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ABSTRACT This paper presents radiofrequency (RF)-induced heating of single and multiple tattoos
during magnetic resonance imaging (MRI) at 1.5 T and 3 T. Various tattoos of different shapes, positions,
pigment, length, diameter, and gap between the tattoos was investigated. Finite-difference time-domain
based electromagnetic and thermal simulations were performed to study the specific absorption rate (SAR)
and temperature rise, respectively. The results indicated that tattoos influenced the induced electric field
distribution and maximum magnitude of the SAR on the surface of the skin. A notable enhancement in
the SAR were observed around the sharp edges, long strips, and circular loops of tattoos. Interestingly,
the maximum local SAR and increase in tissue temperature strongly depend on the shape of the tattoo.
Furthermore, the relative position and size of the tattoos affected RF-induced heating. The RF-induced
heating of multiple tattoos were investigated considering the worst case scenarios. Our results confirm that
RF-induced heating of multiple tattoos is quite different from that of single tattoo and does not follow a
simple superposition of the results from a single tattoos.Moreover, the procedures presented in the simulation
environment are used to facilitate RF-induced heating for patients with tattoos undergoing clinical MRI.

INDEX TERMS Body coil, case study, electromagnetic simulations, MRI safety, RF heating, tattoos.

I. INTRODUCTION
Cosmetic and decorative tattoos have been of a topic of
interest for decades worldwide. In the United States, per-
manent and cosmetic tattoos are used to recolor, recreate,
and reshape eyebrows, lips, eyeliners, cheek blushes, and
beauty marks [1]. The Food and Drug Administration (FDA)
determines the ink used in tattoos and permanent makeup for
cosmetic purposes. The pigments used in tattoo inks are color
additives that require FDA and Cosmetic Act approval [2].
Therefore, the pigments used in tattoo inks for beauty appli-
cations have not been approved by the FDA owing to pub-
lic health problems and safety issues [3]. Thus, occasional
reports have been published on adverse reactions, including
magnetic resonance imaging (MRI) complications [4]–[7].

MRI is a well-known imaging technique capable of
producing high-quality images of the human body. MRI
provides excellent multi-dimensional resolution without

The associate editor coordinating the review of this manuscript and

approving it for publication was G. R. Sinha .

exposing patients to iodinated contrast agents or non-ionizing
radiation [8]. Moreover, some safety issues are related to
medical implanted devices (MID) undergoing MRI examina-
tion.When a patient with aMID undergoesMRI, the radiofre-
quency (RF)-induced energy generates localized energy,
which causes increases the temperature near MIDs [9]. MIDs
with long electrical leads are of great concern, such as
deep brain stimulators or pacemakers, because the elongated
lead picks up energy along its length which dissipated at
the electrodes in the form of displaced current that can
increase RF-induced heating in tissues [10]–[13]. A tempera-
ture increase of 0.6-15◦Cwas observed around the pacemaker
lead for 6 min MRI investigation [14]. Mattei et al. [15]
investigated the RF-induced heating of metallic leads by
measuring 375 configurations and demonstrated that the lead
structure and location in the phantom are related to lead tip
heating. Liu et al. [16] studied RF-induced heating of ortho-
pedic implants with different dimensions and their locations
in the human body. Their quantitative technique predicted
that the RF-induced heating was strongly dependent on the
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implant size and location. Therefore, MRI is restricted for
patients with MIDs because of safety concerns [17]–[21].
These safety concerns motivated us to investigate the safety
of tattoos under MRI [22]. When patients with tattoo undergo
MRI examination, adverse reactions (i.e., swelling, burning,
and redness) occur due to the organic or metallic pigments
found in the tattoo inks [5]. Thus, it is not surprising that the
pigment from permanent tattoos might be influenced by the
RF field during MRI.

