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Christopher M. Collins, PhD,1* Wanzhan Liu, MS,1 Jinghua Wang, PhD,1

Rolf Gruetter, PhD,2 J. Thomas Vaughan, PhD,2 Kamil Ugurbil, PhD,2 and
Michael B. Smith, PhD1

Purpose: To examine relationships between specific energy ab-
sorption rate (SAR) and temperature distributions in the human
head during radio frequency energy deposition in MRI.

Materials and Methods: A multi-tissue numerical model of
the head was developed that considered thermal conduc-
tivity, heat capacity, perfusion, heat of metabolism, electri-
cal properties, and density. Calculations of SAR and the
resulting temperature increase were performed for different
coils at different frequencies.

Results: Because of tissue-dependant perfusion rates and
thermal conduction, there is not a good overall spatial cor-
relation between SAR and temperature increase. When a
volume coil is driven to induce a head average SAR level of
either 3.0 or 3.2 W/kg, it is unlikely that a significant
temperature increase in the brain will occur due to its high
rate of perfusion, although limits on SAR in any 1 g of tissue
in the head may be exceeded.

Conclusion: Attempts to ensure RF safety in MRI often rely
on assumptions about local temperature from local SAR
levels. The relationship between local SAR and local tem-
perature is not, however, straightforward. In cases where
high SAR levels are required due to pulse sequence de-
mands, calculations of temperature may be preferable to
calculations of SAR because of the more direct relationship
between temperature and safety.
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TO REDUCE THE RISKS of inducing thermoregulatory
imbalance and causing local hyperthermic tissue dam-

age with radio frequency (RF) energy during MRI, the
United States’ Food and Drug Administration (FDA) and
the International Electrotechnical Commission have
devised limits on both specific energy absorption rate
(SAR) and temperature (T) increases in the human body
(1,2). Limits on SAR are given for the average SAR over
the whole body, average in the head, and for the maxi-
mum volume average over any 1 g (FDA) or 10 g (IEC)
region of tissue in the head, body, or extremities (max-
imum local SAR). It is possible to estimate the average
SAR in the head or entire body during an experiment by
dividing the time-average input RF power by the mass
of the appropriate body section, but determination of
the local SAR levels or temperature changes in the hu-
man subject is not so easily accomplished. Due to the
complicated induced current patterns in the heteroge-
neous human head, calculations or measurements of
the maximum local SAR in simple geometries are not
likely to be indicative of the maximum local SAR levels
in the head (3). Furthermore, existing limits on the
maximum local SAR in any 1 g region of tissue are likely
to be exceeded before the limits on average SAR are
exceeded (3,4), especially when using local coils, such
as surface coils.

When assessing the risk of the RF power in an MR
examination, the most important factor is the potential
increase in core or local body temperature (1,2). Due to
the practical limitations of assessing local temperature
increases, however, limits of power deposition are also
expressed in SAR limits (1,2). While there are well-
studied correlations between T, time, and tissue dam-
age or thermoregulatory distress (5–7), the precise re-
lationship between SAR and temperature is
multifactorial. The effect of whole-body SAR on core
body temperature is a function of the ability of the body
to lose heat by radiation, convection, and evaporation of
sweat and is affected by, among other things, body size
and type, amount of clothing worn, ventilation, humid-
ity, ambient temperature, and individual response to
heat stress. The effect of local SAR on local temperature
depends on, among other things, the effects of thermal
conduction, perfusion by blood, and the complex het-
erogeneous geometry of the human body. If the local or
core temperature changes enough, there can be local or
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global physiological responses to maintain temperature
stability.

The aim of the present study was to simulate the
SAR-induced local temperature changes in the human
head for three different RF coils. For simplicity, it is
assumed that physiological parameters remain inde-
pendent of temperature. This should be reasonable as
long as temperature changes remain small.

