov/cosmetics/cosmetic-products/tattoos-perma-
nent-makeup-fact-sheet. 2024. Accessed 2025 October 29.

	12.	 U.S. Food and Drug Administration. FDA issues final guidance on tattoo inks. https://www.fda.gov/cosmetics/cosmetics-news-events/fda-issues-
final-guidance-tattoo-inks. 2024. Accessed 2025 October 29.

	13.	 Tope WD, Shellock FG. Magnetic resonance imaging and permanent cosmetics (tattoos): survey of complications and adverse events. J Magn 
Reson Imaging. 2002;15(2):180–4. https://doi.org/10.1002/jmri.10049 PMID: 11836774

	14.	 Alsing KK, Johannesen HH, Hvass Hansen R, Dirks M, Olsen O, Serup J. MR scanning, tattoo inks, and risk of thermal burn: An experimental 
study of iron oxide and organic pigments. Skin Research and Technology. 2017;24(2):278–84. https://doi.org/10.1111/srt.12426

	15.	 Galavis PE, Sanfilippo NJ, Das IJ. Glamour, expression, and consequences of tattoos in radiation treatment. PLoS One. 2019;14(8):e0220030. 
https://doi.org/10.1371/journal.pone.0220030 PMID: 31390347

	16.	 Das IJ, Cheng C-W, Watts RJ, Ahnesjö A, Gibbons J, Li XA, et al. Accelerator beam data commissioning equipment and procedures: report of the 
TG-106 of the Therapy Physics Committee of the AAPM. Med Phys. 2008;35(9):4186–215. https://doi.org/10.1118/1.2969070 PMID: 18841871

	17.	 Çatli S. High-density dental implants and radiotherapy planning: evaluation of effects on dose distribution using pencil beam convolution algorithm 
and Monte Carlo method. J Appl Clin Med Phys. 2015;16(5):46–52. https://doi.org/10.1120/jacmp.v16i5.5612 PMID: 26699323

	18.	 Yazici G, Sari SY, Yedekci FY, Yucekul A, Birgi SD, Demirkiran G, et al. The dosimetric impact of implants on the spinal cord dose during stereotac-
tic body radiotherapy. Radiat Oncol. 2016;11:71. https://doi.org/10.1186/s13014-016-0649-z PMID: 27225270

	19.	 Abudu B, Erickson CP, Calame A, Cohen PR. Basal Cell Carcinoma Originating in a Tattoo: Case Report and Review of an Uncommon Complica-
tion in Tattoo Recipients. Dermatol Pract Concept. 2019;9(4):265–70. https://doi.org/10.5826/dpc.0904a03 PMID: 31723458

https://pewrsr.ch/3QFg5w1
https://doi.org/10.1002/cncr.21324
http://www.ncbi.nlm.nih.gov/pubmed/16080176
https://doi.org/10.2147/CMAR.S351744
http://www.ncbi.nlm.nih.gov/pubmed/35431581
https://doi.org/10.1016/j.scitotenv.2009.08.034
http://www.ncbi.nlm.nih.gov/pubmed/19766292
https://doi.org/10.1039/c6ja00210b
https://doi.org/10.1016/j.jhazmat.2018.10.072
http://www.ncbi.nlm.nih.gov/pubmed/30388639
https://www.legislation.gov.uk/eur/2020/2081
https://doi.org/10.1021/acs.analchem.3c05687
http://www.ncbi.nlm.nih.gov/pubmed/38387033
https://doi.org/10.1039/d4an00793j
http://www.ncbi.nlm.nih.gov/pubmed/39327926
https://doi.org/10.1159/000369231
http://www.ncbi.nlm.nih.gov/pubmed/25833652
https://www.fda.gov/cosmetics/cosmetic-products/tattoos-permanent-makeup-fact-sheet
https://www.fda.gov/cosmetics/cosmetic-products/tattoos-permanent-makeup-fact-sheet
https://www.fda.gov/cosmetics/cosmetics-news-events/fda-issues-final-guidance-tattoo-inks
https://www.fda.gov/cosmetics/cosmetics-news-events/fda-issues-final-guidance-tattoo-inks
https://doi.org/10.1002/jmri.10049
http://www.ncbi.nlm.nih.gov/pubmed/11836774
https://doi.org/10.1111/srt.12426
https://doi.org/10.1371/journal.pone.0220030
http://www.ncbi.nlm.nih.gov/pubmed/31390347
https://doi.org/10.1118/1.2969070
http://www.ncbi.nlm.nih.gov/pubmed/18841871
https://doi.org/10.1120/jacmp.v16i5.5612
http://www.ncbi.nlm.nih.gov/pubmed/26699323
https://doi.org/10.1186/s13014-016-0649-z
http://www.ncbi.nlm.nih.gov/pubmed/27225270
https://doi.org/10.5826/dpc.0904a03
http://www.ncbi.nlm.nih.gov/pubmed/31723458


