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Purpose: Rapid detection and mitigation of radiofrequency (RF)-induced implant 
heating during MRI based on small and low-cost embedded sensors.
Theory and Methods: A diode and a thermistor are embedded at the tip of an elon-
gated mock implant. RF-induced voltages or temperature change measured by these 
root mean square (RMS) sensors are used to construct the sensor Q-Matrix (QS). 
Hazard prediction, monitoring and parallel transmit (pTx)-based mitigation using these 
sensors is demonstrated in benchtop measurements at 300 MHz and within a 3T MRI.
Results: QS acquisition and mitigation can be performed in <20 ms demonstrat-
ing real-time capability. The acquisitions can be performed using safe low powers 
(<3 W) due to the high reading precision of the diode (126 µV) and thermistor (26 
µK). The orthogonal projection method used for pTx mitigation was able to reduce 
the induced signals and temperatures in all 155 investigated locations. Using the QS 
approach in a pTx capable 3T MRI with either a two-channel body coil or an eight-
channel head coil, RF-induced heating was successfully assessed, monitored and 
mitigated while the image quality outside the implant region was preserved.
Conclusion: Small (<1.5 mm3) and low-cost (<1 €) RMS sensors embedded in an 
implant can provide all relevant information to predict, monitor and mitigate RF-
induced heating in implants, while preserving image quality. The proposed pTx-
based QS approach is independent of simulations or in vitro testing and therefore 
complements these existing safety assessments.
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1  |   INTRODUCTION

Radiofrequency (RF) -induced heating of implants or in-
terventional devices during an MRI exam is a well-known 
safety risk affecting a large patient population.1,2 The current 
approach to safely scan patients with implants relies on off-
line testing as described in ISO/TS 10974 or ASTM F2182.3,4 
These standards provide reliable procedures to ensure the 
safety of patients with implants in most scenarios. However, 
these tests are time-consuming and costly; they often result 
in exposure restrictions and, most importantly, leave it to 
the responsibility of the MR operator to ensure compliance 
with these limits. Furthermore, safety guidelines are based 
on reasonable assumptions and always need to account for 
uncertainties,3,5 resulting in conservative RF limits degrad-
ing image quality or extending scan times more than may be 
necessary individually. Since the benefits of MRI frequently 
outweigh the risks even in patients with active implants, stud-
ies are pushing the limits toward MRI of patients with cardiac 
implantable electronic devices,6-10 or deep brain stimulators 
(DBS).11-20 Nevertheless, reliable techniques are still needed, 
mitigating RF-induced implant heating with minimum detri-
mental effect on diagnostic image quality.

Many such approaches are based on parallel transmission 
(pTx) systems, which were introduced two decades ago, in-
creasing the degree of freedom to shape the RF excitation 
field in the target region of interest.21-24 Adjusting the am-
plitudes and phases of RF pulses transmitted to individual 
channels of a pTx coil properly, the background E-field along 
and hence the RF-induced currents within an implant can be 
minimized. RF-induced heating is thus substantially reduced 
while simultaneously the overall image quality can be largely 
preserved.1,25-32 To optimize the RF excitation for heating re-
duction, the induced current, field or temperature needs to 
be known.

Frequently, this information is deduced from electromag-
netic simulations. In earlier studies, optimization algorithms 
were proposed to shim RF channels in homogeneous33 and 
heterogenous34,35 phantoms in the presence of simple wires. 
In a more complex simulation model, DBS lead trajectories 
were extracted from computed tomography images, demon-
strating the principle feasibility of pTx-based mitigation in a 
more realistic setting.36,37 Although these simulation studies 
provide encouraging results, in a real patient exam the in-
duced currents may still be strongly affected by inaccuracies 
in the patient and implant model together with subject motion 
or implant position.38-40

Another approach is to measure relevant variables for 
pTx-based SAR-mitigation during an MRI exam in the pa-
tient. MR image artifacts around electrically conductive im-
plants can be used to quantify its internal currents,41,42 which 
then allows modification of the pulses to reduce RF-induced 
implant heating.43-48 Another pTx-based mitigation approach 
is using sensors to measure the fields around29 or currents 
inside28,49 implants. With this sensor information, so-called 
“null mode” (NM) excitation can be performed, which re-
duces tip heating substantially.28,49 A recent study proposed 
the so-called “orthogonal projection” (OP) method as a pTx 
mitigation tool based on time-domain E-field probe mea-
surements outside the implant.29 The OP method projects a 
homogeneous excitation vector, eg, the circular polarization 
mode (CP) or a B+

1
-shim, onto the subspace orthogonal to a 

worst-case excitation (producing maximum implant heating), 
thus preserving imaging quality while reducing tip heating.29

So far, these existing methods were demonstrated by using 
bulky time-domain sensors that could not be placed directly 
at the hot-spot location (ie, the implant tip). Root mean square 
(RMS) sensors, on the other hand, offer more flexible design 
options as they have smaller footprint and simpler acquisi-
tion electronics. For example, six temperature measurement 
probes have been embedded into the tip of an RF ablation 
electrode of 2.5 mm diameter.50,51

In this work, we demonstrate how small (<1.5 mm3) 
and low-cost (<1 €) RMS sensors such as a diode52,53 and a 
thermistor,53,54 embedded in a mock implant, can be used for 
safety assessments. We introduce the sensor Q matrix (QS), 
constructed from measured sensor data, which fully charac-
terizes the implant related hazard and allows to predict and 
mitigate RF-induced heating. We show in testbed measure-
ments at f = 300 MHz and in 3T scanner experiments that 
QS can be rapidly utilized to perform NM-based or OP-based 
mitigation strategies. Our results suggest that such embed-
ded sensors together with QS can be used as a novel implant 
safety strategy in which the implant communicates with the 
MR scanner to assess and reduce the risks associated with 
RF-induced implant heating. In principle, this approach does 
not need any additional information based on electromag-
netic field simulations or in vitro safety testing procedures.