MATERIALS AND METHODS

Calculation of SAR

To estimate SAR, full-Maxwell calculations of absorbed
power were performed for a human head model in three
different coils. The head model was created using the
anatomical data from the National Library of Medicine
Visible Male Project, using methods described previ-
ously (4). The coils that were modeled included a 64
MHz birdcage coil, representative of one type of coil
used commonly today, and two specific coils (one sur-
face coil and one volume coil) currently used at 300
MHz. A head model resolution of 2.0 mm in the left-
right and anterior–posterior directions and 2.5 mm in
the inferior–superior directions was used for calcula-
tions with a 64 MHz birdcage coil and 300 MHz quadra-
ture surface coil. A head model resolution of 5.0 mm in
each direction was used for calculations with a 300
MHz TEM coil. The geometries and modeling methods
for the 64 MHz birdcage coil and the 300 MHz TEM
resonator have been described elsewhere (4,8). The
methods for modeling the birdcage coil and TEM reso-
nator have been proven accurate by agreement with
experiments at frequencies of up to 128 MHz (9) and
300 MHz (8), respectively. The geometry of the quadra-
ture surface coil has been described previously (10). In
our study, the quadrature surface coil at 300 MHz was
modeled with a method similar to that for the TEM coil
(8): first, tuning each coil to 300 MHz (by iteratively
adjusting the values of capacitors placed across all gaps
in the coil, exciting with a Gaussian impulse, and de-
termining the frequency of the appropriate resonance in

a Fourier transformation of the time domain response),
then driving the two coils simultaneously with two volt-
age sources (one in each coil) having a 90° phase differ-
ence between them. All electromagnetic field calcula-
tions were performed using the finite difference time
domain (FDTD) method for electromagnetics (11) using
commercially available software (xfdtd; Remcom, State
College, PA). The SAR distributions were extracted from
the electromagnetic field calculations as described pre-
viously (3,4). The maximum local SAR was defined as
the average SAR in the 1 cm3 (FDA) or 10 cm3 (IEC)
volume of tissue having the highest average SAR (3,4).
The highest local SAR in the brain was determined by
performing the same analysis, but considering only 1
cm3 or 10 cm3 regions with a center in white or gray
matter.

Calculation of Temperature

Temperature (T) was modeled in the head with a finite
difference implementation of the Pennes bioheat equa-
tion (12):

�c
dT
dt

� � � (k�T) � [��bloodwcblood(T � Tcore)] � Qm � SAR�

(1)

where the different values for � (material density), c
(heat capacity), k (thermal conductivity), w (perfusion
by blood), and Qm (heat generated by metabolism) for
several different tissues were acquired from the litera-
ture (13–17). The values used in these calculations are
given in Table 1, unless otherwise specified. The finite
difference implementation was achieved by using first
order central difference approximations for all deriva-
tives with respect to position and a first order forward
difference approximation for the derivative with respect
to time. Solving for T at a time in the future by one time
increment �t yields the algebraic equation:

Table 1
Material Properties and Physiological Parameters Used in Calculations

Material/tissue
w

(mL/100g/minute)
�

(kg/m3)
c

(J/kg/°C)
K

(W/m/°C)
Qm

(W/m3)

Air 0 1.3 1006 0.026 0
Blood 1000 1057 3600 0.51 0
Cancellous bone 3 1080 2238 0.36 0
Cerebellum 56 1035.5 3640 0.534 331
Cerebro-spinal fluid 0 1000 4200 0.60 0
Cortical bone 1.4 1850 1300 0.36 0
Esophagus 40 1126 3500 0.527 766
Eye: sclera/cornea 3.8 1151 3000 0.40 0
Eye: vitrous humor 0 1000 4200 0.586 0
Fat 2.8 943 2300 0.23 302
Gray matter 67.1 1035.5 3680 0.565 5370
Mucous membrane, 12 1125 3150 0.343 0
Tendon, other muscle 5.0 10.59 3500 0.498 758
Skin 12 1125 3150 0.343 1125
White matter 23.7 1027.4 3600 0.503 5370
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T��1 � T �
�t
�c

�(Ki�1Ti�1 � Ki�1Ti�1 � Ki�1Ti�1 � Ki�1Ti�1)
�4 � K(Ti�1 � 2T � Ti�1)

(�x)2

�

(Kj�1Tj�1 � Kj�1Tj�1 � Kj�1Tj�1 � Kj�1Tj�1)
� 4 � K(Tj�1 � 2T � Tj�1)

(�y)2

�

(Kk�1Tk�1�Kk�1Tk�1 � Kk�1Tk�1 � Kk�1Tk�1)
� 4 � K(Tk�1 � 2T � Tk�1)

(�z)2

� SAR� �
wcblood�blood(T � Tblood)

6000
� Qm

� (2)

where the indices i, j, and k indicate spatial location in
the x, y, and z directions, respectively, and the index �
indicates position in time. Increments in space are �x,
�y, and �z, and the size of the time step is �t. Sub-
scripts for K and T indicate only deviation from the
location (i, j, k) and the time �. The factor of 6000 in the
denominator of the perfusion term is necessary to
achieve dimensional equivalence with all other terms in
the equation (18) by converting the units for w from
mL/100 g/minute to mL/g/second. The temperature of
all air outside of the head was held constant at 23°C.

