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1 | INTRODUCTION

Purpose: Demonstrate ability to produce reasonable simulations of temperature
using numerical models of the human body with a limited number of tissues.
Methods: For both a male and female human body model, numerical simulations
were used to calculate temperature distributions in three different models of the same
human body: the original model with 35 tissues for the male model and 76 tissues
for the female model, a simplified model having only three tissues (muscle, fat, and
lung), and a simplified model having six tissues (muscle, fat, lung, bone, brain, and
skin).

Results: Although a three-tissue model gave reasonable specific absorption rate
estimates in comparison to an original with many more tissues, because of tissue-
specific thermal and physiological properties that do not affect specific absorp-
tion rate, such as rate of perfusion by blood, the three-tissue model did not provide
temperature distributions similar to those of the original model. Inclusion of a few
additional tissues, as in the six-tissue model, produced results in much better agree-
ment with those from the original model.

Conclusion: Reasonable estimates of temperature can be simulated with a limited
number of tissues, although this number is higher than the number of tissues required
to produce reasonable simulations of specific absorption rate. For exposures primar-
ily in the head and thorax, six tissues may be adequate for reasonable estimates of

temperature.
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fields induce currents in conductive tissues, resulting in heat-
ing of the tissues, which can be a source of discomfort or

In MRI systems, RF magnetic (B,) fields are used to excite even tissue damage during MRI. For this reason, safety guide-
atomic nuclei throughout tissues. Concomitant RF electric lines recommend limits on the maximum whole body, head
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average, partial body, and local power absorbed per mass of
tissue (specific absorption rate, or SAR), as well as the max-
imum core and local temperature reached during an MRI
exam. While whole body, head average, and partial body SAR
can be estimated based on various measurements,l'4 such as
by measuring the transmitted and the reflected power and di-
viding by the mass of the subject or exposed portion of the
subject,3’4 local SAR and temperature are usually predicted
with the use of prior electromagnetic simulations considering
the geometry and electrical property distribution of the sys-
tem, including the patient and RF coils. Patient morphometry
and the position on the patient table of different human sub-
jects result in different field distributions in the patient,”® and
consequently different SAR and temperature distributions.
It is therefore important to use body models that match the
shape of the individual patient as closely as possible, to have
accurate estimations of both SAR and temperature.

It was previously shown that specific fast MRI acquisi-
tions and automatic segmentation can be used to provide a
simplified segmented model of a specific patient in whom
all of the tissues have been assigned to a few different cate-
gories, and that simulations of SAR with just these few tis-
sues produced reasonable estimates of SAR simulated with
many more tissues.’ > In this work we use electromagnetic
and temperature simulations to examine the impact on the
temperature distributions when a detailed body model and
various simplified body models are simulated within a bird-
cage coil for a 3T MRI system. Although a preliminary report
related to this work was presented previously,13 here we pres-
ent a corrected and more thorough comparison that includes
additional tissues, to provide better agreement between the
simplified model and the full tissue model.

2 | METHODS

Temperature distributions were computed with a modified
numerical implementation of the Pennes’ bioheat equation as

follows'

oT
pes =V kVT) = Wpycp (T—Ty) + Q + pSAR,

where ¢ denotes the heat capacity; Q denotes the heat rate gen-
erated by metabolism; W denotes the blood perfusion rate; k
denotes the thermal conductivity; p denotes the mass density;
and the subscript bl denotes the values for blood.

In our implementation, W and Q are allowed to change
with local temperature, to include various local and whole-
body physiological responses.ls’16 As in some other tem-
perature computation models, such as the Generic Bioheat
Transfer Model,'” core body temperature T,; was allowed
to change through time. In our model, it was dependent on
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many factors such as whole-body SAR, perspiration, res-
piration, heat lost by radiation, conduction, and convection
through time.">'® In our simulations that included all tissues,
temperature of blood (which is only identified in fairly large
vessels and in the chambers of the heart) was assigned to
that of core body temperature. While there have been some
attempts to allow for the temperature of blood to vary with
position in the model based on thermal exchange with tissues
as it flows through the body, as well as to more realistically
represent this thermal exchange at each location in tissue,' 18
in practice this is not commonly done due to the challenges in
defining vasculature throughout the body model.

The electromagnetic fields were generated with a body-
sized birdcage coil having 16 rungs of 40-cm length and
60-cm diameter end rings operating at 123 MHz, with fields
normalized so that the whole-body SAR is equal to 2 W/kg
(maximum level under normal operating mode'”) in each
model. The coil was driven with current sources in place of
capacitors positioned across gaps in the end rings and with
currents corresponding to expectations for ideal mode 1
quadrature resonance of the birdcage coil.

