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FID navigator-based MR thermometry method
to monitor small temperature changes in the
brain of ventilated animals

Nicolas Boulant®*, Michel Bottlaender®, Lynn Uhrig®, Eric Giacomini?,
Michel Luong®, Alexis Amadon?®, Aurélien Massire®, Benoit Larrat®

and Alexandre Vignaud®

An MR thermometry method is proposed for measuring in vivo small temperature changes engendered by external RF
heat sources. The method relies on reproducible and stable respiration and therefore currently applies to ventilated
animals whose breathing is carefully controlled. It first consists in characterizing the stability of the main magnetic field
as well as the variations induced by breathing during a first monitoring stage. Second, RF heating is applied while the
phase and thus temperature evolutions are continuously measured, the corrections due to breathing and field drift
being made thanks to the data accumulated during the first period. The RF heat source is finally stopped and the tem-
peraturerise likewise is continuously monitored during a third and last stage to observe the animal cooling down and to
validate the assumptions made for correcting for the main field variation and the physiological noise. Experiments were
performed with a clinical 7 T scanner on an anesthetized baboon and with a dedicated RF heating setup. Analysis of the
data reveals a precision around 0.1°C, which allows us to reliably measure sub-degree temperature rises in the muscle

and in the brain of the animal. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Non-invasive monitoring of temperature rises using MR ther-
mometry (MRT) benefits from ultra-high field (UHF) due to an
increased signal-to-noise-ratio as well as an increased sensitivity
of the proton resonance frequency shift (PRFS) method. First ob-
served in 1966 by Hindman (1), the method consists in exploiting
the small and linear frequency shift locally experienced by the
nuclear spins due to corresponding changes of the fraction of
hydrogen bonds and of the magnetic susceptibility with respect
to temperature (2). The former phenomenon dominating the
latter by almost an order of magnitude, the total shift of the res-
onance frequency can be considered as tissue-type independent
to first order (except for adipose tissues) and equal to
—0.01 ppm/°C (2). Combined with the linearity of the phenome-
non and the sensitivity of the technique, the PRFS method has
been a very valuable tool for monitoring temperature variations
in vivo. Phase mapping techniques however suffer from field
drifts, motion and physiological noise sources such as breathing
and heartbeat, which are amplified at UHF. Partial correction of
these effects can be done via a variety of techniques (2).
Moreover when the heat source is highly localized, as with high
intensity focused ultrasound (HIFU) techniques (3-7), reference-
free methods (8,9) are particularly attractive, since all acquired
phase images are self-contained and do not require subtraction
from a different reference image, thereby making the data more
immune to respiration and motion. In this case the temperature
rise is monitored in order to control accurately the thermal dose
deposited in the targeted tissue during a possible MR-guided
focused ultrasound ablation.

With the evolution of magnetic field strengths and RF coil
technologies, the relation between temperature and the specific
absorption rate (SAR) has been of recent interest in the MRI com-
munity (10-13). A better understanding of their relation however
requires more experiments and robust tools to measure non-
invasively small temperature rises induced by RF, non-localized,
heat sources. Likewise, because typical RF powers used by imag-
ing coils deposit much less energy than HIFU, longer heating
periods must be applied to observe a temperature rise of the or-
der of 1°C, thereby adding constraints on the system'’s stability.
In addition, regardless of the amount of energy deposit, such
longer periods may be necessary to observe with confidence
the time-scales involved in some bio-heat models (12,14).
Reliable sequences and post-processing methods able to extract
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the relevant information from the noise are then needed. In this
work, we report a new method based on navigator free induc-
tion decays (FIDs) for monitoring in vivo small temperature rises
such as those typically encountered in MRI exams. Although the
method applies to any type of heat source, to provide further
control and stability the source in this study is an external RF
field producing a smeared energy deposit (thus ruling out the
use of reference-free methods). In addition, due to the method-
ology employed, the technique so far applies to 2D axial acquisi-
tions and to mechanically ventilated animals in order to exploit
(1) the global nature of the frequency shift over the slice of
interest (15-17) and (2) reproducible breathing. Although this
is a simplified scenario for human studies, it presents new MRT
tools to possibly validate bio-heat models and monitor tempera-
ture rises engendered by MRI examinations.