There is a lack of detailed studies on clinical MRI exam-
inations in tattooed patients. Relevant studies have shown
that adverse effects of tattoos during MRI are uncommon;
however, one study reported hazardous reactions in 1.5%
cases with decorative and cosmetic tattoos [23]. Moreover,
two cases of burn injuries in tattoo patients undergoing MRI
examinations have been reported [24], [25]. In [24], a patient
developed an inflammatory reaction with swelling erythema
around a dragon tattoo with large circular loops and sharp
edges on the neck and tail in the left thigh. Whereas in [25],
a patient with a tattoo consisting of encircling Chinese sym-
bols with two black jets developed a second-degree burn in
the region of the deltoid. The burning sensation occurred
around the two black jets and the thunderbolt in the tat-
too. Furthermore, permanent makeup on the face, includ-
ing eyeliner, eyebrow, blush, or lip liner, can cause similar
problems [26]. The density of the skin tissue on the face is
very low compared to that of other parts of the human body.
Therefore, facial tattoos, permanent makeup, or pigment are
not dispersed as deeply as other tattoos. The pigment tends
to be closer to the surface of the skin, which can increase the
risk of a burning sensation during MRI. Moreover, various
symptoms ranging from stinging to burning sensations with
premature termination of the session and warm feelings were
reported in 2011-2012. In many studies, mild edema and
redness around the tattoo were classified as cutaneous burns
of ‘‘grade I or II’’ [27], [28]. To the best of our knowledge,
cutaneous burns in tattooed patients with lesions on the skin
and necrosis exposed to RF fields have not been studied in
detail.

A significant challenge is the precise characterization of
tattoo materials that may produce a burning sensation on
the skin during an MRI examination. Several types of tattoo
pigments are sensitive to magnetic fields, which can cause
adverse effects in clinical events. Such effects may increase
the temperature of tattoo pigments. A question arises whether
individual color pigments or classes of tattoo pigments with
certain physical behaviors or specific characteristics cause
burning sensations. A literature review showed that ferro-
magnetic pigments (red, black, and brown) are more likely
to cause the worst heating effects [29]. A few decades ago,
the ‘‘old-school’’ tattoo style launched the dominant colorful
and organic iron oxide pigments. These pigments have dull
color tones and are commonly used in tattoo inks to prepare
permanent makeup. Moreover, the risk of a burning sensa-
tion is especially high when metallic pigment (iron oxide)
is organized in the form of sharp edges, multiple adjacent

points, and large circular loops, as in the case of tattoo
modeling [23].

The safety issues related to the possible interactions
between the inks commonly used for tattoos, tattoo shape,
and tattoo size and MRI electromagnetic (EM) fields should
be further explored. Although some tattooed patients under-
going MRI have reported burning sensation during MRI or
explicit mild swelling and erythema in the tattoo’s proxim-
ity, [18] most tattooed patients do not report any noticeable
consequences. The lack of knowledge about these safety
implications may lead to a precautionary reaction from physi-
cians, such as suggesting tattooed patients to avoid MRI.
Despite the abundance of reported clinical cases of tattooed
patients undergoing MRI examinations, there is a lack of sys-
tematic studies investigating the interaction between tattoo
pigment, shape, size, and thickness and the RF field of MRI.
To the best of our knowledge, this is the first study to model
tattoos and quantitatively analyze their effects with different
RF field strengths in MRI.

In this study, four types of tattoos were modeled. Numer-
ical simulations with a realistic human body model (Duke)
were performed to investigate the effect of RF-induced heat-
ing on different tattoo shapes. Simulations were performed
at 1.5 T and 3 T with different tattoos at various positions of
the body. We designed a 32-port MRI RF coil to investigate
the effect of tattoos. The simulated results for tattoo loading,
tattoo sizes, tattoo thicknesses, tattoo conductivities, and gaps
between multiple tattoos were compared in terms of the peak
spatial-average specific absorption rate (SAR) over 1-g of
tissue. However, imaging studies were not included because
of the presence of ferromagnetic or other magnetic materials
in the tattoos.

This paper is organized as follows. The modeling of tat-
toos and computational methods are presented in section II.
Section III present the corresponding results of tattoos with
different types, position, size of tattoos, pigments, and mul-
tiple number of tattoos. The discussion and conclusion are
presented in section IV and V, respectively.

II. METHODOLOGY
A. TATTOO DESIGN
Tattoos can hinder MRI depending on their size and shape
and the pigment used in the tattoo. Owing to safety and
health issues, the FDA has refused the approval of tattoo inks
and pigments [2]. Therefore, it is necessary to investigate
systematically the effects of tattoo under MRI. In this study,
four different types of tattoos were modeled to investigate the
corresponding increase in temperature and peak SAR near the
skin surface. It should be noted that commercial and com-
monly used tattoos have complex structures and redesigning
of the exact tattoos via simulations is not possible; however,
an approximate model of the tattoo can be made. Celtic and
tribal tattoos are commonly designed at various positions
in the human body. For further clarification and detailed
study, two simple tattoos (letter M and circle triangle) were
considered. Generally, tattoos are made of different types of
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TABLE 1. Detailed parameters of tattoos (units: millimeter).

