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Predicting Long-Term Temperature Increase for
Time-Dependent SAR Levels with a Single Short-Term

Temperature Response

Giuseppe Carluccio, Mary Bruno, and Christopher M. Collins*

Purpose: Present a novel method for rapid prediction of tem-
perature in vivo for a series of pulse sequences with differing
levels and distributions of specific energy absorption rate
(SAR).

Theory and Methods: After the temperature response to a
brief period of heating is characterized, a rapid estimate of
temperature during a series of periods at different heating lev-
els is made using a linear heat equation and impulse-response
(IR) concepts. Here the initial characterization and long-term
prediction for a complete spine exam are made with the
Pennes’ bioheat equation where, at first, core body tempera-
ture is allowed to increase and local perfusion is not. Then
corrections through time allowing variation in local perfusion
are introduced.

Results: The fast IR-based method predicted maximum tem-
perature increase within 1% of that with a full finite difference
simulation, but required less than 3.5% of the computation
time. Even higher accelerations are possible depending on the
time step size chosen, with loss in temporal resolution. Cor-
rection for temperature-dependent perfusion requires negligi-
ble additional time and can be adjusted to be more or less
conservative than the corresponding finite difference
simulation.

Conclusion: With appropriate methods, it is possible to rap-
idly predict temperature increase throughout the body for
actual MR examinations. Magn Reson Med 75:2195-2203,
2016. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

In MRI of the human body, a radiofrequency magnetic
(B4) field is applied to excite nuclei to a state where they
produce a detectable signal. In the conductive tissues of
the human body, the B, field induces electrical currents
resulting in heating of tissues. This heating must be
regulated by controlled application of the B, field to
avoid adverse effects, which can arise either if the tem-
perature of the entire human body is escalated enough to
cause discomfort or thermoregulatory distress, or if the
temperature in a local region of the body is elevated for
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a sufficient degree and period of time to cause damage to
tissues. The International Electrotechnical Commission
has provided guidelines for the maximum temperature to
be achieved by the whole body and any region within it
(1). Although it is understood that temperature is more
directly related to the hazards of RF heating than is the
power absorbed per unit mass (specific energy absorp-
tion rate, SAR), typically only SAR is used to ensure RF
safety in MRI. This is partly due to the ability to relate
transmitted RF power to SAR with a variety of methods,
often involving numerical simulations of the human
body for estimation of maximum local SAR, and partly
to the perceived complexity and uncertainty which pre-
diction of temperature from known transmitted power
levels may add to the assurance of safety. For these rea-
sons the IEC has also recommended limits on SAR for
both the whole body and any 10-gram region within it
(1), but it is ultimately temperature through time (or
thermal dose) that is directly related to subject safety.
Thus, methods to improve the accessibility and utility of
temperature predictions and assessments for MRI should
be pursued for meaningful safety assurance.

Data exist relating the likelihood of damage to specific
tissues to the thermal dose within each tissue (2). There
is some indication that such data may be used in future
versions of safety guidelines (1). Importantly, different
tissues have both different sensitivity to temperature
through time (2) and different relations between SAR
and temperature (3). Taken together, it is apparent that
more meaningful estimates of safety could be made
based on temperature through time than with SAR. To
demonstrate that conservative real-time estimates of tem-
perature through time throughout the human body are
feasible during an MRI examination, which can contain
many different sequences with different SAR levels, here
we introduce a method for rapid, conservative tempera-
ture estimation based on application of a linear bioheat
equation and with knowledge of the temperature
response to a brief period of heating. For convenience,
this will be referred to as the proposed impulse response
(IR) based method, because it relies on impulse
response-type concepts.

THEORY

For any linear relationship between applied power and
temperature change, if the temperature increase response
to a brief period of heating can be characterized (with
either calculation or experiment), then a convolution of
that response with the timecourse of the heating will
give an accurate prediction of the temperature through
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the entire timecourse. Linearity has been used to com-
bine spatial precomputed temperature responses of mul-
titransmit array fields for safety evaluations for a fixed
heating exposure (4,5). In this work, the superposition of
thermal responses through time is used to compute tem-
perature through the entire duration of an MRI exam
with a time-varying spatial distribution of the fields.