In general, the temperature distribution for a given
set of parameters, including an SAR distribution, was
calculated by starting with an initial condition (IC), or
initial guess, for temperature at each location, then
iteratively solving for the correct temperature distribu-
tion by solving for T at future points in time with Eq. [2].
The exact value of the initial condition did not affect the
final calculated temperature distribution, but could af-
fect the number of iterations required to reach this final
calculated distribution. If the temperature distribution
is given or known at time � for a given location (i, j, k),
Eq. [2] has only one unknown, namely the temperature
at the next point in time, T��1. Thus, an algebraic equa-
tion is solved at each location at progressive points in
time for the temperature at the next point in time until
a new equilibrium is reached where the temperature no
longer changes with time. Using this method, we mod-

elled a situation where a given SAR distribution is ap-
plied until the maximum temperature increase results.

Validation of Temperature Calculation Method

Verification of our finite difference implementation was
performed by comparison to two analytical solutions.
The first comparison was to an analytical solution for
equilibrium temperature distribution in an unperfused
sphere of brain tissue with a uniform SAR of 3.0 W/kg
(19). For this calculation, the sphere had a diameter of
40 cells with a cell resolution of 5 mm in each dimen-
sion and material properties equal to the average of
those for gray and white matter as shown in Table 1. In
the second comparison, numerical results were com-
pared to an analytical solution for a perfused sphere of
tissue with no thermal conductivity and with a uniform
SAR of 3.0 W/kg (18). In this case, we employed the
same tissue parameters as used by Athey (18), most
significantly �blood � 1040 kg/m3, w � 10 mL/100
g/minute, and cblood � 4026 J/kg/°C. The initial con-
dition for both of these calculations was that all tem-
peratures were equal to that of ambient air (23°C) and
the temperature of blood was constant at 37°C.

Calculations for the Human Head in MRI

Calculations of equilibrium temperature distributions
for the human head in three different coils at two dif-
ferent frequencies were performed. It was assumed that
rates of perfusion were independent of time and tem-
perature and that the temperature of blood was con-
stant at 37°C. An initial equilibrium temperature dis-
tribution was first calculated and recorded with SAR �
0 W/kg and IC of all tissue temperatures equal to core
body temperature. Then, RF fields were normalized so
as to induce a head-average SAR of either 3.0 W/kg, the
current nonsignificant risk FDA limit (2), or 3.2 W/kg,
the current IEC normal mode limit over any 6 minute
period (1), were applied to the model. When it reached a
new equilibrium, the temperature distribution was re-
corded.

Figure 1. Analytically (left)
and numerically (center) calcu-
lated increase in temperature
(�T) distributions for the
sphere of unperfused brain tis-
sue after application of uni-
form SAR of 3.0 W/kg, and the
difference (right) of the numer-
ically calculated value from the
analytically calculated value.
Grayscale values are given in
°C.
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RESULTS

The numerically calculated increase in temperature
(�T) after application of a uniform SAR of 3.0 W/kg to a
20 cm diameter sphere of unperfused brain tissue was
compared to an analytical solution of the same problem
in Fig. 1. The largest difference between these two cal-
culations is about 0.387°C, occurring at the surface of
the model where the discretized nature of the numerical
model makes it impossible to match the smooth, spher-
ical surface in the analytical calculations.

For the calculation of the perfused sphere with uni-
form SAR and no thermal conductivity, the temperature
of the sphere was 37.588°C in the numerical solution,
as compared to 37.573°C in the analytical solution—an
inconsequential difference of 0.015°C.