FIGURE 1. Overview of tattoo designs with various thicknesses.
(a) Different tattoo designs. (b) Side view of tattoos with different
thicknesses and the corresponding finite-difference time-domain (Fdtd)
meshing with high grid resolutions.

organic, metallic, and non-metallic pigment [5]. In this study,
a pure iron oxide pigment was used for all simulations, which
has a higher electrical conductivity of 106 S/m [30], [31].
A detailed view of the proposed tattoos is shown in Fig. 1.
Detailed parameters of the tattoos are listed in Table 1. The
tattoos were placed on the back and neck of a realistic human
phantom such that the tattoos cover the maximum area of
skin. Various parameters of the tattoos were studied, as shown
in Fig. 2. Each parameter (tattoo length, diameter, and its
thickness) of different type of tattoos were studied on the
basis of peak SAR over 1-g of tissue during MRI at 1.5 T and
3 T. Various conductivity values for iron oxide and the gap
between the tattoos were considered to study the RF-induced
heating of tattoos.

B. RF BIRDCAGE COIL
To obtain a uniformly distributed and circularly polarized B1
field inside the RF coil, a high-pass birdcage coil was mod-
eled for all simulations. The RF coil design used in this study
is a generic coil with 32 ports and dimensions of 650 mm
and 700 mm, as shown in Fig. 3(a). It consists of 16 equally

FIGURE 2. Investigation diagram of four different types of tattoos (rows)
and four relatively independent parameter variations (columns). The
numbers in each cell indicate the different parameters (length, diameter,
thickness, conductivity, and gap).

spaced legs, 50 mm in width, and two end rings that form
a circular shape. The RF coil has 32 sources on the upper
and lower rings and does not have any lumped elements,
as shown in Fig. 3(b). A voltage source was applied with an
amplitude of 1 V and 50-� resistors in series. There was a
successive phase delay of 22.5◦ between adjacent sources.
For any two sources on the bottom and top ring at the same
azimuthal position, the source on the top ring was advanced
by 180◦ in phase. Fig. 3(c) presents the unloaded coil B1 field
distribution, in which the blue arrow indicates the B1 field
polarization direction at the center of the RF coil. B1 is the
principle component and is applied in the same manner in a
clinical setting.

C. REALISTIC HUMAN BODY MODEL
The Duke model obtained from a virtual library population
was used for all simulations [32]. The model is made up
of 80 different types of tissues with a 1.5-mm cubical FDTD
mesh size. The age, weight, and height of the model were
34 years, 70.2 kg, and 1.77 m, respectively. The given model
was available with the commercial XFdtd base simulation
software Sim4life which contains integrated moving, posing,
morphing, and rotating tools. Parameters such as permeabil-
ity, conductivity, and permittivity were assigned to the tissues
at any desired frequency according to the ITIS database [26].

D. SIMULATION SETUP
All numerical simulations were conducted using the
finite-difference time-domain method. The resonance fre-
quencies of MRI were 64MHz and 128MHz at 1.5 T and 3 T,
respectively. The absorbing boundary condition was applied
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FIGURE 3. Overview of radio-frequency (RF) coil geometry.
(a) Dimensions of the RF birdcage coil. (b) The RF birdcage coil has
32 lumped sources. (c) B1 field distribution of the RF birdcage coil.

in all six directions to reduce the simulation time. The simula-
tion times were set to 30 periods to ensure convergence with
an affordable computational burden. The voltage, currents,
and E/H field were obtained after the simulation to ensure
that the simulations converged. The maximum mesh steps
were 1.5 × 1.5 × 1.5 mm3 for the human models. The grid
resolution of 1 × 1 × 1 mm3 for tattoos was not sufficient to
achieve optimum results. Therefore, a fine resolution of 0.1×
0.1 × 0.1 mm3 was set for the tattoos. The human models
were loaded in a series of positions along the z-direction. The
initial positions of tattoos were at the center of the coil along
the z-axis. Fig. 4 show the Duke model and the corresponding
anatomical location of the tattoo in each exposure scenario.
Furthermore, The positional relationship between skin tissues
and tattoo pigment as shown in the Fig. 5.

