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1 | INTRODUCTION

Purpose: We explore the use of thermo-acoustic ultrasound (TAUS) to monitor
temperature at the tips of conductive device leads during MRI.

Theory: In TAUS, rapid radiofrequency (RF) power deposition excites an acoustic
signal via thermoelastic expansion. Coupling of the MRI RF transmit to device leads
causes SAR amplification at lead tips, allowing MRI RF transmitters to excite sig-
nificant lead tip TAUS signals. Because the amplitude of the TAUS signal depends
on temperature, it becomes feasible to monitor the lead tip temperature during MRI
by tracking the TAUS amplitude.

Methods: The TAUS temperature dependence was characterized in a phantom and
in tissue. To perform TAUS acquisitions in an MRI scanner, amplitude modulated
RF chirps were transmitted by the body coil, and the lead tip TAUS signal was de-
tected by an ultrasonic transducer. The TAUS signal level was correlated with the
RF current induced on the lead and the associated B, artifacts in MRI. TAUS signals
acquired during RF-induced heating were used to estimate the lead tip temperature.
Results: The TAUS signal exhibited strong dependence on temperature, increas-
ing over 30% with 10°C of heating both in the phantom and in tissue. A lead tip
TAUS signal was observed for a 100 mA rms current induced on a lead. During
RF-induced heating, the TAUS signal appeared to accurately approximate the peak
lead tip temperature.

Conclusions: TAUS allows for noninvasive monitoring of lead tip temperature in an
MRI environment. With further development, TAUS opens new avenues to improve

RF device safety during MRI scans.
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typically avoided due to the possibility of unsafe interac-
tions between the strong radiofrequency (RF) fields used in

MRI of patients who have implanted medical devices with MRI and the device leads. Coupling of these RF fields to the
long conductive leads—including pacemakers, implant- leads can induce significant currents on the leads, resulting
able cardioverter/defibrillators, and neurostimulators—is in excessive RF power absorption and tissue heating at the
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uninsulated lead tips.l’2 Concerns regarding RF-induced
heating have resulted in the designation of many implanted
devices and leads as “MR unsafe,” meaning scans should
not be performed, and others as “MR conditional,” indi-
cating that scans should only be performed under certain
conditions including limited RF power.’ These restrictions
prevent many implant recipients from receiving clinically
useful MRI scans.

The interactions between the RF fields and a device lead
depend on a number of factors, including the properties
of the lead, the electrical properties of the tissue around
the lead, and the geometric configuration of the lead and
patient relative to the RF transmit coil.*® In many cases,
the degree of coupling of the RF transmit to a lead is not
dangerous. Numerous patients who have implanted devices
with leads susceptible to RF coupling have been scanned
without issue using RF power levels above the manufactur-
er's recommended limits,” ' suggesting that many of those
for whom scanning is restricted can actually be scanned
safely at normal RF power levels. However, due to the com-
plexity of the factors governing the interactions that cause
RF-induced lead tip heating, making confident assertions
about whether dangerous heating will occur for a particular
case is difficult.

A reliable method to differentiate cases that are unsafe from
those in which minimal heating will occur could allow many
more patients to have access to MRI. A number of pre-scan
techniques have been proposed to accomplish this without in-
ducing dangerous temperature increases. Induced RF current
on a lead creates an azimuthal magnetic field that distorts the
nearby B, field. The magnitude”’16 or phase”‘18 of these dis-
tortions enables estimation of the lead current. Reverse polar-
ization of the body transmit/receive selectively visualizes these
B, artifacts by suppressing the normal MRI tissue signal while
retaining sensitivity to the B, distortions.'” Another pre-scan
method senses impedance perturbations of the transmit coil that
are indicative of significant coupling.20 Although initial results
have been demonstrated using these methods, none have yet
achieved widespread clinical adoption.

In addition to pre-scan screening, MR thermometry
of lead temperature is feasible but difficult. Noninvasive
MR thermometry has been performed during MR-guided
focused ultrasound treatments.>! However, MR thermome-
try techniques are less suitable for characterizing the peak
temperature near a conductive lead. Thermometry meth-
ods based on the proton resonance frequency (PRF) shift
phenomenon are sensitive to motion and fail near metal
due to magnetic susceptibility artifacts,”> and the accu-
racy of Tj-based MR thermometry suffers near lead tips
due to B, artifacts caused by induced lead currents.” The
highly localized RF power deposition at the lead tip also
makes capturing the peak temperature with MR thermom-
etry challenging, as obtaining data with sufficient spatial

resolution requires long acquisition times, which further
increases the RF exposure risk.

In this article, we propose the use of thermo-acoustic
ultrasound (TAUS) to monitor the peak temperature at a
lead tip during MRI. TAUS is based on the thermo-acoustic
effect, in which RF power absorption induces acoustic waves
via thermoelastic expansion.”**> The thermo-acoustic
effect was first reported in an MRI setting when it was
hypothesized to cause an auditory response in patients
to RF pulses—RF power absorption in the brain created
acoustic waves that reached the cochlea via bone conduc-
tion.¢ Using the MRI RF body coil transmit, we previously
demonstrated TAUS detection of the strong local enhance-
ment in RF power absorption at a lead tip associated with
RF-induced heating.27 However, in soft tissue, the TAUS
signal amplitude also depends strongly on the tissue tem-
perature. If the temperature dependence is known, the
change in the TAUS signal amplitude from a lead tip can
be used to estimate the tissue temperature rise at the lead
tip in real time. Therefore, interleaving periodic TAUS
acquisitions, performed using the MRI RF transmit system,
with MR imaging can provide intrascan lead tip tempera-
ture monitoring. With noninvasive monitoring in this man-
ner, unsafe MRI scans could be terminated before thermal
damage occurs.