2  |   THEORY

For an N-channel pTx excitation in MRI, the local SAR de-
pends on the superposition of the complex valued E-fields 
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generated by each channel and can be expressed using the 
Q-Matrix formulation.55

where �⃗u is the complex valued excitation vector, H denotes 
Hermitian transposition, and Q is the Q-Matrix,22,55,56 which 
is a positive definitive Hermitian matrix. Once Q is computed 
for a position of interest, local SAR can be calculated for any 
excitation vector u. This formulation is well suited for patient 
specific safety calculations because it eliminates the need to 
repeat the time-consuming simulations for each possible pTx 
excitation vector.55 Here, we demonstrate how the Q-matrix 
concept can be translated to implants with embedded RMS 
sensors allowing measurement-based pTx mitigation of RF-
induced heating.

For an elongated implant like an electrode or lead, the SAR 
hotspot is usually found at the distal tip of the implant.1,57 If a 
safety-relevant physical quantity, eg, E-field or temperature, 
can be measured at this location by a suitable sensor, the re-
sponse of the implant to an pTx excitation can be deduced. A 
matrix can then be constructed from these measurands in full 
analogy to the Q-matrix from Equation (1):

where X denotes the sensor reading. Since RMS sensors pro-
vide no phase information, N2 measurements are required to 
construct the Hermitian QS for an N-channel pTx system:

where Xk is the sensor reading when only channel k transmits, Xkl 
denotes the sensor reading when channels k and l transmit simul-
taneously in phase, and X †

kl
 the same for a �∕2 phase difference 

between both channels, while the channels’ amplitudes are always 
identical. The measurands in the matrix can be either rectified volt-
ages using a diode or temperatures using a thermistor. Voltages 
probe the local E-field and their square value is thus proportional 
to SAR; measuring T (t) for a short period of time gives the tem-
perature change rate dT∕dt, also proportional to SAR.58,59 As a 
result, QS exists in two flavors, QE

S
 and QT

S
. which can be used to 

predict the E-field or dT∕dt, respectively, at the most critical po-
sition, the implant tip, for any pTx excitation via Equation (2). For 
pTx-based mitigation, eigenvalue decomposition of QS is obtained 
by calculating the eigenvalues (�) and eigenvectors (v):

With this information, two methods (OP26,29 and NM28) 
have been applied. The OP method is based on an orthogonal 
projection of a vector used for imaging (eg, CP) to a worst-
case (WC) voltage vector uWC, ie, the eigenvector with the 
largest eigenvalue of QS:

For the null modes with one observation/null location (ie, 
one sensor at the implant tip) N − 1 null modes exist.28 For 
simplicity, one NM is extracted using singular value decom-
position of QS and then, the null space vector of the lowest 
eigenvalue has been used as an excitation vector. While NM 
is a pure safety strategy, the OP method aims to combine 
safety with B+

1  fidelity, preserved from the projected imaging 
vector.

3  |   METHODS

The feasibility of the QS approach is demonstrated experi-
mentally using an implant safety testbed29 (Figure 1) and a 
3T scanner (Figure 2).

3.1  |  Implants and sensors

Two mock implants (Figure 3) were used to mimic a longitu-
dinal implant with an RF-induced hotspot at its tip:

1.	 A CAT-8 (Figure 3A) cable with 2.5 mm of in-
sulation removed at its tip. This cable has four 
shielded twisted-pair wires, two of them were used 
to embed a Schottky diode (MMDL101T1G, ON 
Semiconductor, Phoenix, AZ, US) and a thermistor 
(negative termperature coefficient [NTC], 10 kΩ: 
25℃, NCP18XH103F03RB, Murata, Nagaokakyo, 
Japan) (Figure 3B). The Schottky diode was sol-
dered with the cathode to the wire and a 2.5 mm 
copper wire was soldered to the anode to increase 
its sensitivity for the lower peak amplitude testbed 
measurements (Figure 3B). The E-fields at the implant 
tip lead to an induced voltage that can be rectified 
by the Schottky diode and measured at the end of 
the cable.60-62 The shield of the cable is used as a 
ground reference for the diode signal.

2.	 A semi-rigid coaxial cable (Figure 3C) with 
an embedded thermistor (NTC, 10 kΩ: 25℃, 
NCP18XH103F03RB, Murata, Nagaokakyo, Japan) 
connected between inner and outer conductor at the 
implant tip (Figure 3D). Around the tip 15 mm of insu-
lation was removed.

(1)SAR = uHQu,

(2)X = uHQSu,

(3)

QX
S,kl

=

⎧
⎪⎪⎨⎪⎪⎩

�
Xkl−Xk −Xl

�
+ j

�
X
†

kl
−Xk −Xl

�
for k≠ l and k< l

�
Xkl−Xk −Xl

�
− j

�
X
†

kl
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�
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(5)uOP = uCP − uWC
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uWC ⋅ uCP

)
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3.2  |  Testbed experiments

3.2.1  |  Instrumentation

An eight-channel pTx implant safety testbed (Figure 1) was 
used for experiments at 300 MHz.29 The RF coil63 was loaded 
with a cylindrical (diameter 200 mm, height 198 mm) poly-
vinylpyrrolidone (PVP) phantom (� = 43.80, � = 0.35 S/m) 
and the mock implant 1 was immersed in the phantom using 
the positioning system COSI Measure.64

3.2.2  |  Diode measurements (QE

S

)

The precision for the diode measurements is 126 µV with a dy-
namic range of 1 V and a temporal resolution of 4 µs. For trans-
mission, an RF pulse train (2.86 W per channel) with 200 µs 
rectangular pulses and a repetition time (TR) of 300 µs was used. 
For an eight-channel pTx coil, N2 = 64 pulses were transmitted 
to construct a single QE

S
. The 14-bit ADC from the receiver cards 

of the testbed (4 MHz sampling frequency) was used to acquire 
the signal and the total acquisition time for Q

E
S was 19.2 ms.