Graphics processing unit hardware acceleration was
achieved using CUDA solver with NVIDIA GTX 1070 GPU
containing 8 GB memory. The 1-g SAR sensor is enabled to
calculate the 1-g average SAR values within the skin tissues
using the methods outlined by IEEE/IEC 62704-1 [33]. The
1-g average SAR was calculated over a volume surrounding
each mesh point determined by the material’s mass density to
contain 1-g of mass. To quantify tattoo-induced SAR changes
in the skin tissue, a maximum of 1-g was reported around the
tattoos at 1.5 T and 3 T.

E. ELECTROMAGNETIC ENERGY DEPOSITION
RF-induced heating is closely related to the 1-g average
SAR, which is defined as the energy absorbed by human
tissue when exposed to an RF electromagnetic field. The
standard SAR1g was proposed to compute RF-induced
heating [34]–[36]. The SAR1gwas calculated as follows [37]:

SAR = σ | E |2 /2ρ, (1)

FIGURE 4. Overview of different types of tattoos on the human phantom.
(a) Circle triangle, (b) Tribal, (c) Alphabet M, (d) Celtic, (e) Circle triangle
on the neck, (f) Alphabet M on the neck, (g) Celtic and circle triangle,
(h) Celtic and Alphabet M, (i) Alphabet M and tribal, (j) Celtic and tribal,
(k) Circle triangle and tribal, and (l) Alphabet M and circle triangle.

FIGURE 5. Positional relation between skin and tattoos.

where E is the magnitude of electric field, σ is the conduc-
tivity, and ρ is the mass density of biological tissue. Fur-
thermore, the incident electric field (Einc field) is responsible
for inducing the RF currents on the conductive tattoos that
eventually dissipate energy in the tissue and cause heating.
The magnitude of tangential E-field (EEtan) at each point is
calculated as:

EEtan(t) = EE(t)× Ea, (2)

where EE(t) and a is the incident field of the birdcage coil and
normal unit vector, respectively.
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F. THERMAL MECHANISM
The deposited EM energy around the tattoos can lead to a
temperature rise in the lossy medium. Therefore, the temper-
ature rise after RF field exposure was calculated in Sim4life
by solving Penne’s bio-heat equation [38]:

ρc
∂T
∂t
= ∇ · (k∇T )+ ρQ+ ρS − ρbcbρω(T − Tb), (3)

where c is the specific heat capacity of the skin; k is the
isotropic thermal conductivity; ρ is mass density; T is the
temperature; Q is the metabolic heat generation rate; t is
the time; S is the SAR; ω is the blood perfusion rate; and
cb, Tb, and ρb are the specific heat, temperature of the blood,
and density, respectively. The physical properties assigned to
various materials at 128 MHz are summarized in Table 2.

TABLE 2. Physical properties of tissues and materials used in simulations.

The region of interest for investigating the temperature
rise had the same grid as that used for the EM simulation.
The temperature rise was calculated by utilizing the thermal
properties of tattoos and the time integration of the SAR1g.
Thermal transient analysis was performed for 6 min, includ-
ing the effect of blood perfusion. Dirichlet thermal boundary
conditions were defined that correspond to normal breath-
ing and clothing with little airflow. An accurate thermoreg-
ulation model is challenging and may be very specific to
patients [39], [40]. In this study, the thermoregulation model
proposed by Laakso and Hirata depended on the absolute
temperature [41].

III. RESULTS
The RF-induced heating of tattoos and medical implants
is considered a limiting factor when patients with tattoos
or implants are examined under MRI. The EM distribution
produced by the EM source might be changed around the
tattoos as similar to the medical implants inside the human
body [42]. Moreover, RF-induced heating depends on the
resonance frequency, particular dimensions of the RF bird-
cage coil, patient posture, implant or tattoo location, and
anatomy of the patient. Typically, several types of tattoos are
placed at different positions on a Duke model to compute
RF heating and increase in temperature around the tattoos.
Simulations were performed for tattoos placed at different
positions on an anatomical model, and partial SAR, whole-
body, and local SAR were evaluated. The power loss must

FIGURE 6. Distribution of induced E-field for tattoos due to tangential
component of incident E-field that demonstrate 1-g SAR values at 1.5 T
(a) Circle triangle, (b) Celtic, (c) Tribal, (d) Alphabet M.

be averaged over the volume containing the 1-g of tissue.
Themaximum allowable input powerwas calculated based on
the critical SAR aspect, which may exceed that proposed by
the IEC guidelines [43]. Therefore, all the simulated results
were normalized to the whole-body average SAR of 2 W/kg.