As an example of what can be considered a linear rela-
tionship, consider the Pennes’ bioheat Eq. [6]

pcaa—’f =V (kVT)—pr]CbI(T—Tb1)+Q+pSAH [1]
where ¢ is heat capacity, p is tissue mass density, k is
thermal conductivity, W is a parameter related to blood
perfusion rate (7,8), Q is the heat generated by metabo-
lism, SAR is Specific energy Absorption Rate and the
subscript p; indicates values for blood flowing in to the
local region. This equation can be re-written as

oT
PCE =V - (kVT)=WppicpT+Wppicp Tp+Q+pSAR.

[1a]

This equation remains linear in T for variable SAR and
Tp. By associating Tj; with core body temperature,
which can increase during studies with high whole-body
SAR, we can ensure increases in core body temperature
are represented in calculations of local temperature.
Equation [1] remains linear if, for example, the continu-
ity of the heat flow from the surface of the body is
imposed using a linear boundary condition such as (9)

—k(VT -ng)g=H(Ts—Ta) [2]

where (VT - ng)g indicates the temperature gradient nor-
mal to the skin surface at the surface of the skin, H is a
heat loss coefficient that can be made to represent effects
of convection and radiation, T is the local skin tempera-
ture, and T, is the local air temperature. Heat loss due
to perspiration can be included as published previously
(9), however, only if they are assumed constant and not
varying locally with local temperature.

The most important parameter that must remain time-
invariant for Eq. [1] to remain linear is W. Because W is
expected to increase with local temperature and serves to
help remove heat from regions experiencing high tempera-
ture, the estimates of temperature that result from keeping
W at a baseline level will be mostly conservative in calcu-
lating maximum local temperature for MRI applications
(though perhaps not in tumors for applications with very
strong temperature increase such as in hyperthermia) (10),
meaning they should overestimate temperature in regions
of high heating and thus help to ensure subject safety.
Changes in W may be significant at high SAR, and can
help to moderate local temperature increase (11). A chal-
lenge to including blood perfusion variations in simula-
tions for safety assurance is in the significant differences
in physiological responses between different human sub-
jects (12). Even though keeping W constant is a conserva-
tive assumption, in some cases it can be less conservative
than satisfying the SAR safety limits (13). Later in this
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work, we will introduce a method to correct for
temperature-dependent W, but for now W will be
assumed constant through time at each location.

For any linear relationship, it is possible to compute the
absolute temperature T'(r,t) at each location r and time ¢ as
given by the sum of an initial equilibrium temperature Ty (r)
corresponding to a steady state temperature with no SAR
applied, a temperature increase T;(r,t) which depends on
the spatial and temporal SAR distribution, and a temperature
Tii(r,t), the increase in blood temperature of Eq. [1], or core
body temperature. Absolute temperature can be determined
at any time with the summation of T;, Ty, and Tj.

T(I‘,t): TO(F)+Ti(r7t)+Tib1(ra t) [3]

From the linearity of Eq. [1], and from the definition in Eq.
[3] it is possible to determine an independent relationship
between SAR, blood temperature increase, and temperature
increase which allows the implementation of a fast temper-
ature computation method. If we define T}, as the blood
temperature at the initial equilibrium condition, T, as ini-
tial equilibrium local temperature, and AT}, as the increase
in blood temperature after the exam begins such that
Th1= Tpip+ ATy, then substituting [3] into [1] produces

C%+ caTi+ CaTibI
PC%¢ TP TP ot
—V - (k VTo)+V - (k VT)
+V - (k VTip))=Wppicn(To—Thio) [4]
—Wppcp Ti=Wpopicp Tin+ Q

+p SAR+WppcpATy;.