3.2.3  |  Temperature measurements (QT

S

)

For temperature measurements, the resistance over a ther-
mistor was measured using a digital multimeter (Keithley 
2000, Tektronix, Beaverton, OR, US). The thermistor had 
previously been benchmarked against fiber optic tempera-
ture probes using implant 2.29 In this study, the twisted-
pair cables connecting the thermistor to the multimeter 
are shielded to reduce RF interference in temperature 
measurements. The temperature measurements have 26 
µK resolution with a precision of 100 µK and a temporal 
resolution of 40 ms. Rectangular RF pulses (duration 0.5 
s, 2.86 W per channel) were followed by a 0.5 s cooling 
period. Total acquisition time for a QT

S
 is 64 s. Since QT

S
 

intends to capture the response function of the implant, 
background temperature variations may affect the meas-
urements for longer experiments or multiple implant lo-
cations. Therefore, the baseline temperature drift was 
determined and subtracted from the temperature gradient 
for each pulse. To investigate repeatability, QT

S
 was meas-

ured ten times at the same implant location with a 120 s 
break between consecutive acquisitions.

F I G U R E  1   Experimental setup for the pTx testbed experiments at 300 MHz (B0 = 7.0T). The testbed has an eight-channel arbitrary 
waveform generator, eight 20 W broadband RF power amplifiers and a four-channel receiver.29 For transmission an eight-channel pTx RF coil 
was used, loaded with a cylindrical PVP phantom.29,60 A digital multimeter was used to measure the resistance of the thermistor and the receiver 
card (synchronized with the transmitters) was used to measure the diode signal. All pTx pulses were generated by the console, which was also 
controlling the positioning system COSI Measure61 using a TCP/IP communication protocol. This allowed for automated 2D/3D mapping 
experiments of multiple implant locations
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3.2.4  |  Sensor based pTx mitigation

For each implant position, QE
S
 and QT

S
 were used indepen-

dently to calculate WC, OP,29 and NM.28 All three modes 

plus CP as a reference were successively transmitted, each 
with an average forward power P = 2.86 W. Subsequently, 
tip E-fields and temperatures were measured for all modes 
(WC, CP, OP, and NM) at the same implant position. This 

F I G U R E  2   Experimental setup within a pTx capable 3T MRI. Two different configurations were investigated: Transmission with a pTx 
capable two-channel body coil, a cylindrical phantom and guidewire substitute as mock implant with embedded thermistor (A) and transmission 
using an eight-channel Tx/Rx RF coil, a rectangular phantom and a mock implant with embedded diode and thermistor (B)

F I G U R E  3   Photos of the mock implants with embedded RMS sensors at the implant tip (diode and thermistor) for QS assessment, pTx 
mitigation and prediction of RF-induced heating. Photograph of a CAT-8 cable inside a PVP filled phantom (A) with embedded diode (1.70 mm 
× 1.25 mm) and thermistors (1.6 mm × 0.8 mm) at its tip (B). For the diode a small extension wire was added to increase its sensitivity in regions 
of low background E-fields for the lower peak power testbed measurements. This extension wire is not needed in an MRI, which has much higher 
transmitted amplitudes (see also Supporting Information Figure S3). For both thermistor and diode measurements a low pass filter was used. 
Photograph of a 180 mm long coaxial cable (C) with embedded thermistor at the tip (D)
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pTx mitigation scheme was tested at several implant posi-
tions in the phantom. For QE

S
 mapping and mitigation, a 140 

mm × 110 mm axial plane (see Figure 1) 120 mm below 
the liquid surface was mapped with 10 mm resolution. For 
the lengthier QT

S
 measurements, seven locations in that plane 

were investigated.
For each transmission mode (WC, CP, OP, NM) and im-

plant location, an additional 2 s rectangular RF heating pulse 
with 2.86 W of forward power was applied to measure the tip 
temperature increase.

3.3  |  MR experiments

To further investigate the feasibility of the approach, a 
series of MR experiments were performed on a pTx ca-
pable (eight-channel with 8 kW peak-power per chan-
nel) 3T scanner (Verio, Siemens Healthineers, Erlangen, 
Germany).

3.3.1  |  QT

S
 acquisition and temperature 

prediction with a two-channel body coil

The MRI setup for the temperature experiments is shown in 
Figure 2A. Mock implant 2 was immersed 95 mm deep into 
the same cylindrical phantom container and connected to a 
digital multimeter via the filter plate and a low-pass filter 
(SLP-1.9+, Mini-Circuits, New York, USA).

First, the scanner was used in its normal operation ap-
plying the CP mode to investigate the correlation between 
thermistor-based temperature measurements and trans-
mitted power under pulsed RF and gradient conditions. 
Gradient echo (GRE) sequences (TR = 15 ms, RF pulse 
length 2 ms) were run with nominal flip angles varying 
from 10° to 90° in 10° increments while RF-pulse shape 
and transmit power differences were measured with a 
pick-up coil and a fast ADC card (M3i.4142, Spectrum 
Instruments, Grosshansdorf, Germany). The temperature 
from the sensor was recorded, and the transmitted power 
calculated by integrating the sinc-shaped RF pulses from 
the pickup coil.