2 | THEORY

2.1 | The thermo-acoustic effect and TAUS
When a material absorbs RF energy, heating occurs and
causes thermoelastic expansion. A pressure distribution
arises, resulting in the propagation of acoustic waves from
the site of RF absorption (Figure 1). This phenomenon is
called the thermo-acoustic effect and is described by the in-
homogeneous acoustic wave equation
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FIGURE 1 In the thermo-acoustic effect, pulsed RF power

deposition causes rapid thermal expansion and the emission of acoustic

waves
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in which the local specific absorption rate SAR(7, 1) = G(F)P(¢)
is separable under narrow band RF conditions. G is the SAR spa-
tial profile from the RF transmit, and P is the RF transmit power
over time, which is proportional to the square of the RF transmit
amplitude. Here, p is the generated thermo-acoustic pressure in
a medium for which v, is the speed of sound, j is the thermal
expansion coefficient, p is the density, and C is the specific heat.
In TAUS, the acoustic signals excited from an RF trans-
mit via the thermo-acoustic effect are detected to character-
ize the RF power absorption. To perform TAUS acquisitions,
the MRI RF transmit must excite acoustic signals that are at
appropriate frequencies for detection by ultrasonic receivers
and allow for spatial localization of acoustic sources. The
linear relationship between the thermo-acoustic pressure
and the RF transmit power in Equation 1 means that the ex-
cited acoustic signals have a square law relationship with the
RF transmit signal. Therefore, the frequency content of the
RF transmit envelope, rather than the RF carrier frequency,
determines the frequency content of the acoustic signal.
Using this principle, TAUS acquisitions have been per-
formed with multiple RF transmit modulation schemes,
and we compared some of these techniques previously.27
Frequency-modulated continuous-wave (FMCW) meth-
ods, in which frequency encodes depth, were superior to
time-domain pulsed acquisitions. For FMCW TAUS exci-
tations, an RF carrier is amplitude-modulated by a chirp
signal that sweeps through the desired acoustic excitation
frequencies.28 The modulation can be traditional ampli-
tude modulation (FMCW amplitude modulation) or on/
off keying (OOK) from a square wave that follows the
chirp frequency (FMCW square wave modulation). The
instantaneous frequency of a chirp signal of duration 7T is
f.(0) =f, + Bt/T, where f is the initial frequency of the
chirp and B is its frequency span. During RF transmit,
TAUS signals of frequency f.(¢) are excited and propagate
as acoustic waves. As illustrated in Figure 2, for a signal ex-
cited at distance d from an acoustic receiver, the propaga-
tion delay causes the instantaneous frequency of the signal
observed by the receiver to be f,.(¢) =f.(t—d/v,). When
this received signal is mixed with the original chirp signal,
a signal is generated whose frequency content is the dif-
ference between the two signals’ frequencies, f.(¢)—f,..(?).
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This yields a beat frequency f, proportional to d, such that
f» = Bd/(Tv,). Windowing followed by a Fourier transform
reveals the TAUS signal versus distance from the receiver.

2.2 | TAUS signal from a lead tip in an
MRI setting

If the MRI RF transmit couples to a device lead, current is in-
duced on the lead, and the SAR near the lead tip is amplified
significantly above that of the surrounding tissue. Equation 1
shows that the initial thermo-acoustic pressure distribution
matches G(7), the spatial profile of the local SAR. As was
demonstrated previously,27 the MRI body coil can excite
strong TAUS signals at lead tips.

Simple analytical relationships between the induced cur-
rent and the resulting SAR are possible for the ideal case of
an infinitely thin insulated wire driving a current with root
mean square (rms) value /., into a spherical electrode im-
mersed in homogeneous tissue (Figure 3). At distance » from
the center of a spherical electrode with radius R, the cur-
rent density, time-averaged SAR, and worst-case steady-state
temperature rise (derivation shown in Appendix A) around
the electrode (r > R,)) are given by:

- 1
J(r) = 7, 2
(= )
12
SAR(r) = — =& (3)
) 1672r4cp
I? 1 Ry
AT() = —ms |1 _Zot )
) 16720kR,, [r 2r2]

where p, o, and k represent, respectively, the density, electri-
cal conductivity, and thermal conductivity of the tissue. The
initial temperature rise is simply AT(r) = C-ISAR(r)dt, and
the initial pressure rise caused by the thermo-acoustic ef-
fectis py(r) = ﬁV2C_1 pSAR(r)dt. The wire current will also
perturb the MR nutation frequency by Af, ~ 6.021,,./r Hz.