PLOS One | https://doi.org/10.1371/journal.pone.0346501  April 2, 2026 14 / 14

	20.	 Kiszla BM, Elmets CA, Mayo TT. Quantitative analysis of restricted metals and metalloids in tattoo inks: A systematic review and meta-analysis. 
Chemosphere. 2023;313:137291. https://doi.org/10.1016/j.chemosphere.2022.137291 PMID: 36436582

	21.	 Giulbudagian M, Battisini B, Bäumler W, Blass Rico AM, Bocca B, Brungs C, et al. Lessons learned in a decade: Medical-toxicological view of 
tattooing. J Eur Acad Dermatol Venereol. 2024;38(10):1926–38. https://doi.org/10.1111/jdv.20072 PMID: 38709160

	22.	 Verity LA, Rutschman AS, Sinha MS. The pressing need for FDA regulation of tattoo ink. J Law Biosci. 2024;11(2):lsae014. https://doi.org/10.1093/
jlb/lsae014 PMID: 38983775

	23.	 Jacobsen E, Tønning K, Pedersen E, Bernth N, Serup J, Høgsberg T, et al. Chemical substances in tattoo ink. Copenhagen: Danish Ministry of the 
Environment. 2012.

	24.	 Koruga Đ, Bandić J, Janjić G, Lalović Č, Munćan J, Dobrosavljević Vukojević D. Epidermal Layers Characterisation by Opto-Magnetic Spectroscopy 
Based on Digital Image of Skin. Acta Phys Pol A. 2012;121(3):606–10. https://doi.org/10.12693/aphyspola.121.606

	25.	 Valentin J. Basic anatomical and physiological data for use in radiological protection: reference values. Ann ICRP. 2002;32(3–4):1–277. https://doi.
org/10.1016/s0146-6453(03)00002-2

	26.	 Emsley J. The elements. 3rd ed. Oxford: Clarendon Press. 1998.

	27.	 Grant CA, Twigg PC, Baker R, Tobin DJ. Tattoo ink nanoparticles in skin tissue and fibroblasts. Beilstein J Nanotechnol. 2015;6:1183–91. https://
doi.org/10.3762/bjnano.6.120 PMID: 26171294

	28.	 Allison J, Amako K, Apostolakis J, et al. Recent developments in Geant4. Nucl Instrum Methods Phys Res A. 2016;835:186–225. https://doi.
org/10.1016/j.nima.2016.06.125

	29.	 Faddegon B, Ramos-Méndez J, Schuemann J, McNamara A, Shin J, Perl J, et al. The TOPAS tool for particle simulation, a Monte Carlo simulation 
tool for physics, biology and clinical research. Phys Med. 2020;72:114–21. https://doi.org/10.1016/j.ejmp.2020.03.019 PMID: 32247964

	30.	 Sechopoulos I, Rogers DWO, Bazalova-Carter M, Bolch WE, Heath EC, McNitt-Gray MF, et al. RECORDS: improved Reporting of montE 
CarlO RaDiation transport Studies. International Journal of Radiation Oncology*Biology*Physics. 2018;101(4):792–3. https://doi.org/10.1016/j.
ijrobp.2018.04.003

	31.	 Verhaegen F. Interface perturbation effects in high-energy electron beams. Phys Med Biol. 2003;48(6):687–705. https://doi.org/10.1088/0031-
9155/48/6/301 PMID: 12699189

	32.	 Chow JCL, Grigorov GN. Monte Carlo simulation of backscatter from lead for clinical electron beams using EGSnrc. Med Phys. 2008;35(4):1241–
50. https://doi.org/10.1118/1.2874552 PMID: 18491516

	33.	 Engel E, Santarelli F, Vasold R, Maisch T, Ulrich H, Prantl L, et al. Modern tattoos cause high concentrations of hazardous pigments in skin. Con-
tact Dermatitis. 2008;58(4):228–33. https://doi.org/10.1111/j.1600-0536.2007.01301.x PMID: 18353031

	34.	 Hubbell JH. Review of photon interaction cross section data in the medical and biological context. Phys Med Biol. 1999;44(1):R1-22. https://doi.
org/10.1088/0031-9155/44/1/001 PMID: 10071870

	35.	 Kry SF, Smith SA, Weathers R, Stovall M. Skin dose during radiotherapy: a summary and general estimation technique. J Appl Clin Med Phys. 
2012;13(3):3734. https://doi.org/10.1120/jacmp.v13i3.3734 PMID: 22584171