At thermal equilibrium with no SAR applied this
becomes

aT,
pca—to—v~(k VTo)~Wppcn(To—Teo)+ Q  [5]

assuming Q is time and temperature invariant.
Subtracting Eq. [5] from Eq. [4], we find

T; T;
a@tl +pcaatb1 —V. (k VT)+V
(k VTip))=Wppiep Ti—Wppicp Tipi+ pSAR+W ppicpi ATy,

(6]

pc

Analogously, assuming that blood temperature increase
ATy, is independent of local SAR and local temperature,
for linearity it is possible to separate Eq. [6] into

T;
Pcaat =V (k VT;)=WppcpTi+p SAR [7]
and
0T
¢—p =V (k Vi) =Wpopicp Tiv+ WopicpATy. - [8]

To(r) needs to be determined only once with any desired
method and is not influenced by the application of exter-
nal heat sources, but depends only on the properties of
the body. On the contrary, T;(r,t) is strongly affected by
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SAR(t) and Typ(r,t) by blood temperature increase. In
this work, we first focus on the fast computation of the
term T; which is the only one related to SAR, and then
the same method is applied to the fast computation of the
term Ty, as a function of whole-body SAR through time.
Assuming that the parameters in Eq. [7] except SAR
and T; are time invariant, the time dependent SAR(t) can
be exactly described by a sequence of M SARn,(t) spatial
distributions each occurring at a different time (Fig. 1)

Z SARu(t).  [9]

Here, each term SAR;(t) could be associated with a dif-
ferent location of the subject in the magnet during a single
exam or, in the case of parallel transmission, a different
sequence with a pulse design resulting in a different SAR
distribution. For the method of rapid prediction used
here, time is then segmented into a finite number of steps,
N, with predetermined duration At and the variation of
the intensity of each of these M unique SAR distributions
through time is expressed in terms of a fundamental
rectangular function SAR,(t) having positive, constant
amplitude ¢, for time 0 < t < At and no amplitude for ¢
< 0 or t > At such that each SAR,, can be expressed

SAR(t)=SAR; (t)+SAR,(t

SARm(H)= ™ SARp o(t—At)+ <2 SARy, o (t—2At) +

Cm,0 Cm,0
N
= E Cmn g ARy o(t—nAt)
n=1 Cm,O

[10]

where each single segment SARj,o(t—nAt) has the same
duration At and spatial distribution and is scaled in ampli-
tude with the use of the constants c¢p, . The term cpp is
calculated as the whole body SAR associated with the term
SARy(t) in Eq. [9] (SARp, ) averaged over the n® time
interval

nAt
1
Cma= J SARy, . (t)dL. [11]
(n—1)At

Substituting Eq. [10] in Eq. [9]

SAR(t)=SAR (t)+SAR, (1)

=Y sam

[12]
E E Conyn SARp(t—nAt)
Cm,0
and then, substituting Eq. [12] into Eq. [7], we find
oT;
¢ =V (k VTi) = WoycnT;
[13]

+p E E Cm"SAHmOt nAt)
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where the input heat source is seen as the series of
N different heating periods or SAR segments, each of
which can have contributions from any of M different
SAR distributions, and where the contribution from each
single segment with a given SAR distribution SAR;o(t—
nAt) satisfies Eq. [7] as

CaTim,n _
ot
. (k vTim,n)_VVPbICbITimn""

p z’” SARpo(t—nAt) [14]

m,0

generating the temperature increase T (T, t). Because of
the linearity (14) of Eq. [13], the solution Tj(r,t) is given
by the sum of the M XN solutions of Eq. [14]

M N
Ty(r, 1) = Z Z Tim (1, 1), [15]
m=1 n=1

To predict the temperature increase after several arbitrary
SAR segments, for each spatial distribution SAR;,(t) it is
necessary to first characterize (with any available method)
the temperature increase response Tino(r,t), when a sin-
gle segment SAR,;0(t) is applied. For example, as in this
work, the temperature response iy can be characterized
with a numerical finite difference method, where its time
steps would be a small fraction of At, the duration of seg-
ment SAR;,¢. Due to the linearity and the causality of Eq.
[13] and [14], each Timn(r,t) will differ from Timo by a
time shift nAt and a scaling factor ¢;n/Cmo:

CITLH
Tim,,,(r,t)=—c' Timo(r, t—nAt). [16]
m,0

Once all the responses Timo(r,t) have been character-
ized, from Eq. [15] and Eq. [16] the temperature at any
time during the series of SAR levels can be calculated by
convolving the temperature response curves Tiyo(r,t)
with the temporal sequence of N SAR scaling values,
and summing this result for all M distributions, as
shown in Figure 2, according to the formula

Ti(r, t)= E E Cmyn Timo(r, t—nAt). [17]
Cm(]

Consideration of Time-Dependent Core Body
Temperature, Ty,

For consideration of MRI where the system body coil is
used for transmission, as in the majority of clinical imag-
ing today, the potential effects of whole-body SAR on
core body temperature should be considered. Here the
blood temperature term T}; in Eq. [1] is computed with a
method described previously (15) where core body tem-
perature is related by means of a nonlinear model to a
variety of factors including the heat absorbed by whole-
body SAR (SAR,;), heat generated by metabolism, and
heat lost through respiration, perspiration, radiation,
convection, and by conduction to the patient table. The
mathematics for all this is described very thoroughly in
the literature (15) and is not repeated here.
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Power levels for position 1 of the coil
corresponding to SAR,(t)

|:| Power levels for position 2 of the coil

corresponding to SAR,(t)

== =  Power levels averaged for position 1 of the coil

== =  Power levels averaged for position 2 of the coil

FIG. 1. Schematic of the power

levels for two different real-time
SAR distributions (solid bars),
and the levels averaged over

time segments having duration
At (dashed lines).

N
A4

At t t,

The computed blood temperature Tj can be used
either directly in Pennes’ bioheat equation as a time
dependent parameter, or as an external excitation for fast
temperature computation methods where the term Wpy,
cpiATy; in Eq. [8] is mathematically equivalent to a SAR
distribution with the spatial distribution determined by
the blood perfusion, and time-varying power levels
determined by the value of blood temperature increase.
In our work, we have used the first approach in the full
finite difference method, and the second approach in the
impulse response method presented here.

Periodic Correction for Temperature-Dependent Local
Blood Perfusion

The human body has the ability to moderate temperature
increases through several thermoregulatory mechanisms,
one of which is the change of local blood perfusion. One
model which correlates the parameter W in Eq. [1]
(which, again, is related to blood perfusion) and local
temperature is (16)

Wo(r) T(r) <39°C
W(r)= Wo(r)(1+SB(T(r)—39)) 39°C < T(r) < 44°C

Wo(r)(1+5S5) T(r) > 44°C

(18]

where Wy is the basal blood perfusion coefficient, and
Sg is a coefficient set here to 0.8°C .

The fast method presented here is based on the linear-
ity of Eq. [1], and the dependence of W on local temper-
ature would make Eq. [1] nonlinear. Here we propose a
method to approximate the effects of changes in W in
the fast IR-based method presented above.

If we express W as

W(r)=Wy(r)+AW(r,1) [19]

then according to Eq. [18]
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0 T(r) < 39°C

AW (r, t)= Wo(r)SB(T(r)—BQ) 39°C < T(r) < 44°C

Wo(r)5Sp T(r) > 44°C
[20]
Substituting Eq. [19] into Eq. [1] yields
ca—T—V (kVT)—=Woppiep(T—Th)
P ot 0PbIChI bl [21]
—AWppicp(T—Tp) +Q+pSAR.
Let us now define
Tc= Tnc+AT [22]

where Tn¢ corresponds to the temperature obtained with
the method with no correction for blood-temperature
dependent perfusion corresponding to T as described in
the previous sections, AT corresponds to a correction
term due to the change in blood perfusion, and T¢ is the
corrected temperature.