Figure 2 shows the equilibrium temperature distribu-
tion in the head before the RF field is applied, the SAR

distribution during coil excitation for an average SAR of
3.2 W/kg in the head in a birdcage coil at 64 MHz, and
the resulting temperature increase (�T) at the new equi-
librium. There is a gradient in the initial temperature
distribution from about 37.3°C at the center of the
brain to about 32°C at the skin. The spatial distribution
of SAR and increase in temperature for the head in the
TEM at 300 MHz (not shown) are very similar to those in
Fig. 2, but slightly less symmetric. The SAR distribution
is also slightly less concentrated toward the periphery
of the head at 300 MHz, as is consistent with previous
calculations of SAR distribution as a function of fre-
quency (4). In these calculations, the temperature in-
creases are greatest in tissues that are not well per-
fused, such as muscle at rest and the eye.

Figure 3 shows the distribution of the circularly-po-
larized component of the RF magnetic field that rotates

Figure 2. Initial equilibrium
temperature distribution (left),
applied SAR distribution for 64
MHz birdcage coil (center), and
resulting increase in tempera-
ture (�T) at new equilibrium
(right) on axial (top) and coro-
nal (bottom) slices through the
head. Linear grayscale is from
23 (black) to 37°C (white) for
initial temperature, 0 to 10
W/kg for applied SAR, and 0 to
1.5°C for resulting tempera-
ture increase. Contours in
plots of �T placed at 0.5, 1.0,
and 1.5°C. The black regions in
the initial temperature distri-
bution plots (left) are due to
air-filled sinuses.

Figure 3. Distributions of B1
�

(left), SAR (center), and resulting
temperature increase (right) for
quadrature surface coil at 300
MHz. Linear grayscale is from 0
(black) to 15 mT (white) for B1

�,
0 to 20 W/kg for SAR, and 0 to
1.5°C for temperature increase.
Contours for temperature in-
crease at 0.5, 1, 1.5, 2.0, and
2.5°C.
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in the same direction as nuclear precession (B1
�), the

SAR distribution, and the resulting temperature in-
crease for the quadrature surface coil at 300 MHz. Al-
though the SAR distribution appears to be asymmetric,
the B1

� distribution is more symmetric and is consis-
tent with that required to produce symmetric images of
the brain at 300 MHz (10).

For comparison to FDA limits, the location and value
of the maximum SAR in any 1 g of tissue in the head
and in the brain are given in Table 2. For the cases
where each coil is driven to induce 3.0 W/kg average
SAR over the head, the location and maximum �T in the
head and in the brain are given in Table 3. Similarly, for
comparison to IEC limits, the location and value of the
maximum SAR in any 10 g region of tissue in the head
and in the brain are given in Table 4. For the cases
where each coil is driven to induce 3.2 W/kg average
SAR over the head, the location and maximum �T in the
head and in the brain are given in Table 5.

DISCUSSION

Temperature distributions calculated with the methods
presented here are in good agreement with analytically-
calculated temperatures for simple objects and simple
SAR distributions. The agreement between numerically
and analytically calculated temperature in an unper-
fused sphere with uniform SAR (Fig. 1) would be im-
proved further with a higher resolution grid or by higher
order finite difference approximations, but both of these
options would require a significant increase in calcula-
tion time. The resolution and sphere size presented are
similar to the resolutions and head size used in this
study. In the presence of the moderating effects of per-
fusion, the difference between numerical simulation
and reality should be significantly less than the differ-

ence shown in Fig. 1, as all �T would be significantly
less than those calculated here with no perfusion. Nu-
merically-calculated temperature in a perfused sphere
with no thermal conductivity is in nearly perfect agree-
ment with analytical calculations for the same case.
Unfortunately, there was no analytical solution found
for a three-dimensional geometry that considered both
perfusion and thermal conduction.