A. INCIDENT ELECTRIC FIELD
In this study, we compare the orientation of the birdcage coil
Einc field along with different types of tattoo. The distribution
of EEtan along the tattoos depend on the orientation of scattered
E-field with respect to the different types as shown in Fig. 6.
It can be observed from the figure that the electric field
of the birdcage coil is orthogonally oriented to the tattoos.
The RF birdcage coil has significant tangential component
along different tattoos that induced a strong RF current on the
sharp edges, long strip, and circular loops of tattoos. As can
be seen from Fig. 6, the scattered E-field of the birdcage
coil significantly influenced the long strip of alphabet M
tattoo and sharp edges of tribal tattoo. Similarly, the scattered
E-field is high on the large circular loops, sharp edges, and
adjacent point of Celtic and circle triangle tattoos.

B. SIMULATION RESULTS OF SINGLE TATTOO AT 1.5 T
AND 3 T
Different types of tattoo configurations were studied using a
realistic model to explore the interactions of tattoos with the
RF field duringMRI. For diverse validation, different types of
tattoos were placed on the back and neck of a realistic human
phantom, as shown in Fig. 4. The peak 1-g average SAR
values are given in Table 3 for different MRI field strengths.
Possible clinical configurations, the types, and positions of
tattooswere studied and the tattoo length, diameter, thickness,
and gap were parametrically analyzed. Moreover, a paramet-
ric analysis of the iron oxide conductivity was performed.
For safety concerns, the SAR should not be exceeded during
an MRI examination. The 1-g SAR is commonly used to
limit RF heating and provides information about the distribu-
tion of the electric field. Based on the numerical procedures
described herein, each model was simulated with a 1.5 T and
3 T MRI body coil.
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In the first step, the positions and shapes of the tattoo were
investigated at the back and neck of the realistic model. Hot
spots for the tattoos were identified on long strips, sharp
edges, and multiple adjacent points of the tattoo. Based on a
single tattoo, we analyzed how variation in the RF-induced
heating depending on the shape of a tattoo. A comparison
of the peak SAR1g on the coronal plane for different types
of tattoos is shown in Fig. 7. It is clearly observed that
the values of peak 1-g average SAR around the tattoos are
influenced by the shapes of the tattoos at 1.5 T. The maxi-
mum EM energy absorption was observed close to the strip,
adjacent points, circular loops, and sharp edges of the tat-
toos. As metallic tattoos are immersed in the RF field of
the MRI, the induced E-field is coupled and scattered at the
adjacent points, strips, and edges of the tattoos. Because of the
mismatched impedance between the tattoos and skin tissue,
additional scattered electric fields occur at different positions
of the tattoos. Owing to ohmic loss in human tissues, energy is
converted into heat, which increases SAR on the skin surface.
The highest value of peak 1-g average SAR around the M
tattoo was 38.6 W/kg. The worst case (the highest peak SAR
near the tattoos) at 1.5 T occurs when a tattoo has a long
strip or adjacent points that can easily absorb energy from
the RF coil.

FIGURE 7. Comparison of normalized peak specific absorption rate (SAR)
with different types of tattoos at 64 MHz. (a) Alphabet M on the neck,
(b) Circle triangle on the neck, (c) Tribal, (d) Alphabet M, (e) Celtic, and
(f) Circle triangle.

The results of RF-induced heating of tattoos according
to the tattoo shape and position at different magnetic field
strengths are shown in Fig. 8(a). The types and positions of
tattoos affect the peak 1-g average SAR values around the tat-
toos near the surface of the skin at 3 T. The peak 1-g average
SAR values around the long strips inM tattoos, sharp edges in
Celtic and tribal tattoos, and adjacent points in circle triangle
tattoos at 3 T were lower than those of 1.5 T with the same
size and position of tattoos. The lower peak SAR1g at 3 T
can be explained by the induced field strength on the tattoos.
A higher energy loss was expected along the path from the
realistic model to the tattoo at 3 T. Therefore, the scattered
E-field on the tattoos at 3 T could be lower, which could lead

to lower RF-induced heating. Moreover, the values of peak
1-g average SAR around tattoos are different because of the
various scattered E-fields in the tattoo regions, which could
vary RF-induced heating. Thus, the types (long strips, sharp
edges, adjacent points, and circular loops) and positions of
tattoos are very important factors that can affect RF-induced
heating at 1.5 T and 3 T.