Measured Temperature increase T;(t)

SAR pulses

t; t, [ t, ts

Total heatingtime

FIG. 2. Schematic of the IR calculation concept. A predetermined
baseline temperature increase response, T, is shifted and scaled
proportionally to the SAR levels averaged over each time segment
(blue bars) to produce separate temperature increase responses
(red curves) that can be summed to compute the overall resulting
temperature (green curve).
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Substituting Eq. [22] in Eq. [1] yields

O(Tnc+AT)
S =vV. <I<V(TNC+AT))
—WoppiChl <(TNC+AT)_ Tb1>
~AWpyip ((Tnc+AT)=Tyy) +Q+pSAR
[23]

Equation [23] can be separated exactly into two
equations:

oT,
c 0];]6 =V - (kVTne)—Woppicpi(Tne—Tr) + Q+pSAR
[24]

(which has been solved as described in the previous sec-
tions), and

OAT

po =V (kV(AT)) —Wopy e AT

[25]
_AprICbI ((TNC+AT)— Tbl) .

Equation [25] can be solved with use of a previously-
demonstrated method of applying a low-pass spatial fil-
ter [17] that approximates the effects of thermal conduc-
tion (the first term on the right hand side of the equality)
while computing the remaining terms analytically, and
provides a solution in a short time. All details for exe-
cuting this method are given explicitly elsewhere [17].
The term AW in Eq. [25] is assumed to be constant
through the time interval At: this is a reasonable assump-
tion for time intervals At <60 s, considering that tem-
perature change does not happen very rapidly, and given
that temperature is the state variable in Eq. [25]. While
SAR may change rapidly during an exam, within the
bounds of common regulatory limits on SAR, tempera-
ture is naturally much more steady and slowly-varying.

METHODS

The approach described above was applied to the com-
putation of temperature increase due to SAR absorption
recorded from an actual whole-body spine exam, with
high-SAR sequences and six different body positions, as
shown in Figure 3. For each of the six positions of the
body in the MR system, the electromagnetic fields and
the corresponding SAR distribution were simulated for a
body-sized birdcage coil, as shown in Figure 5a, operat-
ing at 128 MHz using commercial simulation software
(XFDTD; Remcom, State College, PA). For all six SAR
distributions, the tissue temperature responses Ty o(r, )
were obtained by applying a SAR segment of duration At
=30 s and computed for the whole duration of the MRI
exam. Temperature simulation was performed with in-
house finite difference C++ code (3). In this method,
thermal conduction to constant-temperature air is imple-
mented directly at the outer surface of the body with Eq.
[1] as previously described and validated (3). The model
for thermal simulations had a grid resolution of 5 mm in
each dimension and 891507 nodes in tissue. All calcula-
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FIG. 3. Whole-body SAR levels recorded throughout an actual
spine exam (solid line) and the levels averaged over 30-s intervals
for rapid calculation (dashed line). The position of the body in the
coil at each time is indicated in the figure below the line plot with
a border corresponding to the color of the line at that time. The
length of these figures is set to indicate the portion of the body
physically within the body coil at the given time.

tions were executed on a computer workstation having 8
GB of RAM and eight 3 GHz CPU processors, though no
parallel processing was used in this implementation.
Temperature increases were computed by solving the
Pennes’ Bioheat Equation with time-varying SAR and
with time-varying core body (blood) temperature, and
both with and without temperature-dependent perfusion
following the methods described above. To calculate a
thermal dose for comparison to what might actually
cause damage in tissues, we also computed the Cumula-
tive Equivalent Minutes at 43°C (CEM43) as (2,11) CEM
432IH(43°C’T“))dt where R is 0.5 for T(t)>43°C, 0.25 for
39°C <T(t)<43°C, and 0 for T(t)<39°C.

Accuracy of the method was assessed by comparing the
rapidly-calculated temperature distribution with that cal-
culated using the full finite difference method with a
timestep size of 1 s (determined empirically to be near
the largest to ensure stability and reliably produce accu-
rate results), and where the SAR was not averaged over
each At according to Eq. [11]. Time evolution of the whole
body SAR and local 10 g SAR were averaged over 6-min
intervals (Fig. 4), and the maximum values were com-
pared with the IEC safety limits. An examination of the
effect of time step size on calculated temperature was per-
formed by repeating the simulations with At=60, 120,
and 300 s.

