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ABSTRACT
Magnetic resonance thermometry (MRT) can measure in-vivo 3D-temperature changes in real-time and 
noninvasively. However, for the oropharynx region and the entire head and neck, motion potentially 
introduces large artifacts. Considering long treatment times of 60–90 min, this study aims to evaluate 
whether MRT around the oropharynx is clinically feasible for hyperthermia treatments and quantify the 
effects of breathing and swallowing on MRT performance. A 3D-ME-FGRE sequence was used in a 
phantom cooling down and around the oropharynx of five volunteers over ~75 min. The imaging protocol 
consisted of imaging with acceleration (ARC = 2), number of image averages (NEX = 1,2 and 3). For 
volunteers, the acquisitions included a breath-hold scan and scans with deliberate swallowing. MRT 
performance was quantified in neck muscle, spinal cord and masseter muscle, using mean average error 
(MAE), mean error (ME) and spatial standard deviation (SD). In phantom, an increase in NEX leads to a 
significant decrease in SD, but MAE and ME were unchanged. No significant difference was found in 
volunteers between the different scans. There was a significant difference between the regions evaluated: 
neck muscle had the best MAE (=1.96 °C) and SD (=0.82 °C), followed by spinal cord (MAE = 3.17 °C, SD = 
0.92 °C) and masseter muscle (MAE = 4.53 °C, SD = 1.16 °C). Concerning the ME, spinal cord did best, then 
neck muscle and masseter muscle, with values of −0.64 °C, 1.15 °C and −3.05 °C respectively. Breathing, 
swallowing, and different ways of imaging (acceleration and NEX) do not significantly influence the MRT 
performance in the oropharynx region. The ROI selected however, leads to significant differences.

1.  Introduction

Patients with head and neck cancer often have a poor prog-
nosis. Common risk factors are tobacco and alcohol use 
(accounting for 72% of cases when combined [1]), but also 
human papillomavirus (with a large variation globally, but 
linked to more than 50% of cases in the United Kingdom [2]). 
Head and neck cancer patients can be difficult to treat, as 
many important structures are present in a very small region, 
which limit treatment options and dosage [3].

Hyperthermia therapy is an attractive sensitizer for chemo-, 
radio- and immunotherapy [4]. This becomes especially rele-
vant for head and neck patients with larger tumors that are 
inoperable, or in the presence of other limiting factors such 
as tight dose constraints when re-irradiating or close proxim-
ity to critical normal tissues. In order to achieve the maxi-
mum effect with the hyperthermia treatment, the temperature 
of the tumor tissue should lie between 39-43 °C for a dura-
tion of at least 60 min [5].

It is important to validate that the temperature achieved 
lies in the desired range, because if the temperature is too 
low, the sensitizing effects of the hyperthermia treatment are 
limited or not existent; and if the temperature is above the 
desired range, there is an increased risk in permanent tissue 
damage in surrounding healthy tissue [6,7]. The heating 
behavior of subjects is highly individual because of the nat-
ural variation in tissue properties, such as perfusion, blood 
flow and energy absorption rate [8], and thus cannot easily 
be predicted. For these reasons, the temperature needs to be 
monitored during the treatment, which is usually done using 
intraluminal or invasive catheters containing temperature 
probes. However, clinical experience demonstrates that, espe-
cially in the head and neck region, it is not without risk or 
simply impossible to place the probes close to the tumor, 
especially if the tumor is located in the pharynx or larynx. 
Moreover, temperature sensors only provide point-like mea-
surements, and thus very limited information, which means 
that possible hot or cold spots could remain undetected.

© 2024 the author(s). published with license by taylor & francis Group, llC

CONTACT theresa V. feddersen  t.feddersen@erasmusmc.nl  Department of radiotherapy, erasmus mC Cancer Institute, university medical Center 
rotterdam, rotterdam, the netherlands

https://doi.org/10.1080/02656736.2024.2352545

this is an open access article distributed under the terms of the Creative Commons attribution license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. the terms on which this article has been published allow the posting of the accepted 
manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
received 4 September 2023
revised 26 april 2024
accepted 2 may 2024