For context, consider the case of I, = 20 mA driving a
spherical electrode (R, = 1 mm) that is immersed in tissue,
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Illustration of a TAUS acquisition using FMCW amplitude modulation. This example shows RF absorption at a point source

located distance d from an acoustic receiver. Mixing of the received acoustic signal with the original chirp signal used for amplitude modulation

yields a beat frequency f, which is proportional to d
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FIGURE 3 A, Illustration of the model in which current is driven by a thin insulated wire into a spherical electrode. B, SAR versus radial

position and total power deposited within a sphere of radius r for the case of 7,,,, = 20 mA and R, = 1 mm. The dotted line shows the position of the

electrode surface. C, Pressure waveform excited at the electrode surface (r = R,)) from a 500 ns pulse of current for the case described in part B
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FIGURE 4 A, Model lead tip. B, Simulated SAR distribution at the lead tip from a 64 MHz transmit. C, TAUS acoustic fields generated
from continuous wave amplitude modulation of the 64 MHz transmit at various modulation frequencies and equal drive power. D, Relative

magnitude of the generated acoustic field as a function of the modulation frequency at the point labeled with the red diamond in part C

with p = 1000kg/m’, 6 = 0.5 S/m, and k = 0.5 W/m/K.
Equation 3 implies that the total power dissipated into the
tissue is about 64 mW, and Equation 4 shows that the worst-
case steady-state temperature rise at the electrode surface
is 5°C. Due to the extreme local amplification in SAR—the
SAR value is approximately 5 kW/kg at the surface of the
electrode while being only 8 W/kg 4 mm away—50% of
the power is delivered within 1 mm of the electrode surface
(Figure 3B).

The excited thermo-acoustic pressure increases dramati-
cally near the electrode because of the local SAR amplifi-
cation. A 500 ns pulse of current with /., = 20 mA will
generate a peak thermo-acoustic pressure of about 0.33 Pa

ms

at the electrode surface in soft tissue (Figure 3C), with a
peak temperature rise of 0.63 pK. Averaging will improve
the TAUS SNR; for example, 2500 averages improves SNR
50x while increasing the worst-case heating at the electrode
surface to about 1.6 mK. The thermo-acoustic pressure scales
linearly with power; a 5X increase in the induced current to
I« = 100 mA will increase the power by 25X, so that a
500 ns pulse now generates a peak thermo-acoustic pressure
of about 8.25 Pa at the electrode surface with a 16 pK peak
temperature increase.

The SAR spatial profile of more general lead geome-
tries affects the properties of the acoustic signal that prop-
agates from the lead tip.27 Interference patterns form in the
propagating acoustic waves according to both the source

geometry of the TAUS signal imposed by the SAR spatial
profile and the wavelengths of the excited acoustic frequen-
cies. Multiphysics RF and acoustic simulations allow for
characterization of these variations as a function of the
excited acoustic frequencies.27 Figure 4 shows both the
simulated SAR spatial profile and the simulated acoustic
fields at various acoustic frequencies for a model lead tip
excited with a 64 MHz RF signal. With knowledge of the
TAUS signal propagation as a function of excited acoustic
frequency, an appropriate modulation bandwidth for the RF
transmit can be selected to maximize the acquired lead tip
TAUS signal.

2.3 | TAUS for lead tip
temperature monitoring

In soft tissue, the thermal expansion coefficient § varies sig-
nificantly with temperature, as does the speed of sound v,.
Consequently, according to Equation 1, the amplitude of the
TAUS signal will vary with local tissue temperature. The
strong temperature dependence of the TAUS signal in tissue
has been demonstrated in several studies.**’

The TAUS temperature dependence creates a new avenue
for lead tip temperature monitoring in MRI. For a given tissue
type, the functional change in signal amplitude with tempera-
ture F(T) should not depend on the transmit and receive setup
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for TAUS acquisitions. Therefore, the same relative change
in TAUS signal with temperature would be expected when
using a test setup to characterize F for a particular tissue type
and when acquiring a TAUS signal in an MRI setting from a
lead tip immersed in that tissue. The lead tip TAUS signal can
then be expressed as

S(T) = aF(T), (5)

where « is a scalar factor that expresses the scaling in signal
amplitude between S and F. Once F has been characterized,
can be determined with a calibration scan in which the signal S
is acquired at a known initial lead tip temperature. Then, future
acquisitions of S can provide estimates of the temperature at the
lead tip by inverting the function, so

T:F—1<§). )

[04

Because the highest temperatures caused by RF-induced lead
tip heating occur at the same SAR hotspots that contribute most
to TAUS signal generation, the temperature estimated by TAUS
monitoring should represent the peak temperature at the lead
tip.

To perform accurate lead tip temperature monitoring
with this technique, the temperature dependence of the lead
tip TAUS signal must closely match the function F used
in Equation 6. The lead tips of implanted medical devices
must be precisely positioned for the device leads to perform
their intended functions, meaning that the type of tissue in
contact with a lead tip—which should be used to measure
F—is known with a high degree of confidence. For a lead
tip partially immersed in both fat and the desired aqueous
tissue, the much higher electrical conductivity of the aque-
ous tissue likely means that it will experience a significantly
higher local SAR. Consequently, the TAUS signal would
originate mostly from this tissue, and its TAUS temperature

dependence would be used for lead tip temperature estima-
tion. Ensuring accurate temperature estimation with TAUS
may ultimately require the creation of a database that cata-
logs the properties of different tissues, as has been done for
tissue dielectric properties.