Second, the prediction of RF-induced heating based on QT
S
 

was investigated by driving the birdcage body coil as a two-
channel pTx coil using two channels of the eight-channel pTx 
system. For this two-channel system, N2 = 4 measurements 
(RF pulse duration = 4 to 5 s, cooling time ∼ 2s, total ac-
quisition time ∼ 30s) were needed to acquire QT

S
. Amplitude 

and phase of the RF channels were then modified, the corre-
sponding RF heating determined and compared to the predic-
tion based on QT

S
. This procedure was repeated at a second 

implant location.

3.3.2  |  QE

S
 based mitigation and imaging with 

an eight-channel head coil

The experimental setup is shown in Figure 2B. An eight-
channel pTx head coil (RAPID Biomedical, Rimpar, 
Germany) was used for transmission. Mock implant 1 
was placed off-center in a plastic container (275 × 220 × 
70) mm³ filled (filling height 65 mm) with the same PVP 
mixture. The implant is immersed 177 mm (30 mm under 
the phantom surface) inside the phantom and connected 
to the filter plate. Nine plastic tubes were integrated into 
the phantom (five PVP filled, four air filled) to generate 
some contrast.

QE
S
 was obtained by transmitting N2 = 64 rectangular 

RF pulses (Vpeak = 15V, duration = 200 μs ) using an FID 
sequence.

This setup is used to test the feasibility of QE
S
 based 

pTx mitigation under MR conditions and to compare the 
image quality of different pTx modes (WC, B1-shim, OP, 
and NM). It resembles the situation, where diagnostic in-
formation in an ROI near but not directly at the implant 
is desired. For this purpose, a B+

1  mapping sequence (2D 
GRE, echo time [TE]/TR = 3/30 ms, FOV = 256 × 256 
mm2, in-plane resolution = (1 × 1) mm², slice thickness 
= 10 mm) was applied to calculate relative B+

1  maps for 
each pTx channel. The B+

1  shim was then defined as con-
structive interference of all single element B+

1  fields at the 
central plastic tube. This B1-shim setting was used as the 
reference imaging mode and to calculate the OP mode. 
For each transmission mode, a coronal and an axial 2D 
GRE image (TE∕TR = 4∕11 ms, FOV = 300 × 300 mm2,  
in-plane resolution (0.6 × 0.6) mm2, slice thickness 10 
mm, 2 averages) was acquired, ie, a total of eight images. 
In each case, the total forward power measured by the 
scanner was set to Pmeas = 24 ± 0.5W and the E-field at 
the implant tip was measured with the diode.

4  |   RESULTS

4.1  |  Testbed experiments

4.1.1  |  QE

S
 acquisition

A raw acquisition to determine QE
S
 is shown in Figure 4A. In 

this particular case, only 44 of 64 two-channel combinations 
induced a detectable current in the wire. The resulting QE

S
 for 

this implant location is shown in Figure 4B. Channels 2 and 
8 made the strongest contribution, while the induced signal 
from channels 4 to 6 was negligible. This result is reasonable 
since the implant was in the bottom half of the head coil near 
channels 1 to 3 and 8.
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4.1.2  |  QT

S
 acquisition

Amplitudes and phases from QT
S
 acquired at the same loca-

tion are shown in Figure 4C. Here, 55 out 64 two-channel 
combinations create detectable temperature changes.

For ten consecutive QT
S

 acquisitions, the tempera-
ture curves are plotted atop of each other in Figure 5A, 
demonstrating the repeatability of the measurement. The 
maximum temperature increase during a single acquisi-
tion of ∼ 1 min was ΔT = 82 ± 0.8 mK, indicating that 

F I G U R E  4   QS acquisition and evaluation based on the diode and thermistor signals in benchtop experiments at 300 MHz. A, QS acquisition 
(diode measurements are displayed with a solid blue line and 0.5 s thermistor readings with the same amplitude and phase are displayed with a 
dotted black line) for an eight-channel RF coil (64 RF pulses). The temperature and diode signals were independently acquired, and no calibration 
has been done and needed between temperature increase and diode voltage for pTx mitigation. Axes scales were adjusted only for visualization. 
Amplitudes and phases of the calculated QE

S
 (B) and QT

S
 (C). In both configurations a combination of channel 2 and channel 8 show the highest 

coupling to the implant. With respect to magnitude, the sensitivity of QT
S
 is higher compared to QE

S
, while the phases of dominant channels show 

similar values for both approaches
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F I G U R E  5   QT
S
 acquisition and repeatability based on thermistor readings in testbed experiments at 300 MHz. A, The dashed line shows 

the interval of the RF pulse train. Temperature readings for 64 consecutive RF pulses of 0.5 s followed by 0.5 s of cooling after each pulse. This 
sequence was repeated 10 times at the same location to analyze the reproducibility of the method. B, Heating rate dT∕dt of a single QT

S
 acquisition 

(10 times repetition). C, Single cycle thermistor readings showing the sensitivity (26 µK) and precision (100 µK) of the thermistor readings. D, 
Calculated eigenvalues (normalized) including SD for the 10 repetitions of the QT

S
 acquisition. E, Amplitudes of the QT

S
 with error bars indicating 

the SD for all repetitions and phase of one QT
S
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QT
S

 can be acquired with negligible implant heating in a 
pre-scan. The extracted derivatives dT∕dt from Figure 
5A are depicted in Figure 5B. The sensor resolution is 
fully sufficient to capture such small heating effects 
without RF interference (cf. Ref. [29]), as is shown in 
Figure 5C where a mean slope of 13.9 ± 0.8 mK∕s (5.5% 
SD over 10 repetitions) was determined for a single RF 
pulse. QT

S
 is calculated from these slopes and its eigen-

values and eigenvectors (Figure 5D) are then used to 
calculate the mitigation modes. The maximum normal-
ized eigenvalue has a 73% weight in this particular case 
with a 2% SD over 10 measurements. The QT

S
 amplitudes 

are depicted in Figure 5E. The relative SDs increase for 
channel combinations with lower (and less significant) 
absolute heating rates.