KEYWORDS
magnetic resonance 
thermometry; mrt; head 
and neck; hyperthermia; 
prfS

http://orcid.org/0000-0002-5891-2139
mailto:t.feddersen@erasmusmc.nl
https://doi.org/10.1080/02656736.2024.2352545
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/02656736.2024.2352545&domain=pdf&date_stamp=2024-7-11
http://www.tandfonline.com


2 T. V. FEDDERSEN ET AL.

Magnetic resonance thermometry (MRT) has as benefit 
that it can measure three-dimensional (3D) temperature 
changes non-invasively. The most commonly used method 
is proton resonance frequency shift (PRFS) [9], which has 
superior accuracy, linearity with temperature, and tissue 
independence (except for fat). PRFS MRT is most commonly 
acquired with gradient-recalled echo (GRE) acquisitions, 
although other options have been explored [10–12]. 
Clinically, only double echo gradient-recalled echo (DE-GRE) 
is currently used for hyperthermia. Clinical ablation treat-
ments usually use single echo GRE. However, 3D multi echo 
gradient recalled echo (3D-ME-FGRE) was shown to signifi-
cantly improve mean average error (MAE) and mean error 
(ME) in the brain [13]. This is most likely due to the increased 
amount of information supplied by the additional echoes, 
and hence more accurate measurement of the temperature 
change. MRT has successfully been demonstrated in sarco-
mas, pelvis and the brain [13–15]. Recently, an MR-compatible 
hyperthermia applicator for the head and neck was devel-
oped [16,17] at our institution: the MRcollar. At the time of 
writing, the device is in its final stages of being approved 
for clinical use and hence creates a need to develop reliable 
PRFS MRT.

One of the main challenges of PRFS MRT is that the 
off-resonance frequency changes due to temperature are 
small, compared to disturbances of the frequency due to 
motion such as breathing and swallowing [18]. Therefore, 
temperature feedback during hyperthermia treatments in the 
head and neck region, currently is very limited [19]. To reduce 
the effect of intra-scan motion, acceleration of image acqui-
sition is actively researched [20–23], bringing many advan-
tages such as shorter imaging times, less opportunity for 
anatomy to move during the scan, and the option to increase 
field of view (FOV) coverage or resolution at the same imag-
ing time.

The only in-vivo MRT evaluation in head and neck for 
hyperthermia application was performed by Pichardo et  al. 
[24]. The study focused on correcting the breathing motion 
artifacts in pigs. However, the pigs were immobilized, anes-
thetized and ventilated, which is not realistic in head and 
neck patients. A more patient friendly procedure is thus 
called for, in order to demonstrate the feasibility of MRT in 
the head and neck in humans.

The objective of this paper is to investigate whether MRT 
is possible in realistic motion conditions in the region 
around the oropharynx of healthy unheated volunteers. We 
aim to identify how MRT performance in the region is 
affected by swallowing and breathing, as well as pin-point 
(more) reliable anatomical regions for MRT. Further, we 
explore possible trends in MRT performance regarding dif-
ferent imaging setting in the form of accelerating the scan 
and averaging it. All these are important factors to consider 
in order to advance hyperthermia therapy in the head 
and neck.

2.  Materials and methods

All acquisitions were made using a 22-channel head and 
neck imaging coil on a 1.5 T magnetic resonance imaging 
(MRI) scanner (GE Healthcare, Waukesha, WI, USA). A 3D-ME-
FGRE sequence with settings given below was used for all 
acquisitions in both phantom and volunteers.

2.1.  Phantom

To evaluate the motion-free baseline performance as well as 
temperature sensitivity and accuracy of the different acquisi-
tions, we performed an experiment during the cooling down 
phase of a phantom. The design is described in more detail 
in Appendix I.

2.1.1.  Acquisition settings
MRI acquisition parameters for the phantom experiment are 
listed in Table 1.

2.1.2.  Experimental set-up
In order to investigate the MRT of the phantom it was filled 
with hot water of about 65 °C, positioned in the MRI, and 
non-perturbing, electromagnetically insensitive temperature 
sensors (part of the PYREXAR BSD2000-3D-MRI deep hyper-
thermia system) with an accuracy of ±0.2 °C over a range of 
25 to 52 °C were placed in the catheters. When the tempera-
ture in the center vial reached a temperature of 49 °C, imag-
ing commenced, whilst the phantom was slowly cooling 
down to 36 °C over the course of 140 min. The imaging pro-
tocol included scans with different settings of accelerations 
(ARC) and number of image averages (NEX), all of which are 
presented in Table 2. For ARC we have employed short 
averaging.