MATERIALS AND METHODS

MRT sequence

The sequence used throughout this work is a 2D (axial acquisition)
gradient recalled echo (GRE) sequence repeated continuously
(number of repetitions N=966) (Fig. 1). The different parameters
are Te=15ms, Tr=33ms, Tp=34min, flip angle=12°, matrix
size=64x64, resolution=3x3x5mm> and bandwidth per
pixel =70Hz. The peak 10g SAR indicated by the scanner with
these parameters is 0.4 W/kg. This was considered sufficiently low
to deposit negligible energy in the head of the animal compared
with our dedicated heating setup. Each single echo in the
sequence is preceded by a 128-point FID acquired just after each
selective RF pulse. A linear fit of the phase of the FID versus time
then returns the average AB, over the selected slice in the frame
rotating at the carrier frequency. As motivated by the model
described in (18), and verified experimentally in (15-17), AB,
changes induced over the respiration cycle due to chest and
diaphragm movement, but also to changes of gas susceptibility,
were demonstrated to be global over axial slices to first order,
thereby allowing us to correct for this effect by measuring the
average AB, throughout the breathing cycle.

The experiment made up of these 966 axial acquisitions is
decomposed into three stages. The temporal behavior of AB,
over the axial slice is characterized during a first preheating
period (8 min) and extrapolated for the rest of the experiment,
which includes a second period with RF heating (14 min) and
a third period aiming at observing the system cooling down,
i.e. without RF heating (12 min). The ABy field correction then
is applied to the phase of each echo to remove only those
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Figure 1. FID navigator-based GRE sequence. Each echo is preceded by an
FID whose phase after being unwrapped is fitted with a linear function as a
function of time. The slope of the function returns an average AB,, which is
used to correct each echo via suitable post-processing (phase rewinding).

components related to breathing and field drift by suitable
post-processing described later on, leaving unaffected the fre-
quency shift due to heating.

Experimental setup

To increase the reliability of the results, a dedicated setup for RF
heating was developed and is presented here. To induce detect-
able RF heating of the tissues, a relatively significant amount of
RF power is needed, which can heat up the RF coil, detune it
and yield unreliable phase measurements. For this reason, the
experimental setup shown in Fig. 2, which separates RF heating
from the RF used for MRI, was developed. Experiments were
performed on a 7T Magnetom scanner (Siemens, Erlangen,
Germany) equipped with an AC84 gradient (80 mT/m maximum
amplitude and 400 mT/m/ms maximum slew rate) and using a
birdcage coil (Invivo, Gainesville, FL, USA) (16 legs, high pass,
26.5cm diameter, 25.5cm length) operating at 297 MHz for
imaging. The RF heating coil was a Bruker (Bruker BioSpin,
Ettlingen, Germany) loop coil resonating at 125 MHz, on which
the back of the head of the baboon was resting. Attenuation of
the birdcage coil at 125 MHz was measured to be —40dB using
a network analyzer (ZVA8 Rohde & Schwarz, Munich, Germany).
A —6.5 dBm signal at 125 MHz was sent from a frequency gener-
ator (Agilent, Santa Clara, CA, USA) and amplified by 50dB by a
Bruker RF amplifier, whose output was routed towards the loop
coil through a circulator (Wenteq, Duarte, CA, USA) (passband
113-138 MHz, isolation 20 dB). Reflection at the coil level was
monitored by directing the reflected power through the same
circulator and sent via a 20 dB attenuator to a Rohde & Schwarz
FSU spectrum analyzer. Due to the significant amount of power
used for heating, the resonance frequency of the loop coil shifted
progressively by about 2 MHz during the 14 min heating period.
Manual adjustment of the frequency thus was performed to main-
tain a weak power reflection at the coil level. Because RF heating
was continuous, two stop-band (115-135MHz) filters of 17 dB
(home made) and 65dB (K & L Microwave, Salisbury, MD, USA)
attenuation were inserted before and after preamplification
respectively to prevent any 125-127 MHz left signal from
corrupting the data at 297 MHz.