4.1.3  |  QE

S
 based pTx mitigation

The concept of QE
S
 based hazard mitigation is illustrated in 

Figure 6 where the sensor readings in an axial plane (x-y 
plane, Figure 1) of the cylindrical phantom are shown for dif-
ferent excitation modes. In CP mode (Figure 6A), the E-field 
signal is higher in implant locations near the phantom wall 
while a local minimum occurs in the central region.

Compared to this reference, the OP and NM modes with 
the same RF power reduce the sensor signal in all or 99% 
of the investigated locations, respectively. In two positions, 
NM produced a 14% and 18% higher sensor reading than CP. 
At the implant location (x = 0, y = 0) with the highest RF-
induced values in CP mode, readings were 12 and 32 times 
lower for OP and NM, respectively. The highest measured 

F I G U R E  6   The results of the QE
S
 mapping experiment in a 110 × 140 mm2 area with 10 mm resolution in the 300 MHz testbed. The implant 

is immersed 120 mm into the phantom. A, The induced voltage measurements from the modes CP, OP and NM are shown. The OP and NM are 
calculated and applied by using the acquired QE

S
. In B, The temperature change rate map of subsequent 2 s temperature experiments using the 

acquired QE
S
 for the CP, OP and NM are shown. The induced peak voltage measured over the diode correlates linearly (Pearson coefficient: r > 

0.94, P < .001) with the square root of the heating rate measured with the thermistor



518  |      SILEMEK et al.

OP voltage was still four times lower than CP at that location 
(x = 4, y = 13).

For all three modes, the simultaneously measured heat-
ing rates (Figure 6B) correspond well to the diode sig-
nals (Figure 6A) indicating that the measured E-fields 
have insignificant RF interference to the pTx mitigations. 
The measured temperature time courses are depicted in 
Supporting Information Figure S1A, which is available on-
line (absolute temperatures), and Supporting Information 
Figure S1B (normalized to local temperature maximum). 
For CP, the highest temperature increase was 20.5 mK (in 
the lower left corner of the map). At the same location, OP 
and NM generated 1.9 mK and 0.9 mK, respectively, with 
the same forward power.

The ratios between the different transmission modes are 
displayed in Figure 7A. OP and NM reduced the induced 
voltages by a factor ≥2 in 99% and 93%, respectively, of 
the mapped area, compared to CP. The statistical results are 
shown in Figure 7B. The induced voltages for the CP have a 
median of 27.7 mV, whereas the OP and NM have 0.63 mV 
and 0.56 mV median values, respectively. The SDs for the OP 
and NM are 1.57 mV and 3.76 mV.

4.1.4  |  QT

S
 based pTx mitigation

Raw data to derive QT
S
 and subsequent mitigation results 

are presented in Figure 8. These lengthier acquisitions 
were only performed at seven positions (Figure 8A). Only 
three locations are shown and the complete figure is found 
in the Supporting Information Figure S4. The QT

S
 matri-

ces (Figure 8B) are displayed together with diode (Figure 
8C) and thermistor (Figure 8D) signals for the excitation 
modes WC, CP, OP, and NM. For comparison, the re-
sults for QE

S
 and the sensor signals for QE

S
 derived miti-

gation modes at these locations are depicted in (Figure 
8E-G). It can be seen that diode and thermistor signals 
correlate well and describe the momentary patient hazard 
consistently.

QT
S
 based pTx mitigation was successful at all loca-

tions, with both OP and NM showing reduced heating 
compared to CP mode. Notably, the QT

S
 based OP mode 

outperformed both the QE
S
 based OP mode and the QT

S
 

based NM mitigation. For NM, the picture is reversed in 
so far as the QE

S
 based variant performed better than the 

QT
S
 version in most but not all locations. These are minor 

differences, however; generally, all four mitigation modes 
perform well.

The dominant channel combinations show similar pat-
terns for QE

S
 and QT

S
; only the number of non-zero entries are 

higher in QT
S
. As expected, the coupled amplitudes are high-

est in locations toward the edge of the phantom.

4.2  |  MR experiments

4.2.1  |  Prediction of RF-induced heating using 
a two-channel body coil

Figure 9A depicts temperature curves during a GRE sequence 
under varying flip angles. Measurement precision and noise 
level under pulsed gradient and RF conditions are not no-
ticeably different from the testbed case (cf. Figure 5C). The 
transmitted RF power correlates well with the temperature 
increase (Figure 9B). In two-channel pTx experiments using 
the dual-drive body coil, QT

S
 becomes a 2 × 2 matrix and the 

temperature curves for its four elements are shown in Figure 
9C. Once QT

S
 is known, the heating rate for arbitrary excita-

tions can be predicted (Figure 9D). This procedure was re-
peated at another location, first QT

S
 was measured (Figure 9E) 

and then used to predict RF-induced implant heating for dif-
ferent transmit modes. The measured temperature increases 
after 5 s (Figure 9F) were 2.9 mK and 1.0 mK, while 2.4 mK 
and 0.8 mK were predicted.

4.2.2  |  Eight-channel pTx 
mitigation and imaging

MRI results for QE
S
 based mitigation using the eight-channel 

pTx system and head coil are shown in Figure 10. Panels A to 
D show coronal and panels E to H axial images at the location 
of the red cursor for the transmission modes WC, B1-shim, 
OP, and NM. The “B1-shim” based on previously acquired 
relative B+

1 -maps is defined as equal amplitudes per channel 
and phases set for maximum B+

1  at the position of the red cur-
sor. The B0 artifact due to the RMS sensors can be seen at the 
tip of the implant in the coronal images.