C. IMPACT OF TATTOOS LENGTH, DIAMETER, THICKNESS
AND CONDUCTIVITY
The peak 1-g average SAR for all types of tattoos with differ-
ent lengths, diameters, and thicknesses are shown in Fig. 8(b),
9(a), and 9(b), respectively. Computational results for all
scenarios are summarized in Table 4.

In the first step, the lengths of M and tribal tattoos ranging
from 80 mm to 140 mm were assessed at 1.5 T and 3 T.
At 1.5 T, 140-mm M and tribal tattoos have the highest peak
SAR. The increase in the current flow along the length of the
M and tribal tattoos can easily absorb energy from the RF
coil of MRI, which causes temperature increases and peak
SAR on the surface of the skin. The M and tribal tattoos
have the highest interaction with the MRI RF field because
the lengths reached approximately a quarter wavelength at
the resonance frequency. Therefore, strongly induced E-field
variations or resonance effects are expected. Because of this
resonance effect, the elongated structures of the M and tribal
tattoos at 1.5 T have a higher heating effect compared to
other tattoos, as shown in Fig. 8(b). Moreover, the increase
in the length of these tattoos followed the same trend as
for 1.5 T because elongated structures accumulated more
RF fields compared to other tattoos at 3 T. The RF-induced
heating effect is lower at 3 T for both tattoos with a length
of 140 mm because of the lower interaction with the RF field.
Furthermore, the diameter of the circle triangle tattoo ranged
from 90 mm to 120 mm. The peak 1-g average SAR was
observed around the adjacent points of the tattoos at 1.5 T
and 3 T, as shown in Fig. 8(b). Moreover, the diameter of the
Celtic tattoo ranged from 140 mm to 170 mm, which led to
the highest peak SAR on the sharp edges and large circular
loops at 1.5 T and 3 T, as shown in Fig. 8(b). The Celtic
and circle triangle tattoos have notable effects on electric
field distributions, particularly at the sharp edges and adjacent
points of the tattoos. The length of tattoos had a high impact
on RF-induced heating because of the greater interaction with
the surrounding media of the different RF field strengths.

Iron oxide pigment contains different chemical classes,
which have different electrical properties. Therefore, the con-
ductivity of iron oxide was considered in the analysis of
RF-induced heating. For parametric analysis, we chose dif-
ferent conductive values of iron oxide ranging from 1 to
106 S/m. Fig. 9(a) shows the variations in the peak SAR in
the circle triangle and Celtic tattoos at 1.5 T and 3 T. The
results showed a small variation in the peak SAR at different
conductivities of iron oxide as shown in Fig. 9(a). Moreover,
the partial loop with sharp edges increases the RF-induced
heating compared to the circle triangle tattoo. This is due
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TABLE 3. Simulated results of peak 1-g average SAR for different types of tattoos normalized to a whole-body SAR of 2 W/kg.

FIGURE 8. Summary of peak 1-g average specific absorption rate (SAR) results at 1.5 T and 3 T for different types of tattoos normalized to whole-body
SAR of 2 W/kg. The graphs show the following variations: (a) peak 1-g average SAR of single and multiple tattoos and (b) the length and diameter of
different types of tattoos.

FIGURE 9. Summary of peak 1-g specific absorption rate (SAR) results at 1.5 T and 3 T for different types of tattoos normalized to whole-body SAR of 2
W/kg. The graphs show the following variations: (a) conductivity and (b) thickness of tattoos.

to the induced current around the partial loop and the sharp
edges of the Celtic tattoo. The local SAR1g is proportional to
the induced current and electrical conductivity of the lossy
medium (skin tissue) surrounding the Celtic tattoo. There-
fore, the RF-induced heating around the Celtic tattoo is higher
than that around the circle triangle tattoos.

Typically, tattoos are located underneath the skin layer or
the epidermis layer called dermis. Therefore, the thickness
of tattoos has been considered in the study of RF-induced
heating at different field strengths of MRI. The thickness

of all tattoos ranged from 0 mm to 1 mm. Initially, tattoos
were considered as a sheet with a default negligible thickness
of 35 µm. Therefore, the negligible thickness was considered
to be 0 mm in the simulation analysis. Fig. 9(b) shows that
a small variation was observed in the RF-induced heating
with increasing thickness of the tattoos at 1.5 T and 3 T. The
energy depositions inside the Duke model along the tattoos
with different thicknesses on the transverse plane are shown
in Fig 10. It is clearly observed from the figure that M tattoos
have less energy deposition on the skin tissues. Moreover,
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FIGURE 10. Comparison of normalized peak specific absorption
rate (SAR) with different thickness of tattoos at 64 MHz (a) 0 mm
(b) 0.1 mm (c) 0.5 mm (d) 1 mm.

the thickness of the tattoos had no significant impact on
RF-induced heating. Therefore, the depth of tattoos with
different thicknesses will lead to similar power dissipation
along the path.