RESULTS

Figure 4 shows key SAR and temperature values
throughout the exam simulated. Both the whole-body
SAR and maximum 10 g local SAR shown here are cal-
culated as the 6-min average for comparison to pertinent
IEC limits. Whole-body SAR reaches a value of 2.53
W /kg, which does not exceed the limit of 4 W/kg in first
level controlled operating mode. Core body temperature
increases by approximately 0.350C over the course of the
exam and does not exceed the IEC limit of 380C in this
simulated high-SAR exam. The 10 g local SAR, however,
reaches a maximum value of 34 W/kg at the end of the
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FIG. 4. Key temperatures (left) and SAR levels (right) throughout the sequence simulated. Local temperature and local SAR are plotted
for locations where absolute maximum local temperature and absolute maximum local 10 g-averaged SAR occur. All SAR levels are
averaged over a 6-min sliding window in time for comparison to regulatory guidelines, which makes them fluctuate differently than the
whole-body SAR in Figure 3, which is interval-wise constant. Local temperature curves have been plotted for both the finite difference
and the impulse response computation methods, showing that they are almost indistinguishable from each other. Allowance for increase
in local perfusion creates a less conservative and less restrictive prediction of local temperature. Maximum local temperature and maxi-
mum local SAR occur at different locations and have different behaviors through time. Also maximum temperature with constant and
variable perfusion rates occur at different locations, as apparent from the different starting temperatures.

exam (when relatively high-power pulse sequences are
applied for longer than 6 consecutive min with the sub-
ject in a position with relatively high local SAR) which
exceeds the IEC limit of 20 W/kg for local coils (there is
currently no specified limit on local SAR for volume
coils). Also local temperature, in the cases of both con-
stant perfusion and temperature dependent perfusion,
exceeds the recommended limit of 40°C. When no ther-
moregulatory effects are considered the maximum esti-
mated temperature is 47.3 °C, while with temperature
dependent perfusion the maximum value is equal to 42.3
°C, located in one shoulder. Here the maximum local
temperature and maximum local SAR are plotted at loca-
tions where their absolute maximum values occur. These
are two different locations because SAR and temperature
do not always correlate well in space. Maximum local
temperature and maximum local SAR also have very dif-
ferent behaviors through time. The CEM43 thermal dose
at the location of maximum temperature increase was
2.25 min at the end of the exam, well below a 15-min
limit used previously (11).

Figure 5 shows the temperature distribution at the end
of the examination as determined with a full Finite Dif-
ference calculation and with the proposed fast IR-based
method both with and without allowance for
temperature-dependent local perfusion. When no ther-
moregulatory effects are considered, the results obtained
with the fast computation method predict a maximum
temperature increase less than 1% from that of the full
finite difference method. For this case, the method pro-
vides an accurate calculation of the temperature in a
short time, capable of calculating the temperature rise
throughout a 1-h exam in less than 2 min, while the
computation time required for the full finite difference
method on the same system is more than 1 h. Thus using
the fast IR-based method accelerates the calculation
approximately 30-fold when At=30 s. When the time-
varying local perfusion is included with the use of a
low-pass spatial filter described in detail previously (17),
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the maximum temperature increase in the fast method is
seen to differ by less than 8% from that in the full finite-
difference method, with the fast method being more con-
servative. Our method with the addition of the spatial
filter accelerates the calculation approximately 27-fold
with respect to the full finite difference method when
At=30 s. Increasing At to 120 s results in a very similar
temperature distribution with approximately a 120-fold
acceleration over the finite difference method.

Figure 6 shows a comparison of temperature increase
through time at the location of its maximum value when
At=30, 60, 120, and 300 s. It is seen that the method is
stable and that the temperature values are fairly accurate
(matching the values at the smallest At and thus also for
the full finite difference simulation) at the times they are
calculated for all these choices of At, but that for larger
values of At, detail in the temporal dimension is lost. In
these simulations (for the SAR timecourse simulated
here) values of At up to 120 s track changes in tempera-
ture through time due to fluctuations in SAR fairly well.