2.1.3.  Postprocessing
An outline of the postprocessing can be found in Appendix I; 
the detailed pipeline is described in [13].

2.2.  In-vivo

2.2.1.  Subjects
Five volunteers without dental braces or wires were recruited. 
For the sequence and its settings used here, metal would 
lead to large artifacts, possibly obscuring the fat and other 
regions of relevant anatomy for this study. All volunteers 

Table 1. mrI acquisition parameters for the phantom experiment.

foV (cm3) 19 2 19 2 4 0. . .× ×
voxel spacing (reconstructed) (mm3) 0 75 0 75 2 5. . .× ×
acquisition matrix 128 128 8× ×
acquired voxel size (mm3) 1 5 1 5 5. .× ×
tr (ms) 42.3
flip angle (°) 13
number of echoes 9
BW (kHz) 83.33
echo spacing (ms) 2.2
temin–temax (ms) 1.8–19.0

Table 2. Imaging protocol for the phantom experiment, including acceleration 
settings, number of image averages (neX) and the resulting acquisition time.

Scan # acceleration (arC) neX acquisition time

1 2 1 00:27
2 1 1 00:44
3 1 2 01:27
4 1 3 02:11
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signed an informed consent (protocol MEC-2014-096, 
approved by the Erasmus MC Medical Ethical Committee).

2.2.2.  Acquisition settings
The acquisition parameters were chosen such that the acqui-
sition time for the fastest scan (acceleration = 2) was still fea-
sible for a breath hold scan (assumed maximum of 30 s), 
keeping a resolution >1 mm and as large of an imaging vol-
ume as possible in the z-direction, see Table 3. For the final 
volunteer (#5), the anatomy was larger than the original FOV, 
and hence the FOV was increased as indicated in Table 3 
causing a different in-plane spatial resolution.

2.2.3  Experimental set-up
For the MRT investigation, the volunteers were placed in the 
MRI in a supine position inside of the head and neck coil. 
The imaging protocol included nine different scans with dif-
ferent settings (see Table 4), that were repeated five times 
each (for a total duration of ~75 min). Table 4 also shows the 
chosen acceleration, resulting acquisition times, as well as 
the instructions for these respective scans for breath hold 
and swallowing. For the breath hold scan, the scanner was 
automatically instructing the volunteers to hold their breath. 
The breath hold was only investigated for one scan setting, 
as we were limited by the physical constraints of the volun-
teers, assuming a maximum breath hold duration of 30 s. For 
the scans involving swallowing, the volunteers were manually 
instructed to swallow two times at random.

2.2.4  Postprocessing
The DICOM images were imported from the scanner into 
MATLAB (MATLAB and Statistics Toolbox Release 2021b, The 
MathWorks, Inc., Natick, Massachusetts, United States). The 

detailed pipeline used for processing the data is as intro-
duced in [13]. Here we provide a brief outline:

Firstly, b-spline image registration was used to correct for 
subject motion between time points. Subsequently, the 
change in off-resonance frequency as well as the water and 
fat density maps were calculated at each time point inde-
pendently using the MMT-fitting tool also introduced in [13]. 
The change in off-resonance was calculated as the difference 
between the off-resonance at time point i and the reference 
time point.

To correct for the B0 drift internal body fat was selected 
using the water and fat density maps. A linear bias field was 
then fitted to the fat mask. The resulting bias field was sub-
tracted from the change in off-resonance in order to get the 
B0 drift corrected change in off-resonance.

Finally, the temperature change ΔT was calculated by:

 ∆
∆ω
∗γ∗α

T
B

i j

i j

,

,=
0

 (1)

where ∆ωi j,  is the change in off-resonance (rad/s) in voxel i 
and time point j with respect to the reference time point, B0 is 
the magnetic field strength of the scanner (=1.5 T), γ  is the gyro-
magnetic ratio (=267.513*106rad/s/T), and α is the temperature 
change coefficient for water PRFS (=−0.01 ppm/°C).

Since water frequency estimated by our method might be 
biased in the presence of fat, voxels containing more than 
20% of fat were excluded.