Image signal-to-noise ratios (SNRs) (Figure 10I-K) were 
extracted for all transmission modes along the dotted lines 
indicated in the images. It can be seen that OP mode was 
derived from the B1-shim as their profiles coincide almost ev-
erywhere, only the imaging artifact near the implant is much 
reduced for OP. NM also reduces this artifact but at the cost 
of an overall degraded image quality. The diode signals at 
the implant tip are shown in Figure 10L. As expected, WC 
shows the highest values (142.2 mV), followed by B1-shim 
(15.6 mV) and the mitigation modes NM (5.9 mV) and OP 
(0.9 mV).

5  |   DISCUSSION

The presented results demonstrate that small and low-cost 
RMS sensors, ie, a diode and a thermistor, can be used to 
substantially reduce the risk for RF-induced heating in an 
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implant. The QS approach allows pTx-based mitigation of 
implant related RF hazards based solely on this sensor signal. 
This novel safety approach was successfully tested in testbed 
measurements at 7T frequency and with a pTx capable 3T 
MRI.

5.1  |  Hazard mitigation

Both QT
S
 and QE

S
 based pTx mitigations were able to reduce 

RF-induced E-fields and temperatures at the implant tip com-
pared to reference modes (CP or B1-shim).

In testbed experiments at 300 MHz, the E-field signal 
could be reduced everywhere and by a factor ≥2 in 98% of 
the investigated area. In both testbed and MR experiments, 
the thermistor allowed tip temperature measurements with 
high temporal (~25 Hz) and temperature precision (~100 µK) 

which is not currently possible with fiberoptic probes.29 This 
sensitivity enables safe and fast QT

S
 acquisitions with low RF 

power and the accurate assessment of higher temperature 
changes for the purpose of safety monitoring (Supporting 
Information Figure S2).

In principle, a single QS acquisition per subject and posi-
tion is sufficient to ensure safe scanning as described before. 
Repeated acquisitions before each new sequence might be 
safer, however, in case of patient motion, changes of electro-
magnetic or thermal properties such as perfusion, and they are 
mandatory for ‘moving implants’, ie, during interventional 
procedures. In particular, the diode sensor is real time capa-
ble, as QE

S
 acquisition and calculation of an implant-friendly 

transmission vector take only ∼ 20ms. QT
S
 acquisition, on the 

other hand, takes around ∼ 1min for an eight-channel coil and 
∼ 4s for a two-channel body coil. These fast and precise tem-
perature measurements allow accurate correlation between 

F I G U R E  7   A, The induced voltage ratios are shown for each acquired mode. Both OP and NM reduces power at nearly all positions (99%). 
More than 2 times reduction is obtained in 95% of the positions. B, Box plot of induced voltages for CP, OP and NM excitation using Tukey’s 
original definition.94 The orange line indicates the median (50 percentile), the box 25 (Q1) and 75 (Q3) percentile (interquartile range, IQR), the 
whiskers are minimum datum above Q1-1.5*IQR and maximum datum below Q3+1.5*IQR and the crosses outliers. The smaller plot shows the 
zoomed OP and NM values as their median is close to zero
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dT∕dt and SAR; therefore, much slower effects (eg, perfu-
sion) can be ignored for pTx mitigation.

The body coil experiments demonstrate how temperature 
increase can be predicted for any phase and amplitude setting 
using QT

S
. However, a small over-/underestimation is visible 

(Figure 9D,F). This estimation error might be explained by 
the low RF power applied (the measurements are close to the 
sensitivity limit of the thermistors) and drifting background 
temperature of the phantom, which was not compensated.

While the diode gives E-field information, the thermistor 
provides temperature. Both quantities have their advantages 
and disadvantages. A field-based mitigation approach is 
faster and can be directly related to SAR, which is at present 
the most widely used metric in the RF safety context.3,4 A 
diode signal can therefore easily be integrated into existing 
pTx safety approaches, eg, based on electromagnetic field 
simulations and virtual observation points.65 As long as the 
implant affects the RF field distribution mostly locally, the 
sensor information can be combined with precomputed voxel 
models of the native human (without implants) to assess local 
SAR for arbitrary pTx pulses everywhere in the body. QT

S
, 

on the other hand, is a more direct safety measure as tissue 
is damaged by temperature, not SAR.66-69 Thermal processes 
like perfusion or thermal conductivity of tissue and implant 

affect the temperature evolution,46,70,71 and the thermal bur-
den to the tissue may be moderate despite high E-fields. 
Overly conservative power limits could be avoided in such 
cases by an implant safety assessment rooted in temperature. 
In general, a combination of both field and temperature infor-
mation, would allow field-based pTx mitigation in real time 
together with temperature monitoring in situ to evaluate and 
update the applied thermal dose. Two independent sensor 
signals have the additional advantage to make this approach 
more robust and failsafe.

5.2  |  Advantages and limitations

It is important to highlight that the QS approach measures 
and mitigates field and temperatures directly at the hotspot 
location of the implant. All subject-specific parameters such 
as implant trajectory and location or the electrical parameters 
of the surrounding tissues are already included. This is a big 
advantage compared to simulation-based assessments, where 
a few voxel models are investigated instead of the real pa-
tient which leaves substantial room for error. eg, only a small 
variation of the implant location by 5 mm, may change the 
induced fields by a factor of 5.29

F I G U R E  8   Testbed results at 300 MHz. A, The results of the QS experiment is shown in the selected locations indicated by the white crosses. 
B, The channel amplitudes of the resulted QT

S
 are shown. The induced currents resulted from the pTx mitigations based on the QT

S
 (C) and 2 s long 

temperature experiments using the QT
S
 (D). (E) Amplitudes of the QE

S
 at the same location of the QT

S
 and the same transmit power. The induced 

currents resulted from the pTx mitigations of QE
S
 (F) and 2 s long temperature experiments based on the QE

S
 (G). The complete figure including all 

measured locations is found as Supplementary Information Figure S4



      |  521SILEMEK et al.