Post-processing

The method proposed here was inspired by the work described
in References 16 and 17, initially developed to improve the qual-
ity of functional MRI data by removing any global AB, variation
on each image through the use of navigator echoes. In this work
however, these methods could not be applied directly as they
would remove the temperature-rise-induced frequency shift
contributions. The first 8 min monitoring stage without RF
heating is hence used to characterize the main global field drift
as well as the respiration pattern via the FIDs preceding each
echo. The field drift, here assumed to be linear, is fitted with a
linear function versus time, which is extrapolated for the rest of
the experiment. This extrapolated linear trend is then subtracted
from the measured AB, data. With the animal being ventilated
with a fixed respiration rate, and after correcting for the linear
drift, a Fourier series fit with this frequency, taken as the first
harmonic is performed on the same preheating period:

ming, b,f(dn, by) = 31,
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Figure 2. Experimental setup. A —6.5 dBm signal is generated at 125 MHz and amplified by 50 dB to reach the loop coil after going through a circu-
lator. Power is reflected back through the same circulator and through a 20 dB attenuator to be measured on a spectrum analyzer. Detuning of the loop
coil occurs due to heating, which is compensated by manual adjustment of the RF frequency. The loop coil is placed below the baboon’s head inside

the birdcage coil operating at 297 MHz.

where ABy; is the jth sample of the AB, data (one every
Tr=33ms), w, is the angular frequency corresponding to the
respiration rate (~22 cycles/min), N is the number of data points
and P is the number of Fourier coefficients. The Fourier
coefficients returned via a simple least-squares fit are then kept
fixed for the rest of the experiment and characterize breathing
alone, without RF-induced temperature changes. Alternatively,
these coefficients could be obtained by simple Fourier transfor-
mation, although their exact magnitudes and phases may
depend on the domain of integration. Throughout the experi-
ment, respiration-induced resonance frequency changes are
corrected by optimizing the time lag, which maximizes the
cross-correlation between the Fourier series fit above and the
newly acquired data (64 echoes acquired for each image). A
given sample location in the breathing cycle was therefore
attributed to each echo, whose corresponding data were multi-
plied by exp(—i2zAByTg) (ABy being in hertz throughout).
Finally, in addition to the global drift mentioned above, recon-
struction of the images corresponding to the first stage could still
reveal a voxel-dependent linear drift, which was likewise extrapo-
lated for the rest of the experiment to correct for it. The tempera-
ture was then obtained by calculating (¢ — @er)/(2avTg), where v
is the Larmor frequency (297 MHz), a is the frequency shift per
degree Celsius (—0.01 ppm/°C), ¢ is the phase image and ¢y is
the reference phase image taken as the phase of the average of
the complex images accumulated during the preheating period.
Temperature maps were finally interpolated to match the

resolution of an anatomical T;-weighted image obtained with a
magnetization prepared rapid acquisiion GRE sequence
(Ta=2.1s, T,= 1.2, resolution = 0.94 X 0.94 X 1 mm>).

Phantom calibration

The experiment was first carried out on a 16 cm diameter spher-
ical phantom in order to roughly assess the SAR to be deposited
in the baboon’s head as well as the corresponding temperature
rise. The phantom was filled with distilled water and doped with
NaCl (4 g/L) and agar (1%), returning measured dielectric proper-
ties of &,=74.6 and 6 =0.78 S/m (19). The same 2D GRE sequence
with Te=25ms and To=10min was used to perform phase
mapping. A fiber optic thermal probe was inserted to measure
the o coefficient and establish the correspondence between
the resonance frequency and temperature changes in that
particular phantom.