For our simulations we used numerical models based
on two different human subjects: a large-sized adult male
model®® and an average-sized adult female model.?! The
models had a resolution of 5 mm in each dimension, to match
that of previously published automatic segmentation of rap-
idly acquired whole-body data sets.” For each body model,
simulations were performed with the coil at two locations:
one with the coil center near the base of the cervical spine,
primarily exposing the tissues of the head and thorax to the
RF fields, and another with the coil center near the lumbar
spine, primarily exposing the tissues of the abdomen to RF
Fields (Figure 1). The electromagnetic fields were com-
puted with the commercial software xFDTD (Remcom, State
College, PA). For all cases, fields were applied for 1 hour to
models with three different levels of distinction of different
tissues (Figure 2):

1. The original body model,”**!" in which all 35 tissues
of the male model and all 76 of the female model are
represented.

2. A simplified model in which only three tissues are pre-
sent’: muscle, fat, and lung.

3. Asimplified model in which six tissues are present: muscle,
fat, lung, skin, brain, and bone.

Tissues with mass density lower than that of water were as-
signed properties of fat in the three-tissue simplified model.”
Bone was also assigned properties of fat in the three-tissue
model,” but is identified separately in the six-tissue model. In
the IT’IS tissue properties database,”* red marrow (defined
only in the female model) has a density greater than that of
water, but an electrical permittivity close to that of fat. In our

85U801 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe Sooile VO ‘88N JO S9|NJ 10) ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-pUE-SWLB) 00" A 1M AIq1jBUlJuO//:SANY) SUONIPUOD Pue SWe 1 841 88S *[7202/0T/22] Uo Ariqiauliuo A8|im ‘A1sieniun >3io A MoN Aq £6982 WIW/Z00T OT/I0p/W00" A3 1M AleIqpuljuo//Sdny woly pepeojumod ‘T ‘TZ0Z ‘V6522eST


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fmrm.28693&mode=

CARLUCCIO Er AL.

. . o o 545
Magnetic Resonance in MedlcmeJ—

Male Body Model

Female Body Model

Coil Exposing Head and Thorax

Coil Exposing Abdomen

FIGURE 1
coil positioned to expose the tissues of the head and thorax (top row)

Geometry of the simulations, with a 16-rung birdcage

and positioned to expose tissues of the abdomen (bottom row), loaded
with a male (left column) and female (right column) human body
model

simplified models, red marrow was assigned the properties of
fat. A detailed description of all electrical and thermal prop-
erties of the tissues in the models is provided in Supporting
Information Tables S1 and S2. In the original body model,
because some tissues are assigned identical electric and ther-
mal properties, the number of effective tissue definitions is
smaller: 34 tissues for the male model, and 53 for the female
model (Supporting Information Tables S1 and S2).

The additional tissues in the third model were selected
considering both their effect on the temperature distribu-
tion and the anticipated ease with which these tissues could
be identified automatically, to allow the rapid segmenta-
tion of image data in a few minutes,” and consequently

RIGHTS L

facilitate patient-specific safety assessment. A skin layer was
added to the outer surface of the body with an automated
approach.B’20 White matter, gray matter, and cerebellum
were together identified as brain tissue and assigned prop-
erties equal to the average of the three with the expectation
that previously published automated tools could be used to
identify the brain accordingly in image data.>** Moreover,
fat and bone were distinguished from each other with the ex-
pectation that this should be easily done in image data based
on their very different signal profiles, and it was observed
that some local maxima in temperature better agreed with
the full-tissue model with fat and bone treated differently. In
all cases, the electric permittivity and conductivity of tissues
were set according to the operating frequency of the coil, and
thermal properties of the tissues set according to the values
reported in the online IT’IS tissue properties database.*

Temperature simulations were performed with an in-house
finite-difference code.'® Local 10g average SAR values were
computed throughout the body models using an averaging
method with spherical adaptive masks described previously.25 26

For all models, the average SAR and temperature values
for the whole head were also computed.

3 | RESULTS

Distributions of 10g average SAR and temperature values
both before and immediately after the imaging period are
shown in Figure 3 for all simulated models. The most vis-
ible differences are in the head for the three-tissue simplified
model when compared with the other two models.

For all of the human body models and coil positions, a
comparison of the SAR and temperature values averaged over
the whole head for all three models simulated is presented in
Table 1.