3 | METHODS
3.1 | Characterization of TAUS temperature
dependence

The TAUS temperature dependence was characterized in a
saline gel phantom (distilled water, 8 g/L. polyacrylic acid,
0.7 g/L sodium chloride, doped with nickel chloride) and in
chicken breast tissue using the setup illustrated in Figure 5. A
TAUS signal source and fiber optic temperature probes (FOT-
L-NS-967C, FISO Technologies, Inc., Quebec, Canada) con-
nected to a signal conditioner (DMI, FISO Technologies
Inc.) were immersed in each medium to be characterized. The
medium was then placed in a water bath, which was heated
by a hot plate while TAUS acquisitions were performed. The
saline gel phantom was contained in a glass container placed
in the water bath, whereas the piece of chicken breast was
covered in a plastic wrap.

To serve as a TAUS signal source, one end of a coaxial cable
was stripped to expose the center conductor, on which a sol-
der ball was electrically connected. FMCW TAUS acquisitions
were performed using a square-wave-modulated RF transmit
into the cable to excite a TAUS signal at the solder ball. To
generate the transmit waveform, an Analog Discovery 2 mod-
ule (Digilent, Inc., Pullman, Washington)—a programmable
oscilloscope that includes two arbitrary waveform generators
(AWG)—transmitted a linear frequency modulated chirp sig-
nal of 2.5 ms duration spanning 250-750 kHz. The chirp sig-
nal triggered a LT1016 comparator to create an approximate
50% duty cycle chirped square wave. The square wave acted

I L
Analog ()
Discovery AWG2 LT1016 Comparator
LFM
2 @___Ichirp Highpass 64 MHz
Scope AWG 1 [ A\N\N Jim 50 MHz Circulator
1=
4 V 64 MHz SPDT switch
LowPass AD797  Notch Transd ="
10.7MHz Preamp 64 MHz ransoucer
[ (— -
Te‘nyerature probe = = Signal
— Eg Conditioner

\i*
Tip of Modified Coax Cable

Hot Plate

FIGURE 5 Diagram of the test setup used to characterize the TAUS signal level versus temperature in different media
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as a gating signal for a ZASWA-2-50DR+ SPDT switch con-
trolling a 64 MHz RF input signal. The resulting square-wave-
modulated RF signal was amplified by a 200 W power ampli-
fier (AR Kalmus model LA200HP-CE, 0.5-100 MHz) before
driving the modified coaxial cable. To avoid temperature dif-
ferences between the fiber optic probes near the coax tip TAUS
source and the coax tip itself, a very low transmit duty cycle
minimized local heating—one 2.5 ms RF transmit was per-
formed every 10 s at peak powers well below the 200 W rating
of the power amplifier. Temperature changes in the medium
and at the coax signal source occurred primarily from uniform
heating of the surrounding water bath by the hot plate.

An Olympus V318-SU 0.5 MHz immersion ultrasonic
transducer received the TAUS signal, followed by a notch
filter at 64 MHz to suppress RF carrier intermodulation
effects. The signal was amplified by an AD797-based pre-
amplifier, low pass filtered (Mini-Circuits BLP-10.7+),
and digitized in an oscilloscope channel of the Analog
Discovery 2.

FMCW postprocessing of the digitized signal recovered
the signal level versus distance. The TAUS signal peak, corre-
sponding to the lead tip, was tracked over time during uniform
heating of the medium. The TAUS signal versus temperature
relationship was then determined for both media. In each case,
an affine model was fitted to the data to approximate this
relationship.

3.2 | TAUS signal and B, artifacts from lead
current induced by body coil transmit

The setup shown in Figure 6 used the body coil of a GE
Signa 1.5T MRI scanner to excite a TAUS signal from the
tip of an in-bore model lead, while the induced current on
the lead was measured. Gradient echo MR imaging, dur-
ing which the induced lead current was also measured, was
performed as well to observe the B artifacts caused by this
current. Additionally, the lead current was independently
estimated using double-angle gradient echo imaging.
These tests related the induced lead current that generates a
detectable lead tip TAUS signal to the lead current associ-
ated with B, artifacts in MRI.

The FMCW square wave modulation electronics were
interfaced with the MRI body coil amplifier input to gen-
erate an FMCW B, envelope in the body coil when running
a dummy MRI sequence. When the scanner triggered the
Analog Discovery 2 controller, a 2.5 ms duration FMCW
RF signal was broadcast into the body coil amplifier. The RF
carrier frequency was set to the Larmor frequency, and the
modulation frequency increased linearly in time from 250
to 750 kHz. The body coil B, was sensed by a pickup loop
placed in the scanner bore and displayed on an oscilloscope.

A 170-cm long insulated 12 AWG copper wire with 7 mm
of insulation stripped at one end acted as a model device lead.