Anesthesia

All animal studies were conducted in accordance with the
European convention for animal care and the NIH's Guide for
the Care and Use of Laboratory Animals, and were approved
by the institutional ethical committee (CETEA protocol 12-059).
Experiments were performed on one baboon (male, age 7,
weight 30 kg). For induction, the animal received an intramuscu-
lar injection of ketamine and xylazine (15mg/kg +1.5mg/kg
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respectively). Anesthesia was maintained with sevoflurane
(minimum alveolar concentration~2%). The baboon, covered
with a blanket, was intubated and mechanically ventilated
(Aestiva/5 MRI, General Electrics Healthcare, Fairfield, CT, USA)
(tidal volume 8-10 ml/kg, respiration rate 22/min, end-tidal CO,
38mm Hg, FiO, 0.5%). Physiological monitoring (MAGLIFE,
Schiller, France) included heart rate, oxygen saturation (SpO.,),
respiratory rate, expired/inspired sevoflurane concentration and
end-tidal CO, (EtCO,).

RESULTS

The phantom experiment returned a maximum temperature
rise of 1.1°C for the —6.5 dBm RF setting applied for 10 min
(see Fig. 3). The coefficient « was determined to be equal to

0.8
0.6
04°C

0.2

-0.2

Figure 3. Phantom measurement results. The peak temperature rise
reaches 1.1 °C after 10 min of RF heating.
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—0.013 ppm/°C by correlating the phase measurements with
the temperature recorded by the fiber optic probe. Taking the
slope at the origin where maximum temperature rise occurred
returned a peak SAR of around 10 W/kg. For the baboon, the
mean AB, data over the imaged axial slice obtained via the FIDs
are provided in Fig. 4. In Fig. 4(a), one can see the raw mean AB,
data over the slice of interest without any post-processing, one
value being obtained every Tz =33 ms. The first 8 min, where no
RF heat source is applied, are used to fit a linear drift versus
time (gray line), which is extrapolated for the rest of the exper-
iment and subtracted from the data (Fig. 4(b)). A negative shift
of the mean resonance frequency occurs due to heating and
returns to baseline 12 min after the RF heat source is stopped.
As an aside, a Fourier transform applied on the data acquired
for the first 8 min reveals different peaks (Fig. 4(c)) correspond-
ing to breathing (first harmonic at 22 cycles/min), eddy currents
due to the phase encoding gradient (28.4 cycles/min) and heart
beat (~100cycles/min). While an unexplained and non-
negligible peak at 80 cycles/min remains, the data thus indicate
the importance of breathing compared with other noise sources
and is in agreement with the values returned by the monitoring
equipment. Fig. 4(d) shows a zoom over the AB, data in addition
to the fit obtained by minimizing the Euclidean norm of the
difference between the data and a Fourier series (20 coefficients)
with first harmonic equal to 21.995 cycles/min (root mean square
error =0.18 Hz). This fitted waveform is then considered to charac-
terize breathing alone and is used to correct for its variations
throughout by optimizing the time lag, which maximizes its
cross-correlation with each series of AB, values corresponding to
the 64 echoes needed to reconstruct each image.

Figure 5 provides the in vivo temperature results. Figure 5(a)
shows an overlay of the anatomical image with the recon-
structed temperature rise interpolated. The hot spot locations
are in good agreement with the phantom data shown in Fig. 3.
Maximum temperature rise in vivo reached a value of 2°C, a

~N 4
T
= — e
9 -6l
no RF heat RF heat no RF heat
(characterization period) (return to
18+ equilibrium) |
0 5 10 15 20 25 30 35
Time (min)
d) 11 : : '

(HZ)

AB

A A ﬁ
°'13\!/ \“ \ \"r \“\/ \k //\\//\\{

1 . . .
2.2 2.3 24 2.5 2.6
Time (min)