Similarly, Table 2 provides the baseline temperature, tem-
perature increase, and maximum temperature at the location
where the maximum temperature occurs, which is consistently
in the shoulder for both the male and the female models when
the coil center is near the cervical spine, and it is located in
the pelvis bone for the male model and in the arm for the fe-
male model when the coil center is near the lumbar spine. The
specific locations where the maximum temperature occurs
vary slightly depending on the model. Temperature distribu-
tions, including the plane with the maximum temperature,
are shown in Figure 3 for the male model with the coil center
near the cervical spine, and for the female model with the coil
center near the lumbar spine. In all cases, the most prominent
differences in temperature between the full-tissue model and
the six-tissue model occur in blood vessels in the extremities
(as seen in the forearm on the right of the corresponding plot),
where temperature in the full-tissue model is assigned that of
core temperature, and is therefore higher than the temperature
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Simplified Model
3 Tissues

Full Model

at the corresponding location in the extremities when the
tissue is defined as muscle rather than blood.

4 | DISCUSSION

Although temperature distributions in Figure 3 are similar,
simplification of the model affects temperature more than it
does SAR. Minor variations in SAR can also be observed in
the whole-head average values reported in Table 1. However,
adding a few additional tissues to the simplified model
helps to produce temperature distributions more similar to
the full model. While only electrical permittivity, electrical

RIGHTS L

Simplified Model
6 Tissues

FIGURE 2 For the two human body
models, male (top row) and female (bottom

kg/m3
1100

row): distribution of tissue mass density

of the original body model with all of the
tissues (left column), simplified model with
three tissues (center column), and simplified

model with six tissues (right column)

1050

1000
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conductivity, and mass density affect SAR distribution, tem-
perature also depends on thermal tissue properties, such as
heat capacity and thermal conductivity, and on physiological
parameters such as rate of blood perfusion and metabolic heat
generation. In particular, blood perfusion has a significant
effect on temperature distribution, especially in the brain and
other highly perfused tissues.

Although the baseline temperature in the region associ-
ated with brain is lower in the three-tissue simplified model,
lower average perfusion results in greater temperature in-
crease in this model, such that the final temperature in much
of the region of brain is higher than in the other models, and
the head average increase in temperature is greater than in the
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Male Model with the Coil Exposing the Thorax

Simplified Model Simplified Model
3 Tissues 6 Tissues

Full Model

Baseline
Temperature SAR

Mid-coronal Plane

Temperature at the end of MRI
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Female Model with the Coil Exposing the Abdomen
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FIGURE 3 Distributions of specific absorption rate (SAR), baseline temperature, and maximum temperature on a midcoronal plane through

each of the three body models simulated for the male body model, with the coil positioned to expose the head and thorax (left three columns), and

for the female body model, with the coil positioned to expose the abdomen (right three columns). The difference in the maximum temperature

between the simplified models and the full-tissue model is reported in the last row

other models. This is also evident from the values reported in
Table 1. The addition of the brain in the six-tissue simplified
model provides temperature distributions in the head very
similar to the original model.

The addition of skin, which has a higher rate of perfu-
sion than muscle, was found to increase baseline and final

RIGHTS L

temperatures in much of the thorax and near the surface of the
body, better approximating the values in the original model.
This can be observed in the last row of Figure 3, where tem-
perature difference with respect to the full-tissue model is
reported. We also found that using two different tissues for fat
and bone helps to improve accuracy in temperature calculations,
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Three-tissue

Full model simplified model

Male body model—coil centered in thorax

Head-average SAR (W/kg) 3.58 3.88

Head-average baseline 35.11 33.84
temperature (°C)

Head-average final 36.16 35.29

temperature (°C)
Head-average temperature 1.05 1.45
increase (°C)

Male body model—coil centered in abdomen

Head-average SAR (W/kg) 0.14 0.14

Head-average baseline 35.11 33.84
temperature (°C)

Head-average final 35.46 34.14

temperature (°C)

Head-average temperature 0.35 0.30
increase (°C)

Female body model—coil centered in thorax

Head-average SAR (W/kg) 2.25 2.38

Head-average baseline 34.39 33.15
temperature (°C)

Head-average final 35.12 34.05

temperature (°C)

Head-average temperature 0.72 0.91
increase (°C)

Female body model—coil centered in abdomen

Head-average SAR (W/kg) 0.08 0.08

Head-average baseline 34.39 33.15
temperature (°C)

Head-average final 34.72 33.41

temperature (°C)

Head-average temperature 0.32 0.26
increase (°C)

especially regarding the location and amount of peak tempera-
ture increase. Although electrical properties of fat and bone
are very similar, their thermal properties are different. These
differences are very evident in the results of Table 2, where
modeling the bone as fat (as in the three-tissue model) provides
higher values of perfusion, and therefore smaller temperature
estimations with respect to the more accurate full-tissue model.