DISCUSSION

Here we have described a method that uses a predeter-
mined tissue temperature response to a short period of
heating to provide rapid, conservative calculation of the
temperature throughout an entire exam. In our evaluations
for a realistic MRI exam in an anatomical model, this fast
IR-based method can use timesteps one to two orders of
magnitude larger than a full finite difference method
(yielding accelerations on the order of one to two orders
of magnitude) depending on the temporal resolution
desired. While in principle this approach could be used
in real time for safety assessment purposes, for accurate
use the predetermined temperature response would need
to be characterized either for the specific human subject
in the magnet or for several human body models (4) to
allow selection of a reasonable match to the geometry of
each specific subject without being overly conservative.
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FIG. 5. Plots of the geometry of the
problem with a whole-body model in a
birdcage coil at 128 MHz (a), and the
temperature distribution on a coronal
plane through the subject at the end of
the exam (when temperature is highest)
as calculated with no allowance for
temperature-dependent local perfusion
using a full finite difference algorithm
(b) and the fast IR-based method pro-

posed here (c), and then with
temperature-dependent blood perfu-
sion using a full finite difference algo-
rithm (d) and the fast IR-based method
(e,f) with At = 30s (e) and At = 120s (f).
d

While it is possible to perform more advanced calcula-
tions accounting for more phenomena and heat transfer
mechanisms (7,18), inclusion of the mechanisms consid-
ered here should provide reasonable and conservative
results in a very short time. In cases where precomputed
SAR distributions are currently used to determine local
maximum SAR levels throughout the body during MRI,
much of the necessary work for the proposed fast IR-
based method is already available. The proposed method
could potentially be used to perform real-time tempera-
ture prediction and adjustment of time-average sequence
power levels to avoid exceeding unsafe temperatures or
thermal doses. Here the characterization of the tempera-
ture response to a short period of heating with a given
SAR distribution was performed with a full finite differ-
ence simulation. In principle, however, this characteriza-
tion could be performed with a measurement of the tissue
response to a brief period of heating (19). In this case, it
may be possible to predict maximum temperature increase
without the specific knowledge of the SAR spatial distri-
bution, of the parameters distribution in the tissues, such
as ¢, W, k, p, or the relationship among them but with
the only assumption that they are time invariant and that
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the relationship is linear. Unfortunately, although MR
methods used to measure temperature increase (20) have
been used to measure that resulting from RF heating in
phantoms and in vivo (21-23), there is currently no
method that can do so accurately with high spatial resolu-
tion in all tissues with insensitivity to motion. The
method could be further accelerated with parallel comput-
ing implementation, but it already provides results in a
time short enough to allow real-time temperature predic-
tion during an MRI exam. While larger values of At could
provide even faster computation of the temperature
increase, the duration of the time interval needs to be
short enough that the length of the sequences of the exam
is comparable with a multiple of At. With a At of 30 s
showing very good accelerations and accuracy, we did
not see a need to explore larger increments here, but that
could be the subject of future work. Toward future devel-
opment and applications, our code can be shared with

interested persons who contact the first author.
We have introduced versions of the proposed fast
method that do and do not consider an increase in local

perfusion. While not including variation in local perfu-
sion may be considered conservative, it can also become
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FIG. 6. Effect of At on calculated temperature. While choices of At
up to 300 s result in good accuracy at times when temperature is
calculated explicitly, temporal resolution in the temperature time-
course is lost as At increases.

too restrictive if MRI settings are limited according to its
results. The methods we have introduced for considering
changes in local perfusion are much less conservative
than the approach that does not, but more conservative
than a full finite difference simulation.