In the normal human body, thermoregulatory mech-
anisms act to oppose local and global temperature
changes. Assuming a head mass of about 5 kg and a
body mass of about 60 kg, an average SAR of 3.2 W/kg
in the head would result in a whole-body average SAR of
about 0.27 W/kg. This is well below an SAR expected to
affect the core body temperature or cause any systemic
thermoregulatory effects (e.g., increased respiratory
rate, whole-body cutaneous vasodilation coupled with
increased heart rate and decreased blood pressure, or
whole-body sweating) (1). In normal tissues, vasodila-
tion resulting in increased perfusion, as well as local
sweating in the skin, can occur locally in response to
local increases in temperature. Though the relationship
between local perfusion rates and local temperatures is
not well established for many tissues, there is no sig-
nificant increase in the local perfusion rate in muscle
tissue until a temperature increase of about 4°C is
induced (20). Similarly, when core body temperature is
37°C, local sweating in skin does not occur until the
local skin temperature increases above its initial tem-
perature by a few degrees (21). Neither of these condi-
tions are met in the calculations presented here, except
in the case of the quadrature surface coil driven to
induce a 3.0 or 3.2 W/kg SAR averaged over the head.
As discussed later in this study, this is an extremely
large amount of power for this coil. Therefore, for vol-
ume head coils driven at power levels up to the regula-

Table 2
Maximum SAR in Any 1 cm3 Region for Head Average SAR of 3.0 W/kg for Comparison to FDA Limits

RF coil

Maximum local SAR in head Maximum local SAR in brain only

Location
Value
(W/kg)

Location
Value
(W/kg)

Birdcage coil at 64 MHz Skin and facial muscle
inferior to eye

16.2 Superior cerebrum, partially
including SSS

13.7

TEM coil at 300 MHz Muscle tissue in
masticator space

16.1 Superior cerebrum, partially
including SSS

11.8

Surface coil at 300 MHz Superior sagittal sinus 53.8 Mid-posterior cerebrum, partially
including SSS

50.7

SSS � superior sagittal sinus.

Table 3
Maximum Temperature Increase (�T) for Head Average SAR of 3.0 W/kg for Comparison to FDA Limits

RF coil

Maximum �T in whole head Maximum �T in brain only

Location
Value
(°C)

Location
Value
(°C)

Birdcage coil at 64 MHz Muscle tissue in
masticator space

2.1 Frontal lobe at anterior
and inferior surface

0.9

TEM coil at 300 MHz Muscle tissue in
masticator space

2.4 Gray matter nearest
masticator space

0.7

Surface coil at 300 MHz Scalp behind cerebellum 4.3 Posterior cerebellum 1.7
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tory limits on head-average SAR, it may be reasonable
to neglect the physiological response to temperature, as
was done in this study. For other cases, including the
case of the quadrature surface coil driven to induce a
3.0 or 3.2 W/kg SAR averaged over the head, results of
the methods used here would indicate a temperature
change larger than expected in the presence of a func-
tioning thermoregulatory system.

In all calculations considering the head, we assumed
perfusion rates comparable to those in the healthy hu-
man. It is important to note that temperature increases
might be higher in patients with impaired cerebral per-
fusion, such as those with a stroke, tumor, or arterio-
venous malformations. The present head model was
based on an anatomy typical for relatively young adults
and for tissue properties from the literature. The results
may vary with age as the geometry, composition, and
material properties of human tissues change (22), and
will also vary between individuals. The flow of CSF was
not taken into account in the present simulation.

In agreement with previous publications (3,4), the
results in Table 2 indicate that the nonsignificant risk
FDA limit on SAR in any 1 g region in the head (8 W/kg)
will be exceeded before the nonsignificant risk FDA
limit on head-average SAR (3 W/kg) is exceeded for both
volume and surface coils intended for head imaging.
Similarly, the results in Table 4 indicate that the nor-
mal mode IEC limit on SAR in any 10 g region in the
head (10 W/kg) will be exceeded before the normal
mode IEC limit on head-average SAR (3.2 W/kg) is ex-
ceeded, except in the TEM coil at 300 MHz.

The results in Tables 3 and 5 indicate that when a
volume coil is driven to produce 3.2 W/kg average SAR
in the head, it is unlikely that any increase in T much
above 1°C (IEC normal mode limit for increase in tem-
perature anywhere in the head) will occur in brain tis-

sue, whether at 64 or at 300 MHz. Our calculations
indicate that T may increase by more than 1°C within
the head but outside of the brain. Because local heating
in some regions of the brain (especially in the hypothal-
amus) may result in confusion of the whole-body ther-
moregulatory system (23), it is important to ensure that
no significant temperature increase occurs in the brain.
But, just as tissues in the extremities are expected to
withstand local �T of up to 3°C (1), tissues in the head,
other than the brain (e.g., skin, muscle, fat, bone, and
tissues in the eye) (6,24), should be able to withstand
�T of up to a few °C with no irreversible effects. For this
reason, we present both maximum �T in the entire
head and in the brain only, though the IEC guidelines
place the limit for �T at 1°C anywhere in the head.