The robustness was increased further through multiple 
starting points in the multi-peak multi-echo thermometry 
with PRFS (MMT-PRFS, also introduced in [13]) to avoid water/
fat swaps due to local minima, and through implementing 
b-spline image registration instead of rigid registration.

Initial results showed some water-fat swaps that corrupted 
the fat mask. This made us add an extra step to exclude indi-
vidual scans with water-fat swaps from the analysis. The cor-
rupted scans were identified by visual inspection of the 
change in off-resonance maps and statistics are reported in 
the results.

For the quantitative evaluation, three different ROIs were 
chosen: neck muscle, spinal cord and masseter muscle. This 
selection covers relevant regions across the FOV. The sizes of 
the ROIs were picked so that they would stay in the type of 
tissue aimed for, but also at sufficient distance away from 
fatty tissue. The ROIs size and positioning are indicated in 
Figure 1.

Comparing the ROIs with one another gives us a good 
indication on which regions (if any) provide us with reliable 
and stable MRT. Since the ROIs are distributed across the 
FOV, any difference in MRT performance between them can 
also indicate likely causes of these, and ideally facilitate a 
direction for future research.

2.3.  Performance calculations

Similar to [8], the quantitative MRT performance analysis was 
performed on the ROIs introduced above using the MAE, ME 
and standard deviation (SD). All three performance metrics 
are important to quantify for different reasons. MAE rep-
resents the accuracy of the temperature measurement. ME 
on the other hand shows the bias and therefore would qual-
itatively and quantitatively indicate a consistent over- or 

Table 3. mrt acquisition parameters for the in-vivo volunteer experiments.

parameters Volunteer #1–4 Volunteer #5

foV (cm3) 20 2 20 2 4 0. . .× × 21 2 21 2 4 0. . .× ×
voxel spacing (reconstructed) 

(mm3)
0 79 0 79 2 5. . .× × 0 83 0 83 2 5. . .× ×

acquisition matrix 128 128 8× × 128 128 8× ×
acquired voxel size (mm3) 1 58 1 58 5. .× × 1 66 1 66 5. .× ×
tr (ms) 39.8 37.7
flip angle (°) 12 12
number of echoes 9 9
BW (kHz) 83.33 83.33
echo spacing 2.1 2.0
temin- temax (ms) 1.2–17.9 1.2–17.4

Table 4. Scan protocol for volunteers, including acquisition times. acquisition 
times differed depending on the spatial resolution.

Scan #
acceleration 

(arC) neX
Breath 
hold Swallowing

acquisition 
time

1 2 1 1 0 00:27/00:25
2 2 1 0 0 00:27/00:25
3 2 1 0 1 00:27/00:25
4 1 1 0 0 00:44/00:41
5 1 1 0 1 00:44/00:41
6 1 2 0 0 01:27/01:22
7 1 2 0 1 01:27/01:22
8 1 3 0 0 02:11/02:00
9 1 3 0 1 02:11/02:00
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underestimation of the temperature. The spatial SD gives a 
good idea on how uniform the temperature readings are 
within the chosen ROI. This can indicate for instance if there 
is a temperature gradient present, in which case probably a 
different and more uniform ROI should be chosen for a reli-
able temperature measurement. They are defined as:

 MAE
n

T A
j

n

ROI j j=
−

−
=∑1

1 2 ,
 (2)

 ME
n

T A
j

n

ROI j j=
−

−
=∑1

1 2
( )

,
 (3)

 SD
n ROI

E T
j

n

i ROI i j ROI j=
−

−
= ∈∑ ∑1

1

1

2

2

, ,
 (4)

where T
N

EROI j i

N

i j, ,
=

=∑1 1
 is the MRT measurement at time point 

j calculated as the mean over the ROI with N voxels, Ei j,  is the 
MRT measurement of voxel i at time point j, Aj is the ground 
truth measurement at time point j, and n is the total number 
of time points where we exclude the first (reference) time 
point from the evaluation as E Ai ,1 1

=  by construction.
As defined previously [25], we aimed to fulfill the mini-

mum requirements for successful MRT in hyperthermia:  
≤ 1 °C MAE, ≤ ̛|0.5|°C ME, and ≤ 0.5 °C SD.