Our calculations indicate that the IEC-recommended limit
on maximum local temperature for first-level control mode
will be exceeded even though the limits for core tempera-
ture and increase in core temperature are not. The relation-
ship between temperature and perfusion used here allows
for a maximum perfusion rate that is 6 times the baseline
value. In a recently-published work (11), maximum perfu-
sion rates were allowed to reach much higher levels (maxi-
mum perfusion rate of 33 times the baseline in skin and 16
times the baseline in muscle and fat) with an exponential,
rather than linear increase with temperature. Use of such
relationships with our method should similarly reduce the
restrictiveness of the predictions, and a single calculation
allowing all perfusion rates to reach a maximum of 16 times
the baseline levels in our model resulted in a maximum
temperature of 41°C. In that same work (11), a thermal dose
limit based on CEM43 was shown to be less restrictive
when temperature-dependent perfusion levels were allowed
to increase with temperature. The limits chosen for CEM43
were 15 min in muscle, skin, fat, and bone, and 2 min else-
where. In our work, at the location of maximum tempera-
ture increase was in muscle tissue and the CEM43 at that
location was 2.25 min at the end of the exam, well below
the 15 min limit used previously (11).

It is important to note that maximum local temperature
and maximum local SAR occur at different locations and
have very different behavior through time. Given that it
is temperature through time that is most relevant to
safety, this difference through space and time illustrates
the importance of moving beyond SAR alone in safety
assurance for MRL

The high rate of acceleration seen here would be
expected to decrease as the number of voxels increases if
mesh resolution (and thus timestep size in the full finite
difference calculation) remain unchanged. Our method
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with the addition of the spatial filter accelerates the calcula-
tion approximately 27-fold with respect to the full-finite dif-
ference method, with the spatial filter requiring
approximately 10% of the time. Indicating the total number
of voxels with v, the computation time of our acceleration
method based on the impulse response without the addi-
tion of the low-pass filter is proportional to v, as is the case
for full finite difference methods. The computation time of
the filter alone, which relies heavily on fast Fourier trans-
forms, is proportional to vlogv. The filter itself is only
applied to maximize accuracy of calculating the effects of
perfusion rates differing from the baseline rate, and it is
thus not applied if local temperatures do not exceed a cer-
tain threshold (39°C in the model used here). For example,
if a 1 mm® resolution had been used instead of the 5 mm®
resolution of our model (a 125-fold increase in the number
of voxels), the proposed method would be between 16 and
30 times faster than the full finite difference method
neglecting the requirement for smaller timestep size in the
full finite difference calculation, being higher in cases
where the threshold temperature for increased perfusion is
not reached for much of the exam, and it is approximately
16 in cases where high local temperatures exist from the
beginning to the end of the exam. Considering the linear
relationship between grid dimensions and time step size
required for stability in the full finite difference approach,
however, the method proposed here (which has no depend-
ence of timestep size on spatial resolution) would be 80 to
150 times faster than the full finite difference method.

With choices of At larger than 30 s, it is possible to get
even greater acceleration rates. With At up to 300 s the
method is stable and gives accurate results, but with loss
of temporal resolution (Fig. 6). Thus, the choice of At
will be limited by the rate of fluctuations in SAR for a
given exam. In the exam simulated here, At as large as
120 s was able to calculate fluctuations in temperature
fairly well, and provide a 120-fold acceleration compared
with the full finite difference method.

Here we have validated the method for a case with a
human subject at several locations within a large volume
coil. While we see no reason that the method would not
also work for more local excitation coils or situations
with regions of high local SAR (as may be experienced
with conductive implants), validation of the method in
these cases would require further study.

CONCLUSIONS

We have introduced a method for accelerating tempera-
ture calculations based on the analysis of the thermal
impulse response of a subject to a short SAR segment.
We have also included a method to approximate the
effect of changes in blood perfusion due to local temper-
ature increase. Hence, we have demonstrated that tem-
perature throughout an entire human body can be
calculated for an entire MRI examination very rapidly for
real-time safety assurance. Results of the accelerated
method match those of a full finite difference simulation
very well. While temperature is more closely related to
risk than is SAR, regular use of temperature in safety
assurance for MRI would require a consensus regarding
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models

of physical properties and physiological

responses for conservative, but reasonable estimates.
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