LT1016
.Analog —— _nm Body
Discovery 2 i 1 Coil Am e 7
Scope AWG | N\/\W = MRI Scanner Bore piedin TED) diives
63.84 MHz <f\’> § Signal Temperature probe ¢ Seneor
r Spectrum SPDT switché Conditioner [ Transducer
Analyzer =
WRLRE Optical Receiver | \y Surface Coil
Tx Gate Fiber optic cables
(A) \ Optical Receiver
Low Pass 5 MHz

1 PSSI20215A
3'7V‘IL3 10WFE | 0.1pF 0.1'£ 24mA
= BTG

OPAB47
N 0.1pF
> =
1.47kQ g A
1 oo IF E99B
. LED

FIGURE 6 A, Diagram of the setup used during TAUS acquisitions in the MRI scanner. The surface coil and current sensor were only

present in the tests relating the TAUS signal to the induced lead current and MRI B, artifacts, whereas the temperature probe was only present in the

test in which the TAUS signal was used to estimate the lead tip temperature. B, Schematic of the preamplifier and LED driver circuits. C, Shielded

box containing the preamplifier and LED driver attached to the 0.5 MHz ultrasonic transducer. D, Model lead, current sensor, and ultrasonic

transducer in the saline gel phantom. (E, F) Square-wave-modulated RF transmit received by a pickup loop in the body coil at modulation

frequencies of (E) 250 kHz and (F) 750 kHz
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The lead tip and approximately 15 cm of the model lead were
immersed in the saline gel phantom, which was placed on top
of a 5-inch surface coil. The lead tip was positioned near the
isocenter of the MRI bore.

The same 0.5 MHz ultrasonic transducer used to charac-
terize the TAUS temperature dependence was positioned with
its surface immersed in the phantom above the model lead tip
to receive excited TAUS signals. An RF-shielded box, which
was attached to the transducer, contained an OPA847-based
preamplifier and an OPA861-based RC-LED driver, along
with two LiPo 3.7 V nonmagnetic batteries. A plastic fiber
optic cable connected the output of the LED driver to one of
two photoreceiver channels in the console room, each of which
used circuitry described in Zanchi et al.** The output of the
photoreceiver channel was low-pass filtered (Mini-Circuits
BLP-5+) before being digitized by the Analog Discovery 2.

An optically coupled current sensor similar to Etezadi-
Amoli et al,'® but now LiPo battery-powered, monitored the
lead current induced by the body coil transmit. The toroidal
sensor was placed over the lead and was centered about 8§ cm
behind the uninsulated lead tip. The fiber optic output of the
current sensor was interfaced over plastic fiber to a second pho-
toreceiver channel in the console room. A Tektronix RSA306
spectrum analyzer, centered at the Larmor frequency, displayed
the time-domain power level of the photoreceiver output during
each RF transmit. In a prior calibration procedure, power read-
ings were recorded with the sensor placed over a wire of known
current and signal source, allowing the conversion of spectrum
analyzer readings to rms current values on the model lead.

Because TAUS acquisitions were performed during
dummy MRI sequences, the scanner's gradient coils were ac-
tive, despite not being relevant to the TAUS signal. These
gradients coils appeared to interfere with the TAUS receive
setup in the scanner bore, as harmonics of the gradient ampli-
fier switching frequencies were observed at significant levels
in the receive signal. To reduce this interference, separate
TAUS acquisitions were performed with the FMCW RF sig-
nal on and off, allowing subtraction of the gradient interfer-
ence in postprocessing. Eighty averages of TAUS acquisitions
with a square-wave-modulated RF transmit were performed,
and another 80 were performed with no RF transmit.

Following the TAUS acquisitions, the lead flip angle
distortion was analyzed using axial double-angle gradient
echo imaging.35 For imaging, the ultrasonic transducer was
removed from the phantom to avoid susceptibility artifacts
caused by its stainless steel case. The positioning of the
model lead and current sensor were unchanged between the
TAUS acquisitions and the MR imaging, so that body coil RF
coupling to the lead was the same in both cases.

Three slices that included cross sections of the lead were
acquired with B; power levels set to induce 15° and 30° flip
angles in the phantom far from the wire. For both power lev-
els, gradient echo imaging was performed with parameters:
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5 mm slice thickness, 0.625 mm in-plane resolution, 15 mm
slice separation, TE 10 ms, and TR 1 s. The model lead was
positioned approximately parallel to the diameter of the
5-inch surface receive coil to minimize receive coupling. The
transmit field distortion of B, around an axially oriented wire
with current I(t) results in a local flip angle:

0W=yJ

where y is the gyromagnetic ratio, « is the phase of the wire
current relative to B, ¢ is the angular position in the plane,
and r is the radial distance from the wire center.'* The current
sensor, positioned as it was during the TAUS acquisition, in-
dependently quantified the induced sinc pulse envelope (l/(#)l)
on the lead during imaging. After accounting for the sidelobe
phase reversal, the expected flip angle distortion around the
wire was calculated from Equation 7.

The distortion level expected according to the current
sensor measurements was compared with the distortion level
observed on the flip angle maps obtained using the dou-
ble-angle method. To quantify the observed distortion level
for each slice from its flip angle map, the center of the wire
signal void determined the local origin for analysis (r = 0 in
Equation 7). A script was written in MATLAB to find the
magnitude and phase of the distortion modeled in Equation 7
that minimized the error between the modeled and measured
flip angles in a region around the wire. Voxels with low MR
signal intensity, including those at the wire location and
those at the induced signal null near the wire, were excluded
from the analysis due to the poor performance of the dou-
ble-angle method for low SNR and low flip angle data.