D. IMPACT OF MULTIPLE TATTOOS ON SAR AT
1.5 T AND 3 T
The multiple-tattoo configuration was studied to explore the
difference between single and multiple tattoos, where the
shape of the second tattoo was the same as that shown
in Fig. 4. The highest peak SAR was observed for multiple
tattoos compared to a single tattoo, as shown in Fig. 11.
Furthermore, possible configurations of the tattoos and the
gap between multiple tattoos were studied.

FIGURE 11. Summary of peak 1-g average specific absorption rate (SAR)
results at 1.5 T and 3 T for different types of tattoos normalized to
whole-body SAR of 2 W/kg. The graphs show the following variation: gap
between multiple tattoos.

Initially, different types of multiple tattoos were closely
spaced. In each case, the second tattoo was placed parallel
to the first tattoo on the back side of the Duke model. For
the gap study, the distance varied from 1 mm to 10 mm.
Fig. 11 shows the variation in the peak 1-g average SAR
according to the gap distance. The results showed that a
small distance between tattoos could lead to a larger SAR for
multiple tattoos because of the strong coupling of the RF field
near the gap. When Celtic and M tattoos were closely spaced

TABLE 4. Simulated results of peak 1-g average SAR for different types of
tattoos normalized to a whole-body SAR of 2 W/kg.

to each other with a distance of 1 mm, the peak 1-g average
SAR values were larger at 1.5 T and 3 T compared with those
for a single tattoo. The long strip of the M tattoo coupled with
the sharp and circular loop of the Celtic tattoo could lead to
maximumRF-induced heating at both field strengths of MRI.
The results also showed that peak 1-g average SAR values
for multiple tattoos with a 10-mm distance between them
were larger than those for a single tattoo. Hence, the distance
between tattoos is also an important factor to be considered
in RF-induced heating. Table 4 summarizes the gaps between
the tattoos at 1.5 T and 3 T.

In summary, RF-induced heating for multiple tattoos is,
in most cases, higher than that for individual tattoos. The
coupling effect between the two tattoos makes a positive
contribution to the total electric field near the gap. Because
the SAR is proportional to the square of the total electric field,
the peak 1-g average SAR can be fairly large if the coupling
effect induces a strong total electric field.

E. THERMAL SIMULATION FOR TEMPERATURE RISE
Based on similar SAR values, the temperature rise was cal-
culated after 6 min of exposure to the MRI RF field using
the bio-heat equation. A maximum temperature increase
of 5.35◦Cwas observed in the skin tissues that were in contact
with long strips and the adjacent point of theM tattoo at 1.5 T.
Hence, based on the thermal simulation results, we concluded
that the temperature increase in the Dukemodel with different
types of tattoos is unsafe under MRI. The final temperature
increase observed in tattoo patients is presented in Table 5.

IV. DISCUSSION
The scattered E-field distribution around the tattoos differs
according to tattoo type and position. RF-induced heating
is different for different levels of absorbed RF energy. The
distribution of the Einc field may originate from the asym-
metry of the Duke models with different dimensions along
the x- and y-axes. The distributions of E-field strength on the
x-y axis with and without the Duke model were extracted at
1.5 T and 3 T, as shown in Fig. 12. The distribution of the
E-field is symmetrical on the y-axis without the Duke model
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TABLE 5. Simulated temperature rise (◦C) for different types of tattoos.

FIGURE 12. Electric field distributions in V/m with and without the
loading of the Duke model. (a) 1.5 T and (b) 3 T.

at 1.5 T and 3 T. However, the distribution of the E-field
changes by loading the Duke model in both RF fields. Thus,
based on the types or positions of tattoos, the tattoos interact
with different scattered E-field fields, leading to different
RF-induced heating. The interaction betweenmultiple tattoos
(i.e., tattoo A and B for simplicity) is related to the scattering
E-field. The magnitude of scattered E-field is presented in the
following equation, which is related to SAR. When tattoos
a and b are closely coupled to each other, the interaction of
scattered E-field on both tattoos could be described as:

E tot (r) = E inc(r) + EAsca(r) + E
B
sca(r)

+EAB (r) + E
B
A (r) + o(E

sca
high(r)), (4)

where EAsca(r) and E
B
sca(r) are the first order scattered E-field

of the tattoos A and B due to incident field generated by the
MRI RF coil. EAB(r) is the scattering E-field that is illuminated
by the first order E-field of tattoo B. Similarly, EBA(r) is the
scattering E-field due to the first order E field of tattoo A.
Escahigh(r) is the highest order scattering E-field that is less than
first and second order terms.