Statistical significance of the results was calculated with 
SPSS (IBM Corp. Released 2021. IBM SPSS Statistics for 
Windows, Version 28.0. Armonk, NY: IBM Corp). A two-sided 
independent samples t-test was performed and statistical sig-
nificance was assumed at p < 0.05. For the phantom the sig-
nificance of the differences were tested between all of the 
four different scans. For the volunteers, the significance of 
the difference was tested between the normal (NEX = 1, no 
breath hold, no swallowing) scans and all other 8 remaining 
scans for each ROI. Additionally, we also investigated the sig-
nificance of the difference between scans with the same 
acquisition settings and different instructions to the volun-
teers (i.e. no instruction vs. breath hold and vs. swallowing) 
for all three ROIs.

3.  Results

3.1.  Phantom

Figure 2 shows the MRT temperature against the tempera-
ture sensors, and Figure 3 shows the trends of temperature, 
expressed as ME, for different ROIs over time.

The results of the performance matrices of the phantom 
experiment are presented in Table 5. Results that are signifi-
cantly different are presented in bold. All values for MAE and 
ME, satisfied the minimum requirement for successful MRT 
[25], as did the SD for NEX = 2 and NEX = 3 scans.

There are no significant differences in MAE and ME when 
using acceleration, or when increasing the number of NEX. 
The SD significantly and consistently improves with an 
increase in NEX. For NEX = 2 and NEX = 3 the improvement 
is slightly less than the 1/ N  improvement expected for 
uncorrelated noise.

3.2.  Volunteers

An example of the MRT maps obtained for the different 
scans is shown in Figure 4. It can be seen that there are 
some susceptibility artifacts, especially around the teeth. It 
can also be seen in the swallowing scans 3, 5, 7 and 9 (bot-
tom row of Figure 4), that it seems to lead to larger tempera-
ture variations from zero than the other scans.

The MRT performance per scan is presented in Figures 5, 
6, and 7 for MAE, ME and SD respectively. The outliers origi-
nate from the B0 drift correction not always working per-
fectly, because we have no substantial fat present in the 
center of the imaged region (it is mainly located in the back 
of the neck and the cheeks). Hence, if there is a non-linear 
change in B0 drift, we cannot correct for that.

Visual inspection for water/fat swaps lead to the exclusion 
of 1/5 time points for scans 1-8 for one volunteer. Each bin 
(scan per ROI) thus includes 19 (scan 1-8) or 20 (scan 9) mea-
sures from the 4 different time points and 5 volunteers.

There were no significant differences found between the 
different scans, when comparing them to scan 4 (NEX = 1, no 
swallowing). The difference between motion (instruction to 
swallow) and no motion of the same acquisitions (scan 1-3, 
4&5, 6&7, and 8&9) were not significant for any ROI, nor on 
a whole.

Figure 1. example of position and size of roIs selected for volunteer mrt performance analysis. from left to right: (a) neck muscle, (B) spinal cord, and (C) 
masseter muscle.
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However, when comparing the different anatomical ROIs 
regarding MAE, ME and SD, the differences were significant 
for all performance metrics (presented in Figure 8). The best 
performance for MAE and SD was observed for ROI 1: Neck 
muscle. For ME ROI 2: spinal cord performed best, as it was 
closest to zero. None of the ROIs investigated in this study 
achieved the required performance values for successful MRT 
in hyperthermia [25].

4.  Discussion

This paper presents the first study on MRT in the head and 
neck region in human subjects, a region which is known to 
be prone to movement related artifacts in imaging.

4.1.  Impact of technical measures on MRT

In the volunteer experiments it can be observed that we are 
not yet achieving acceptable accuracy for the different scans 
tested. Accelerating the acquisition by parallel imaging (ARC 
= 2) as well as increasing scan time by increasing NEX are 
not significantly changing the MRT performance in this 
region. This is an important result, as it shows that scanning 
faster or slower does not come at the cost of MRT quality. 
Consequently, we have the freedom to either design a pro-
tocol to be as fast as possible, saving imaging time and 
potentially improving patient comfort; or going toward lon-
ger acquisition times with for example increased imaging 
resolution or a wider FOV. A sufficiently high resolution in 
the head and neck is desirable, as there are many different 
small anatomical structures in close proximity to one another 
that may heat differently, and a more extensive FOV is ben-
eficial to monitor the anatomy surrounding the tumor tar-
get region for hot spots, as well as making corrections, for 
instance for motion, easier and more robust. Past studies 

have reported that accelerating the acquisition improved 
the MRT performance [26], which stands in contrast with 
the present results. A possible explanation for these discrep-
ancies is that there are different motion patterns in different 
anatomies.