When the quadrature surface coil is driven to induce
3.2 W/kg SAR averaged over the entire the head, the
maximum �T within the brain tissue is 1.85°C, well
above the 1°C limit. In agreement with the IEC guide-
lines (1), this indicates that when using transmit sur-
face coils, whole-head SAR limits are not a good guide
and extra caution should be exercised. Because they
are exciting much smaller volumes, however, surface
coils generally require much less power than do volume
coils. For example, proton decoupling can be accom-
plished with the quadrature surface coil, modeled here,
with only 4 W of power and a 2.4% duty cycle (unpub-
lished experimental results). But even with 4 W of
power and a 100% duty cycle (about 0.55 W/kg aver-
aged over the head), the maximum �T within the brain
is only 0.32°C, the maximum �T in the head is 0.785°C,
and the maximum SAR in any 1 g of tissue in the head
is 9.90 W/kg, as was calculated using the numerical
methods presented here.

The highest local SAR in the brain is consistently
found adjacent the superior sagittal sinus. This is be-

Table 4
Maximum SAR in Any 10 cm3 Region for Head Average SAR of 3.2 W/kg for Comparison to IEC Limits

RF coil

Maximum local SAR in head Maximum local SAR in brain only

Location
Value
(W/kg)

Location
Value
(W/kg)

Birdcage coil at 64 MHz Muscle tissue in masticator
space

10.7 Superior cerebrum, partially
including SSS

8.92

TEM coil at 300 MHz Superior cerebrum, partially
including SSS

8.73 Superior cerebrum, partially
including SSS

8.73

Surface coil at 300 MHz Mid-posterior cerebrum, partially
including SSS

28.7 Mid-posterior cerebrum, partially
including SSS

28.7

SSS � superior sagittal sinus.

Table 5
Maximum Temperature Increase (�T) for Head Average SAR of 3.2 W/kg for Comparison to IEC Limits

RF coil

Maximum �T in whole head Maximum �T in brain only

Location
Value
(°C)

Location
Value
(°C)

Birdcage coil at 64 MHz Muscle tissue in
masticator space

2.2 Frontal lobe at anterior
and inferior surface

0.9

TEM coil at 300 MHz Muscle tissue in
masticator space

2.6 Gray matter nearest
masticator space

0.7

Surface coil at 300 MHz Scalp behind cerebellum 4.5 Posterior cerebellum 1.8
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cause the method used for finding the highest local SAR
in the brain consisted of averaging SAR over volumes
with a center in the brain, but which could potentially
have peripheral regions in other tissues. Because of the
geometry and location of the superior sagittal sinus and
due to the relatively high conductivities of the materials
it contains (especially blood), SAR levels in the superior
sagittal sinus are typically very high compared to those
in the brain, although �T in the superior sagittal sinus
is typically very low due to the high rate of blood flow.

There is not good spatial correlation between SAR
and temperature increase, the physiologically relevant
parameter in evaluating risk. This is a result of the
complex, multifactorial relationship between tempera-
ture and SAR. In areas with high perfusion, such as the
brain, moderate to high SAR levels can result in mini-
mal temperature increase, while in areas with lower
perfusion, such as muscle at rest and the eye, temper-
ature may increase even with relatively low SAR levels
(Fig. 2). It is also apparent from Fig. 3 that thermal
energy can be transferred to bone from surrounding
tissues by thermal conduction. This relatively efficient
conductive heat transfer to bone is consistent with ex-
pectations from work in hyperthermia (25). Due to the
combined effects of perfusion and thermal conduction
in the heterogeneous human head, the location of max-
imum local SAR corresponds to that of maximum tem-
perature increase in very few of the cases evaluated in
this study (Tables 2–5).

It is noteworthy that in all of the situations presented
here, FDA limits on SAR in any 1 g region in the head
and IEC limits on SAR in any 10 g region in the head
would be exceeded before the temperature in the brain
increased by more than 1°C. Due to the relative diffi-
culty of predicting temperature in the human head,
safety limits based on estimates of local SAR levels may
be the simpler and more conservative approach, al-
though less relevant in terms of risk.
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