Figure 4. Mean AB, measurements. (a) Raw AB, data (black) versus time and its linear fit (gray) performed during the preheating period. One value of
ABy is obtained from each FID, i.e. every Tg =33 ms. (b) Same data but with correction of the linear drift. (c) Magnitude of the Fourier transform of the
data acquired for the first 8 min (after drift correction). (d) Zoomed mean AB, data and its Fourier series fit obtained by minimizing the Euclidean norm
of the difference between the data and a Fourier series (20 coefficients) with first harmonic at 21.995 cycles/min.
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Figure 5. Temperature results: (a) overlay of an anatomical image with the temperature map; (b) temperature rise versus time at the two locations
shown in (a) without corrections (black) due to breathing and with corrections (gray). The standard deviations over the first 8 min are 0.05 and 0.2 °C when

the corrections due to breathing are and are not made respectively.

value about twice as high as in the phantom, which can be
explained by the closer proximity of the baboon’s head surface
to the plane of the loop coil and the longer heating time
(14 min versus 10 min). Fig. 5(b) shows the temperature time-
courses at the two points indicated in Fig. 5(a), corresponding
to muscle and brain regions, with (gray) and without (black)
corrections due to breathing respectively. The proposed moni-
toring and correction reduces the standard deviation of the data
over the first 8 min from 0.2°C to 0.05 °C. After RF heating was
stopped, and when the last period was sufficiently long, the
temperature roughly went back to the baseline value, thereby
providing further confidence in the extrapolation made through-
out (see also Fig. 4(b)).

DISCUSSION

We have reported a new method for monitoring small tempera-
ture changes in the brain of ventilated large animals. Experimen-
tal results were obtained with a 7T clinical scanner on an
anesthetized baboon, revealing a precision of less than 0.1°C.
Yet the real accuracy and precision depend on the exact value
of the a coefficient, here taken as equal to — 0.01 ppm/°C, which
in fact can vary by +20% due to susceptibility effects (2).
Additional and independent measurements would be needed
to confirm the accuracy of the method. Overall, the method
relies on a first period stage

e where breathing, here assumed to be reproducible, is modelled

via an original Fourier analysis of the time course of phase fluc-
tuations measured through repeated FID signals and

where the main field low frequency drift is fitted with a linear
function versus time and extrapolated.

Although the drift in general can be nonlinear in time, the
measurement reported in Fig. 4(a) suggests a linear behavior,
at least during the preheating stage. Extrapolating this behavior
for the rest of the experiment therefore seems reasonable, as
long as the perturbation is small and the experiment is not too
long. The return to baseline after the external RF heat source is
stopped validates to some extent this extrapolation.

Developing the dedicated setup (Fig. 2) appeared to be a
necessity to interfere as little as possible with the MRI equipment,
which, if it is too disturbed, influences the measured phase.

Furthermore, it was crucial to insert stop-band filters to remove
any 125MHz signal, despite the intrinsic attenuation of the
birdcage coil at this frequency. Without these filters, the 125 MHz
signal would corrupt the 297 MHz signal and cause sudden AB,
jumps in the FIDs whenever the external RF source was turned
on and off.