I(t) .
B0 -2 e g, ™

3.3 | TAUS lead tip temperature estimation
in MRI scanner

Using the same MRI-TAUS interface, TAUS signals were ac-
quired from the lead tip using high/low duty cycles to demon-
strate TAUS tracking of heating and cooling at the lead tip. The
lead tip was positioned in the phantom as before, but without a
current sensor. A temperature probe was secured near the lead
tip to record the temperature over time. The lead path in the
scanner bore was configured to induce much more coupling of
the body coil RF transmit to the lead than in the prior tests. With
this increased coupling creating a much stronger TAUS excita-
tion, signal averaging and subtraction of gradient interference
were not required to observe a clear lead tip TAUS signal.

The increased coupling also allowed the body coil FMCW
transmission to serve as a proxy for an MR pulse sequence
that could induce significant heating at the lead tip. TAUS
acquisitions were initially performed at low duty cycle (one
2.5 ms FMCW excitation every 1 s) to obtain signals without



DIXIT ET AL.

8 . . o o
J—Magnetlc Resonance in Medicine

appreciable heating. The duty cycle was then increased by a fac-
tor of 20 (one 2.5 ms FMCW excitation every 50 ms) to stimu-
late lead tip heating while acquiring TAUS signals. Following a
5-minute heating period, the duty cycle was decreased to its ini-
tial level to acquire TAUS signals during cooling at the lead tip.

The TAUS acquisitions performed at low duty cycle prior
to heating and the initial temperature probe reading were
used to calibrate the previously determined model relating
the temperature in the phantom to the TAUS signal level.
Using this calibrated model, estimates of the lead tip tem-
perature were obtained from the TAUS signal levels during
the heating and cooling periods.

3.4 | Simulation of temperature profile
around model lead tip

A simulation in COMSOL Multiphysics (COMSOL, Inc.,
Burlington, Massachusetts) estimated the temperature dis-
tribution around the model lead tip immediately following
the 5-minute period of lead tip heating during the TAUS
acquistions in the MRI scanner. A 2D axisymmetric geometry
(2D cylindrical coordinates with azimuthal symmetry) was
utilized for the simulation. First, the SAR spatial profile
around the lead tip was characterized with a frequency-
domain electromagnetic simulation at 64 MHz using a source
placed along the lead insulation far from the uninsulated lead
tip. The copper wire was modeled as a perfect electric con-
ductor, the insulation was modeled with a relative permittiv-
ity of 3 and no electrical conductivity, and the surrounding
medium was modeled with a relative permittivity of 78 and
an electrical conductivity of 0.5 S/m.

A heat transfer simulation was then performed using the
simulated SAR spatial profile as the input power distribution.

The medium was simulated with a thermal conductivity of
0.5 W/m/K, a density of 1000 kg/m3, and a specific heat of
4000 J/kg/K. No heat flow was permitted into the lead con-
ductor and insulation, and no perfusion was modeled. A con-
stant power over time was simulated over the same 5-minute
heating duration used in the TAUS lead tip temperature esti-
mation experiment, and the power level was chosen to induce
the same peak temperature increase as was estimated by the
TAUS acquisition.

4 | RESULTS
4.1 | Characterization of TAUS temperature
dependence

Figure 7 shows the TAUS signal amplitude and temperature
over time as the characterized media were heated, as well as the
variation in TAUS amplitude versus temperature. The TAUS
amplitude exhibited a strong temperature dependence in both
the saline gel phantom and the chicken breast tissue, increas-
ing by over 30% with a 10°C temperature rise in both cases.
The modeled affine fit agreed closely with the data (> = 0.993
in the phantom and r> = 0.983 in the chicken breast). The ap-
parent affine behavior of the TAUS signal amplitude in tissue
matches observations reported elsewhere. ?1#

4.2 | TAUS signal and B, artifacts from lead
current induced by body coil transmit

Figure 6E,F show the body coil B; waveform measured by
the pickup loop during the square-wave-modulated RF trans-
mit. Due to the high Q of the body coil, the envelope of the
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RF transmit changed from a square wave as the amplitude
modulation frequency increased.

The current sensor measurement of the rms lead current
is plotted in Figure 8A for the RF transmit signals used in
the TAUS acquisition and in gradient echo imaging with 15°
and 30° flip angles. Because the induced lead current is lin-
ear with B, these measurements indicate that the transmit
power throughout the 2.5 ms FMCW square-wave-modulated
RF transmit was near the peak transmit power of the 30° RF
pulse from MR imaging. At this RF transmit power, about
100 mA,,, was induced on the model lead.

Figure 8B shows the TAUS signal obtained by taking the
difference between the averaged signal of 80 acquisitions
using FMCW square wave modulation and the averaged
signal of 80 acquisitions without any RF transmit. Direct
feedthrough of the body coil transmit to the in-bore receive
electronics manifests as a strong peak at zero distance. The
lead tip signal can be observed at the distance between the
transducer and the model lead tip, and reflections of the lead
tip signal from the walls and surface of the phantom appear
as echoes.