The relationship between the electric field and SAR is
cleared from equation 1 and 4. The average or local SAR
value is high at the hot-spot position of tattoos, due to the exis-
tence of multiple tattoos that increased the scattered E-field,
if it as in phase. Alternatively, the SAR could be reduced if
the scattered E fields are out of phase.

We used a multiple tattoos as an example: The total E-field
in the surrounding media is extracted at the same phase as
depicted in the Fig. 13. The normal component of E-field exist
at the surface of the tattoos and tangential E-field vanished
because of the boundary conditions. As can be seen from
the Fig. 13, most of E-field is in the same direction between
the gap of the tattoos. Hence, when two tattoos are in close
contact, the scattered E-field between the gap are in phase that
can increase the total electric field. Therefore, high SAR was
observed due to induced E-field between the gap of tattoos.

FIGURE 13. Electric field distributions of multiple tattoos with a gap
of 3 mm. (a) 1.5 T and (b) 3 T.

In this study, numerical simulations using a realistic human
model with different types and positions of tattoos were
performed to study RF-induced heating effects. To mimic
clinical MRI examinations, tattoo configurations with differ-
ent types, positions, and conductivities of the tattoos were
numerically investigated at 1.5 T and 3 T. The interaction
of various types of tattoos is related to the scattered field.
The local or peak SAR value is high because of the existence
of sharp edges, multiple adjacent points, and long strips that
increase the electric field. Moreover, the length and diam-
eter of the tattoos strongly influenced RF-induced heating.
The M and tribal tattoos had higher peak SAR values with
increasing length owing to the strong interaction of the tat-
toos (long strips, adjacent points, and sharp edges) with the
surrounding media of the RF field at 1.5 T. Similarly, for
3 T, the worst RF heating occurred with increasing lengths
of M and tribal tattoos. In addition, a small variation in
RF-induced heating was observed with increasing thickness
of the tattoos. Furthermore, small variations were observed
in the RF-induced heating effects around the tattoo owing to
variations in the conductivity of iron oxide. Previous studies
have reported that the ferromagnetic material found in the
tattoo could lead to burning sensation during MRI exami-
nations [4], [5], [23]. Our simulation results confirmed that
the temperature increase and peak SAR are high when the
iron oxide pigment is organized in the form of loops, adjacent
points, sharp edges, and long strips.
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This study only investigated four types of tattoos at two
different positions on the human body for the initial analysis
with RF the field of MRI. However, a more comprehensive
study could be consider other metallic compounds found in
tattoo pigments, different types of complex tattoos, imag-
ing studies of ferromagnetic materials found in the tattoos,
landmark positions, patient orientation, and tattoos located at
different positions.

V. CONCLUSION
This study presents data regarding RF-induced heating
around different types and positions of tattoos at different
field strengths of MRI and investigated a substantial factors
that may impact RF-induced heating. These factors include
tattoo pigment, tattoo shape, tattoo thickness, multiple tat-
toos, gap between the tattoos, position of tattoos on a human
phantom, and conductivity of iron oxide. The study reveals
that tattoo shapes, and positions are the major factors that
affect RF-induced heating during MRI. Furthermore, the size
of the tattoos and the gap between multiple tattoos could lead
to higher RF-induced heating at different field strengths of
MRI.Moreover, tattoo thickness is associatedwith small vari-
ations in RF-induced heating. The radio frequency of MRI
interacts with the ferromagnetic material found in tattoos,
especially iron oxide. In addition, the RF-induced heating
is different for different types of tattoos due to the different
scattered E-fields. Thus, it is essential to study RF-induced
heating in tattooed patients or follow the current recommen-
dations of the FDA guidelines to avoid tattoo patient from
MRI examination. Future studies on RF-induced heating of
tattoos during MRI should consider patient orientation, land-
mark position, location of tattoos on the human body, tattoo
pigments, and imaging studies.
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