The source of the drift can have several origins, including
fluctuations of the room temperature, change of the animal’s
internal temperature, cryogen boiloff and gradient heating (20).
In this work, not monitoring the animal internal temperature was
clearly a weakness. A temperature probe with sufficient cable
length and compatible at 7T was not however available in our
laboratory. The animal warming up during the preheating stage
(Fig. 4(a)) in any case would be opposite to what commonly oc-
curs during anesthesia, i.e. a drop of temperature (12). Room
temperature was also measured with extra sensors both in the
magnet and in the receiver-clock room, indicating a fluctuation
of less than 0.1 °C during the entire experiment. Given a possible
0.01 ppm/°C thermal coefficient of the 10 MHz crystal (21), such
small variations in the temperature electronics would result in
less than a 0.1°C temperature noise in the images. Cryogen
boiloff and gradient heating are therefore currently the most
plausible causes. Due to the linear extrapolation used here,
caution would be advised if longer experiments were
attempted. As was done here, a last monitoring period, after
RF heating is stopped, can be implemented to check some of
the assumptions underlying the extrapolation, provided of
course the temperature does go back to its initial value, which
is not certain. At locations where the temperature rise was insig-
nificant, the global AB, correction applied over the whole slice
may also be inaccurate, leading to small negative temperatures
(upper part of Fig. 5). The fact that the temperature time course
reconstructed in the brain after correction (gray line in Fig. 4(b))
is not vertically centered in the data without correction may
indeed reveal at this particular location a small deviation from
this model (15). Other methods have been proposed to monitor
both the drift and respiration fluctuations via the phase mea-
sured in voxels containing fat (22). While this is certainly appeal-
ing due to its simplicity and since no extrapolation would be
needed, it remains also an approximation given that the suscep-
tibility temperature-induced change in fat leads to a frequency
shift comparable with the one due to chemical shift change in
water (23). While fatty tissue has a very small conductivity
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(~0.04 S/m at 300 MHz), it can still warm up via thermal diffu-
sion. This method therefore would require either small time
scales so that barely any thermal diffusion could take place or
clearly identified voxels experiencing no temperature change.
Lastly, collecting the data needed to reconstruct a phase image
for phase correction would either force a loss of temporal
resolution or require the use of fast acquisition methods such
as echo planar imaging (22), likely adding thermal and mechan-
ical stress to the gradients and magnet bore. Monitoring tem-
perature by looking in the voxels containing fat thus remains
the topic of further studies. Field cameras (24) should also be
a promising technology to monitor the global as well as other
low order spatial shifts of the resonance frequency, thereby
increasing the accuracy of the measurements, but at the cost
of more hardware complexity.

Future work also involves looking more closely at the corre-
spondence between the experimental data and predictions
given by Pennes’ bioheat model (14), or other suggested models
(12). Heat diffusion obviously complicates the matter and re-
quires the full numerical integration of the corresponding partial
differential equation. Following Pennes’ model, neglecting heat
diffusion and despite the possible effects of anesthesia on
perfusion (25), one could have hoped to observe in Fig. 5(b) a

behavior of the form T(t) = Tax(1 — e’Br/(/’CP)) (B is the perfu-
sion term in W/m*/K, p is the density in kg/m?, C, is the specific
heat capacity in J/kg/K and T,ax=p SAR/B), i.e. an equilibrium
between the SAR and perfusion terms with typical timescale on
the order of a few minutes in white matter. The absence of such
a plateau in the brain (Fig. 5(b)) however does not contradict
Pennes’ model, because heating in this region mainly occurred
due to heat diffusion, as shown by the apparent zero initial slope
in the corresponding curve, when RF heating starts (see Fig. 5(b)).
As far as the muscle is concerned, the value of perfusion reported
in the literature is too small (11) to expect a clear curvature over
14 min, and diffusion likewise plays a role. Significantly more RF
power, or simply a different SAR distribution where a higher
energy deposit would occur further inside the brain, would be
needed to better compare the measurements with the predictions
made by Pennes’ model in the brain, at least qualitatively.
However, first our RF amplifier was at its maximum capacity, and
second more power would induce accordingly more temperature
rise in the muscle, which ruled out this option. For this purpose,
as shown in (26), the use of volume coils, or perhaps more simply
Helmholtz coils, could be more appropriate to distribute the RF
energy more deeply in the brain.

The applicability of this method to other species also remains
the topic of further studies. For smaller animals, at possibly
higher fields, the global AB, offset model for axial slices
described in (18) may become inaccurate, depending on the
distance/geometry of the lungs with respect to the brain. For
humans, preliminary tests have shown that in the absence of
anesthesia and due to motion the AB, time-course could easily
become erratic and almost impossible to extrapolate. The method
as currently described in this work therefore could hardly be
applied in this scenario. Perhaps short periods of apnea could be
performed to mitigate the breathing effects, while the FID data
could still reveal the mean AB, value for each of these periods.
Spectroscopic measurements also could potentially overcome
these problems and provide an evaluation of the absolute temper-
ature by looking at the difference between the water peak and
some reference peak insensitive to temperature (27,28), but at
the expense of spatial and temporal resolution.
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