One of the acquired gradient echo images from an acqui-
sition using a 15° flip angle is displayed in Figure 8C, with a
clear flip angle artifact around the model lead. The flip angle
map around the lead tip, obtained using the double-angle
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method, is shown in Figure 8D. For the 15° gradient echo ac-
quisition, the current sensor indicated a peak [,  of 50.5 mA,
and calculations using the sensor data indicated an expected
maximum flip angle distortion of 44° at 2 mm distance from
the lead center, with a 1/r falloff in B, distortion as described
in Equation 7. Fitting of the flip angle distortion model in
Equation 7 to the double-angle flip angle maps resulted in
estimated distortion levels that would create 46.5°, 48.5°, and
53¢ flip angle distortions 2 mm from the lead center. These
estimates would correspond to peak I, values of 53.4 mA,
55.7 mA, and 60.9 mA during the RF excitation, an average
deviation of 12% from the current sensor value.

ms

4.3 | TAUS lead tip temperature estimation
in MRI scanner

Figure 9A shows the lead tip TAUS signal and the nearby
temperature probe reading over time for the body coil trans-
mit test that was devised to induce significant lead tip heat-
ing. Figure 9B shows the peak lead tip temperature over time
estimated from the TAUS signal level using the calibrated
affine model for the TAUS signal versus temperature in the
phantom. During the heating process, the TAUS-estimated
peak lead tip temperature exceeded the temperature recorded
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FIGURE 8 A, Root mean square current on the model lead measured by the current sensor during the FMCW square-wave-modulated RF

transmit, the 30° RF pulse, and the 15° RF pulse. B, Measured signal versus distance from the transducer for the TAUS acquisition. A strong signal

is present at zero distance due to direct feedthrough of the RF transmit to the receive electronics. Reflections of the acoustic signal occurred from

the walls and surface of the phantom. C, Gradient echo MR image, obtained using a 15° flip angle, showing a cross section of the model lead and

the flip angle artifact nearby. A magnified view of the region enclosed in the box shows the estimated center point of the wire. D, Flip angle map

obtained for the magnified region around the wire in part C. A clear amplification in the flip angle is present on one side of the wire. Flip angle

estimates in the regions with a low magnitude MR signal are unreliable and were not used to quantify the induced B, distortion levels
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FIGURE 10 A, Simulated SAR spatial profile at the lead tip for a cross section through the center of the lead. B, Simulated temperature
profile in the cross section. C, One-dimensional plots of the temperature along horizontal slices through the temperature distribution in part B. Only

half of each slice is plotted due to symmetry

at the nearby fiber optic temperature probe, with a difference
of 2.5°C at the end of the heating period.

4.4 | Simulation of temperature profile
around model lead tip

Results from the electromagnetics and heat flow simula-
tions performed in COMSOL Multiphysics are displayed in
Figure 10. The concentrated SAR profile resulted in signifi-
cant temperature gradients around the lead tip immediately
following the heating period; the temperature at a point on
the lead tip surface was 4.2°C above the temperature at a
point 2 mm away.

5 | DISCUSSION

For the TAUS acquisitions performed in the MRI scan-
ner, the TAUS receive electronics were subject to interfer-
ence from both the body coil RF transmit and the gradient
coils. Although the TAUS signals were acquired at much
lower frequencies than the RF transmit, nonlinear distortion
in the receive chain of any coupled RF transmit signal ef-
fectively demodulates the square wave envelope, creating a
feedthrough signal at zero depth. After performing FMCW
postprocessing for TAUS acquisitions, the sidelobes of an

excessive feedthrough signal could exceed the actual noise
level from the ultrasonic transducer, limiting the observed
SNR and preventing improvements through signal averaging.
Coupling of signals from the gradient switching frequency
harmonics within the bandwidth used for the square wave
modulation could also result in background interference lev-
els above the noise floor. An effort was made to minimize
interference through electromagnetic shielding of the TAUS
preamplifier, as well as by transmitting the amplified receive
signal fiber optically out of the scanner bore. Further reduc-
tions in the interference levels could potentially be achieved
with better shielding of the transducer and the attached re-
ceive electronics as well as through notch filtering of the RF
signal at the preamplifier input. The gradients can also be
programmed to remain inactive during TAUS acquisitions.

Using the quantified sensor currents, measured lead tip
TAUS signal, and gradient echo MR images, the level of RF
coupling that induces B artifacts can be related to the cou-
pling that generates a detectable lead tip TAUS signal. The
results in Figure 8 indicate that even when the MRI transmit
induces lead currents that create relatively minor local B, dis-
tortions, FMCW TAUS acquisitions of comparable RF power
levels generate lead tip TAUS signals that can be detected and
localized.

The TAUS-estimated lead tip temperature in Figure 9B
exceeded the temperature at the fiber optic probe positioned
near the lead tip during heating. Here, the extremely localized
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nature of lead tip heating—demonstrated by the simulation
results in Figure 10—suggests that even a millimeter-scale
separation between the probe and the lead tip may cause the
temperature probe to significantly underestimate the actual
peak lead tip temperature during heating. Temperature probes
can never be positioned directly at a lead tip and therefore
cannot be used to reliably assess the maximum temperature
increase in these extremely localized heating scenarios. In
contrast, the TAUS signal originates directly from the regions
in which maximum heating occurs, so estimation of the lead
tip temperature from the TAUS signal can actually capture
the peak temperature.