A limitation of the presented work is that no calibra-
tion was performed to assess absolute induced signals and 
relate them to tissue temperatures. Even though pTx miti-
gation should be robust to changes in electromagnetic and 
thermal tissue properties, a tissue dependent calibration 
using standardized phantoms and fields37,72,73 is needed 
for absolute thermal dose assessment.66,68 Independent 
of this calibration, assessment of the thermal dose might 
be challenging in particular for applications where back-
ground field and electromagnetic tissue parameters 
change simultaneously eg, for interventional MR. It needs 
to be investigated further if multiple QS acquisitions or 
additional simulation-based evaluations of the underlying 
uncertainties might improve the results. Another import-
ant limitation is its exclusive focus on the implant: unlike 
simulations, the sensor tells nothing about the rest of the 
body. QS can only be one part of a comprehensive safety 
concept, therefore.

The implant cable carrying the measured diode signals 
acts as a transmission line.74,75 This transmission line may 
contribute to erroneous E-field measurements.76 Here, QE

S
 

elements were extracted from 200 µs long RF pulses (ie, 
modulation frequency, fm = 5 kHz) in all pTx experiments. 
The corresponding dT∕dt measurements were significantly 
in agreement with the measured induced voltages (Figure 
6) validating the E-field probe measurements.77 Further in-
creases in fm may generate errors; however, once the circuit 
model is known, the corresponding sensor signal can be 
determined.76,77

All results were achieved with simple mock implants. 
The use of simplified models or mock implants is, how-
ever, common practice in the literature on implant safety in 
MRI.25,28,32,33,37,78-83 It is undoubtedly possible to equip real-
life implants with sensors, eg, with interventional devices 
this is a well-known common practice.50,84,85 The sensor 
approach is designed for wire-like implants and requires a 

F I G U R E  9   Prediction of RF-induced heating based on QT
S
 thermistor measurements inside a pTx capable 3T MRI. A two-channel birdcage 

body coil was used for transmission. A, Temperature rise deduced from the thermistor vs. nominal flip angle. B, Temperature slope vs measured 
transmitted power. C, QT

S
 raw data (4 measurements in total; based on the two-channel system). D, Temperature slopes measured during MRI 

for different excitation voltages vs QT
S
 based prediction of temperature slopes. QT

S
 raw data from a second location (E) and the corresponding 

temperature increase for different complex excitation vectors compared to QT
S
 based predictions of the temperature increase (F). QT

S
 acquisition can 

be performed with implant tip heating <0.1 K
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F I G U R E  1 0   MRI experiments using eight-channel pTx. QE
S
 is obtained using the diode signal (eight-channels, 64 measurements). Red cross 

from the 3T MRI images marks the selected shim location for the imaging. The coronal (A-D) and axial (E-H) images of the four different modes: 
WC, B1-shim, OP, and NM, respectively. SNR for all pTx excitations along x-axis (I; red-dotted line in A), y-axis (J; red-dotted line in E), and 
z-axis (K; green dotted line in A). B1-shim and OP have very similar image profiles. L, Induced diode signals on the implant for all pTx modes. OP 
and NM show substantially smaller induced voltages compared to WC and B1-shim
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priori knowledge of the hot spot location. Usually, this is the 
tip end since, among other reasons, everywhere else the im-
plant is insulated and heating via capacitive coupling alone 
is uncritical. For hypothetical implants with more than one 
hot spot, the extension of QS to multiple sensors would be 
straightforward.

Previous works used current sensors,28,49,86 or time-
domain E-field probes,29,87 which detect phase sensitive 
information. The advantage of the presented RMS sensors 
is their small footprint (<1.5 mm3), low-cost, and simple 
readout electronics. Geometrically, it should always be fea-
sible to position these sensors directly where the maximum 
heating is expected. Thus, ensuring maximum sensitivity, 
while avoiding measurements at current null positions, 
which do not necessarily correspond to a tip current null, 
eg, due to wavelength effects. Even though designs exist 
to eg, integrate diodes in electrodes,88 positioning of RMS 
sensors at the implant tip may not be feasible without im-
pairing the functionality of the medical implant. However, 
sensor location is not necessarily restricted to the implant 
tip. As an example, we performed experiments with a third 
mock implant where the diode position is 4 cm away from 
the implant tip (Supporting Information Figure S3). This 
configuration does not alter the implant tip geometry, is 
completely embedded within the implant and can accu-
rately correlate flip angle to induced sensor values even 
for low transmit powers. The thermistor on the other hand 
needs to be close to the temperature hotspot using high 
thermal conductive components for coating in order to 
reflect tissue temperature more accurately. eg, it has been 
demonstrated that a thermistor was successfully used with 
a silver electrode in MRI heating experiments.46

Even though it was not the objective of this work to visu-
alize the implant tip,2,49,89,90 a disadvantage shown in our data 
are the strong susceptibility artifacts of the embedded sensors 
that are visible around the implant tip (Figure 10A-D). A pos-
sible explanation might be nickel oxide in the NTCs and/or 
the used solder metal. Other works show less severe suscepti-
bility artifacts using off-the-shelf NTCs46 and it is reasonable 
to assume that MR compatible RMS sensors will become 
available similar to the availability of non-magnetic ceramic 
capacitors used eg, in RF coils. Another solution is to place 
the diode for QE