Remaining differences between the temperature distribu-
tion in the original models and their simplified versions occur
in other high-perfusion tissues, such as the liver and kidneys,
as is particularly evident from the simulations in which the
coil is centered in the abdomen. While the six-tissue model
produced results for maximum temperature similar to the
original model in the configuration with the coil exposing
the thorax, for other configurations, including different coils
or frequencies, it may be necessary to include additional
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TABLE 1

temperature, final temperature, and

L. Average of SAR, baseline
Six-tissue

simplified model .
temperature increase over the head for the

12 cases simulated
3.68

35.09
36.20

1.10

0.14
35.09

35.44

0.35

2.19
34.45

35.24

0.80

0.08
34.45

34.77

0.32

tissues. Although there are various readily available software
solutions to identify the brain," showing clear differences in
signal intensity between fat and bone, and simple algorithms
for ensuring a continuous layer of skin,20 identification of
additional organs for patient-specific models would require
further development.

All simulations were performed for a birdcage coil in a 3T
system, we expect that the conclusion that a greater number of
tissues are required for accurate temperature simulations than
for accurate SAR simulations can be extended to other coils
and field strengths. However, the strategy for which tissues to
include may depend on these variables and may require some
coil-specific and frequency-specific investigation.

Simulations of temperature with a relatively low number
of tissues have been performed previously,10 but without ref-
erence to results from simulations including many tissues. In
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TABLE 2 Baseline temperature,
temperature increase, and maximum

temperature at the location of maximum

temperature for the 12 cases simulated

Baseline temperature (°C)

Max final temperature (°C)

Temperature increase (°C)

Six-tissue
simplified model

Three-tissue

Full model simplified model

Male body model—coil centered in thorax

Male body model—coil centered in abdomen

Baseline temperature (°C)

Max final temperature (°C)

Temperature increase (°C)

Female body model—coil centered in thorax

Baseline temperature (°C)

Max final temperature (°C)

Temperature increase (°C)

Female body model—coil centered in abdomen

Baseline temperature (°C)

Max final temperature (°C)

Temperature increase (°C)

some of these simulations, tissues with high perfusion, such
as the brain, were excluded.'® We hope that the results shown
here will help guide strategy regarding which tissues are most
important to include in thermal simulations, especially when
rapid segmentation of imaging data might be used to produce
subject-specific models.””
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the Supporting Information section.
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TABLE S1 Table of electrical and thermal tissues proper-
ties for the male model. Note: The superscript after each tis-
sue name indicates how the tissue is labeled in the simplified
models. For the three-tissue model, the superscript is the ini-
tial letter of the corresponding tissue (Muscle, Fat, Lung), and
for the six-tissue model, the superscripts are the first two let-
ters of the corresponding tissue (MUscle, FAt, BRain, BOne,
SKin, LUng). The left column indicates the tissue definitions,
with different tissues having the same number if they have
the same electrical and thermal properties

TABLE S2 Table of electrical and thermal tissues proper-
ties for the female model. Note: The superscript after each
tissue name indicates how the tissue is labeled in the simpli-
fied models. For the three-tissue model, the superscript is the
initial letter of the corresponding tissue (Muscle, Fat, Lung),
and for the six-tissue model, the superscripts are the first
two letters of the corresponding tissue (MUscle, FAt, BRain,
BOne, SKin, LUng). The left column indicates the tissue
definitions, with different tissues having the same number if
they have the same electrical and thermal properties

How to cite this article: Carluccio G, Akgun C,
Vaughan JT, Collins C. Temperature-based MRI safety
simulations with a limited number of tissues. Magn
Reson Med. 2021;86:543-550. https://doi.org/10.1002/
mrm.28693

85U801 SUOWWOD SAIERID (dedl|dde au Aq peusenob aJe Sooile VO ‘88N JO S9|NJ 10) ARIq1T 8UIUO A8]IAA UO (SUOTPUOD-pUE-SWLB) 00" A 1M AIq1jBUlJuO//:SANY) SUONIPUOD Pue SWe 1 841 88S *[7202/0T/22] Uo Ariqiauliuo A8|im ‘A1sieniun >3io A MoN Aq £6982 WIW/Z00T OT/I0p/W00" A3 1M AleIqpuljuo//Sdny woly pepeojumod ‘T ‘TZ0Z ‘V6522eST


http://www.itis.ethz.ch/virtual-population/tissue-properties/overview
http://www.itis.ethz.ch/virtual-population/tissue-properties/overview
https://doi.org/10.1002/mrm.28693
https://doi.org/10.1002/mrm.28693
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fmrm.28693&mode=