To achieve TAUS monitoring of the peak lead tip tem-
perature during an MRI scan, integration of TAUS acqui-
sitions with MRI pulse sequences should be possible with
minimal impact on the MRI scan. TAUS acquisitions can be
performed in milliseconds; hence, they can be inserted during
otherwise unused times in MRI pulse sequences. They can be
designed to avoid disrupting the precession of the magneti-
zation; using an off-resonant RF transmit should prevent any
RF spoiling, and gradient fields are not required in TAUS.
Although adding TAUS to MRI scans would increase the
total RF transmit energy, TAUS signals can be generated at
lead tips with minimal heating, as demonstrated by the initial
low RF duty cycle acquisitions shown in Figure 9 that were
performed prior to heating.

A number of potential obstacles to in vivo TAUS ac-
quisitions from lead tips must be addressed before this
technique can be used reliably in MRI. One challenge is
the effective placement of an ultrasonic transducer on a
patient who must be positioned in an MRI scanner. The
transducer's acoustic coupling to the patient and its posi-
tioning relative to the lead tip will have a strong impact on
the observed TAUS signal level. The TAUS temperature
tracking property, however, is based on ratio-metric signal
levels. The transducer also must be designed from MRI-
compatible materials and should not induce strong image
artifacts. The acquisition of both ultrasound and MRI sig-
nals without a strong sensitivity to transducer alignment or
position has been demonstrated.*®

Lead tips may also be located in the body such that ob-
taining a clear acoustic window for unimpeded acoustic wave
propagation between the tip and transducer is impractical.
Although obstacles in the signal path will diminish the ob-
served TAUS signal level, clinical usage of transcranial fo-
cused ultrasound (tcFUS) has demonstrated that acoustic
signals can maintain appreciable power levels after propa-
gating through reflecting and attenuating structures such as
the skull.>’ Like tcFUS, TAUS only requires one-way acous-
tic propagation and can be performed using relatively low
acoustic frequencies (<1 MHz) to minimize signal loss due
to attenuation. Acoustic insertion loss through bone increases
with frequency; the one-way insertion loss through a human

. . o o 11
Magnetic Resonance in MedlcmeJ—

skull is typically about 10 dB at 500 kHz, compared to about
20 dB at 1.5 MHz.*® In this work, we used acoustic signals
from 250-750 kHz for lead tip TAUS acquisitions. The use
of multiple transducers or a transducer array for TAUS could
also allow for improved SNR through receive focusing at a
known lead tip position. The feasibility of transcranial TAUS
signal detection has been demonstrated recently using ex vivo
human skulls.***

Additionally, because the TAUS signal is proportional to
SAR, detecting a clear TAUS signal in cases without strong
SAR amplification at the lead tip will require a sensitive
detection setup. The TAUS system sensitivity will depend
largely on the properties of the ultrasonic receivers; in this
work, a relatively inexpensive transducer designed for nonde-
structive testing was employed. Characterizing the expected
TAUS frequency response from a specific lead tip SAR pat-
tern could also boost SNR through specific matched filtering
of the received signal.

6 | CONCLUSIONS

The characterization of the TAUS signal behavior and the
demonstration of lead tip temperature estimation using
TAUS in an MRI scanner suggests that TAUS is a promising
tool for the detection of dangerous RF-induced lead tip heat-
ing in MRI for device implants and interventions. The local-
ized SAR amplification at lead tips in MRI allows for the
excitation of significant TAUS signals without appreciable
heating. The temperature dependence of the TAUS signal
in tissue makes TAUS suitable for temperature monitoring.
Ultimately, TAUS acquisitions could be added to MRI se-
quences to provide real-time device safety information that
allows more patients to have access to MRI.
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APPENDIX A

For the scenario described in Section 2.2 and Figure 3 in
which current is driven into a spherical electrode immersed
in homogeneous tissue, the worst-case (no perfusion and
no heat flow from the tissue into the electrode) steady-state
temperature rise AT caused by a constant current level can
be analytically derived by considering Pennes’ bioheat
transfer equation41

(AT
pCP(T) = V-kV(AT) + pSAR = W,,Cy, (T=T}) +4q,,. (A1)

Here, p, C > and k, respectively, describe the density, the spe-
cific heat, and the thermal conductivity of the tissue. SAR is the
power absorption density resulting from the current, W, is the
tissue-blood perfusion rate, C,; is the specific heat of the blood,
T,, is the blood temperature, and g,, describes metabolic heat
generation.

Ignoring perfusion, assuming metabolic heating effects
are negligible relative to the effects from the current, and
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setting the temporal derivative to zero to obtain a steady-state
solution allows the equation to be simplified to
—kV?(AT) = pSAR. (A2)

Substituting in the SAR from Equation 3 and noting the radial
symmetry in this scenario when evaluating V2T gives

2
_kli <r2 6AT> _ Irms ) (A3)
r2 or or 16x2cr*

Multiplying both sides of this equation by 2 and integrating
results in

2
OAT _ T

= (A4)
or 167207

kr? +Cy,

where C is an integration constant. Dividing both sides of this
equation by k72 and integrating again gives

aro_ Lt G
2 1672kor?  kr

+C,, (AS5)
where C, is another integration constant. Since AT approaches
zero as r approaches infinity, C; = 0. By assuming that no heat
flow occurs between the tissue and the electrode (0AT/or =0 at
r = R,), the integration constant C;,can be solved in Equation A4,
yielding Equation 4.
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