	36.	 Cannon DM, Mehta MP, Adkison JB, Khuntia D, Traynor AM, Tomé WA, et al. Dose-limiting toxicity after hypofractionated dose-escalated radiother-
apy in non-small-cell lung cancer. J Clin Oncol. 2013;31(34):4343–8. https://doi.org/10.1200/JCO.2013.51.5353 PMID: 24145340

	37.	 Andreo P. The physics of small megavoltage photon beam dosimetry. Radiother Oncol. 2018;126(2):205–13. https://doi.org/10.1016/j.
radonc.2017.11.001 PMID: 29191457

	38.	 U.S. Food and Drug Administration. Modernization of Cosmetics Regulation Act of 2022 (MoCRA). 2022. https://www.fda.gov/cosmetics/
cosmetics-laws-regulations/modernization-cosmetics-regulation-act-2022-mocra

	39.	 Butterworth KT, McMahon SJ, Currell FJ, Prise KM. Physical basis and biological mechanisms of gold nanoparticle radiosensitization. Nanoscale. 
2012;4(16):4830–8. https://doi.org/10.1039/c2nr31227a PMID: 22767423

	40.	 Klein S, Sommer A, Distel LVR, Hazemann J-L, Kröner W, Neuhuber W, et al. Superparamagnetic iron oxide nanoparticles as novel X-ray 
enhancer for low-dose radiation therapy. J Phys Chem B. 2014;118(23):6159–66. https://doi.org/10.1021/jp5026224 PMID: 24827589

	41.	 McMahon SJ, Schuemann J, Paganetti H, Prise KM. Mechanistic Modelling of DNA Repair and Cellular Survival Following Radiation-Induced DNA 
Damage. Sci Rep. 2016;6:33290. https://doi.org/10.1038/srep33290 PMID: 27624453

	42.	 Capote R, Jeraj R, Ma CM, Rogers DWO, Sanchez-Doblado F, Sempau J. Phase-space database for external beam radiotherapy: summary report 
of a consultants’ meeting. Vienna: International Atomic Energy Agency. 2006.

https://doi.org/10.1016/j.chemosphere.2022.137291
http://www.ncbi.nlm.nih.gov/pubmed/36436582
https://doi.org/10.1111/jdv.20072
http://www.ncbi.nlm.nih.gov/pubmed/38709160
https://doi.org/10.1093/jlb/lsae014
https://doi.org/10.1093/jlb/lsae014
http://www.ncbi.nlm.nih.gov/pubmed/38983775
https://doi.org/10.12693/aphyspola.121.606
https://doi.org/10.1016/s0146-6453(03)00002-2
https://doi.org/10.1016/s0146-6453(03)00002-2
https://doi.org/10.3762/bjnano.6.120
https://doi.org/10.3762/bjnano.6.120
http://www.ncbi.nlm.nih.gov/pubmed/26171294
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.ejmp.2020.03.019
http://www.ncbi.nlm.nih.gov/pubmed/32247964
https://doi.org/10.1016/j.ijrobp.2018.04.003
https://doi.org/10.1016/j.ijrobp.2018.04.003
https://doi.org/10.1088/0031-9155/48/6/301
https://doi.org/10.1088/0031-9155/48/6/301
http://www.ncbi.nlm.nih.gov/pubmed/12699189
https://doi.org/10.1118/1.2874552
http://www.ncbi.nlm.nih.gov/pubmed/18491516
https://doi.org/10.1111/j.1600-0536.2007.01301.x
http://www.ncbi.nlm.nih.gov/pubmed/18353031
https://doi.org/10.1088/0031-9155/44/1/001
https://doi.org/10.1088/0031-9155/44/1/001
http://www.ncbi.nlm.nih.gov/pubmed/10071870
https://doi.org/10.1120/jacmp.v13i3.3734
http://www.ncbi.nlm.nih.gov/pubmed/22584171
https://doi.org/10.1200/JCO.2013.51.5353
http://www.ncbi.nlm.nih.gov/pubmed/24145340
https://doi.org/10.1016/j.radonc.2017.11.001
https://doi.org/10.1016/j.radonc.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29191457
https://www.fda.gov/cosmetics/cosmetics-laws-regulations/modernization-cosmetics-regulation-act-2022-mocra
https://www.fda.gov/cosmetics/cosmetics-laws-regulations/modernization-cosmetics-regulation-act-2022-mocra
https://doi.org/10.1039/c2nr31227a
http://www.ncbi.nlm.nih.gov/pubmed/22767423
https://doi.org/10.1021/jp5026224
http://www.ncbi.nlm.nih.gov/pubmed/24827589
https://doi.org/10.1038/srep33290
http://www.ncbi.nlm.nih.gov/pubmed/27624453