S
 based pTx mitigation a few cm away from 

the tip, which shifts the susceptibility artefact away from the 
implant tip (Supporting Information Figure S3). With such 
a configuration, QS could then also be applied to visualize 
the complete guidewire eg, by a difference image between a 
(low-flip angle) CP or WC excitation (strong B+

1  magnitude 
the implant, Figure 10A-B) and the OP (weaker B+

1  magni-
tude around the implant, Figure 10C) imaging-mode.49

Compared to imaging-based pTx mitigation tech-
niques,43,44,46,48 no B+

1 -mapping or other pre-scans need to be 
applied, which might be susceptible to errors and are still not 

real time capable, although they have tremendously improved 
over decades.42,45,47,48

In our present implementation a lead is used to sample 
the diode and thermistor signals. In real implants, system-on-
chip or wireless solutions,46,91,92 would enable a more con-
venient communication between MR scanner and implant. 
Wireless communication for implants is already regulated 
and many AIMDs are appearing on the market applying such 
technology. The necessity to get the signal from the tip to 
the communications chip, typically in the generator housing, 
would persist, however. This could be achieved by a thin extra 
lead but more intelligent solutions are conceivable.93

5.3  |  OP and NM

To illustrate the versatility of the QS approach, two different 
mitigation modes were applied in this work, null modes and 
orthogonal projection. While these are application examples 
and not the main subject of the paper, a brief comparison 
may still be worthwhile. Both showed similar performance in 
terms of reduction factors compared to the CP mode, while 
QE

S
 based NM reduction was slightly higher, compared to 

OP, in 62% of the investigated 154 locations. OP was able 
to reduce the tip voltage everywhere, compared to CP, while 
for NM it was 14% and 17% higher than CP at two loca-
tions. This might be attributed to the fact, that only a single 
null mode was used for pTx mitigation and a different eigen-
vector or combination of multiple null modes would further 
improve these results.28 In terms of mitigation, both modes 
work well, in general.

The main advantage of the OP method is the underlying 
imaging information that is partially preserved in the trans-
mission vector. As such, any B+

1 -shim setting or standard CP 
can be used as a basis for pTx mitigation in the OP mode 
without the need for any additional acquisition or simula-
tion.29 Using only a single NM degrades imaging quality 
substantially (Figure 10); however, in principle a linear com-
bination of different NMs can be used for B+

1 -shimming, if B+
1

-profiles for these NMs are acquired beforehand.28

6  |   CONCLUSIONS

A novel safety strategy for pTx-based MR systems is pre-
sented; based on RMS sensors embedded in an implant and 
the QS formalism. In this explorative study, RF-induced heat-
ing could be successfully mitigated in mock implants, while 
maintaining B+

1 . The proposed approach is real-time capable, 
patient and exam specific and solely based on the embedded 
sensor signals. No additional electromagnetic field simula-
tions or a priori safety testing in vitro is required. The pre-
sented results suggest that “smart” implants with embedded 
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sensors, communicating with a scanner, may well be a prom-
ising concept toward safe scanning of patients with implants.
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Additional supporting information may be found online in 
the Supporting Information section.

FIGURE S1 Measured temperature profiles from the CP, 
OP and NM based excitations (Figure 6) based on the QE

S 
acquisition at 300 MHz in the testbed setup. (A) Absolute 
temperature differences and (B) normalized temperature dif-
ferences to the local temperature maximum. A maximum 
temperature difference of 20.5 mK (x0y0) was found in CP 
mode for an applied RF pulse duration of 2 s. At this location 
the proposed pTx mitigation method reduced the temperature 
increase to 1.9 mK for OP and 0.9 mK for NM
FIGURE S2 A) RF-heating experiments with 2.87 W RF 
power applied over 300 s to implant#1 show a high-dynamic 
range of the thermistor-based temperature measurements. 
The temperature increase was 2.53 K. (B) Induced voltage 
measured at the diode for this particular RF heating transmis-
sion pulse of 1.2 ms length. For a temperature increase above 
1°C, thermistor readings were previously compared to tem-
perature measurements of fiber-optic temperature probes29
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FIGURE S3 (A) Implant #3 with a diode placed 4 cm away 
from the implant tip, which was not altered. The diode was 
soldered to the inner conductor on anode and cathode and 
sealed using hot glue. (B) Coronal GRE 3T MR-image of the 
wire showing the shifted susceptibility artefact (signal void) 
of the diode below the implant tip. (C) Induced voltages mea-
sured at the diode for various applied flip angles (10°-90°). 
For a flip angle of 90°, the scanner reported time averaged RF 
power was 190 W with an excitation voltage of 393 V. For 10° 
flip angle, the applied time averaged RF power by the scanner 
is about 2 W. Each induced voltage resembles the envelope 
of the applied RF pulse. (D) Measured peak induced voltage 
versus applied flip angle. A good correlation (Pearson cor-
relation is r > 0.99, P < .001) and high dynamic range of the 
diode signal can be seen. Even low flip angles can be distin-
guished correctly, without the need to position the diode at 
the implant tip and alter the implant tip electromagnetically
FIGURE S4 The complete Figure 8 including results of all 
seven locations of the testbed results at 300 MHz (A) The 

results of the QS experiment is shown in the selected loca-
tions indicated by the white crosses. (B) The channel ampli-
tudes of the resulted QT

S are shown. (C) The induced currents 
resulted from the pTx mitigations based on the QT

S and (D) 2 
s long temperature experiments using the QT

S. (E) Amplitudes 
of the QE

S
at the same location of the QT

S
 and the same transmit 

power. (F) The induced currents resulted from the pTx mit-
igations of QE

S (G) 2 s long temperature experiments based 
on the QE

S
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