4.2  Impact of breathing and swallowing on MRT

Another important result was the insignificance of swallow-
ing and breathing on the quality of MRT. With the settings 
used, neither breath-hold nor instructions to avoid swallow-
ing seem to significantly affect the MRT performance in the 
regions investigated. Not needing to scan under breath hold 
improves patient comfort, simplifies the scanning protocol 
and reduces preparation time. The extra time can in turn be 
used to improve image resolution or FOV. The fact that swal-
lowing does not significantly impact the quality of MRT 
might simplify treatments too, as scans where the patient 
swallowed may not need to be excluded from the analysis. 
This should be verified for other ROIs and using the treat-
ment set-up in the MRcollar, before generalizing this for the 
whole anatomy of the head and neck. These results are sur-
prising, as one would have expected swallowing and breath-
ing to be associated with movement-induced artifacts, 
resulting in greater MRT errors.

4.3.  Clinical relevance of MRT in different ROIs

Another important outcome of the study is that there are 
significant differences in MRT performance among the ana-
tomical ROIs chosen. The neck muscle had the best MAE per-
formance with 1.96 ± 1.89 °C, as well as the smallest SD of 
0.82 ± 0.3 °C. However, these measured performance values 
are still higher than what we aim for and would require to 
achieve successful MRT [25].

Figure 2. the mrt temperature plotted against the sensor temperature for the phantom experiment. the horizontal error bars represent a standard error of 
±0.2 °C as specified by the vendor. the vertical error bars represent the spatial standard deviation of the roI.
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The comparatively better MRT performance of the neck 
muscle is most likely because of two reasons: Firstly, the 
neck muscle is at the back of the head, which has lower 
inter-scan motion because of the supine positioning of the 
volunteer on the scanner bed; secondly, the neck is rela-
tively far away from internal disturbances such as suscepti-
bility artifacts around deforming air cavities and non-rigid 

repositioning of the tongue. There are methods available, 
presented in Wu et  al. [27] and Nouwens et  al. [28], that 
improve the susceptibility induced temperature error in the 
pelvis, and might also prove useful in the head and neck.

The ME was best in the spinal cord. This is the only ROI 
investigated in this study that satisfies the minimum require-
ments for ME for successful hyperthermia of <0.5 °C, albeit 
only for scans 4-8. This is most likely due to the spinal cord 
having a central location in the imaged anatomy, which 
means better magnetic field uniformity as well as only small 
deformations due to the protecting surrounding structures. 
Additionally, the B0 drift correction is likely most effective 
there, as the fat mask used for correction is located in a 
near-equidistant ring around it.

For this study the masseter muscle was of interest, as tris-
mus (extreme tightness of the jaw muscles making it impos-
sible to (fully) open the mouth) has been observed as a 

Figure 3. the temperature changes expressed as mean errors for different scan settings (numbered in accordance with table 4) over time; for a: roI 1: neck 
muscle, B: roI 2: spinal cord and C: roI 3: masseter muscle.

Table 5. performance of mrt from phantom experiment covering 36–49 °C.

mae (°C) me (°C) SD (°C)

aCC = 2 (neX = 1) 0.28 −0.23 0.81
neX = 1 (aCC = 1) 0.33 −0.32 0.58
neX = 2 (aCC = 1) 0.28 −0.23 0.48
neX = 3 (aCC = 1) 0.31 −0.30 0.39
Significant differences to other results are presented in bold. all values for mae 

and me, satisfied the minimum requirement for successful mrt [25], as did 
the SD for neX = 2 and neX = 3 scans.
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side-effect of hyperthermia in the head and neck region [19], 
and one of the hypotheses is that the occurrence of trismus 
may be increased by combining radiotherapy with 
hyperthermia.

The masseter muscle is located toward the anterior part of 
the volunteers making it more susceptible to inter-scan 
motion. The results in this ROI indicate the possible influence 
of head motion with MAE and SD showing the worst 

performance of 4.53 ± 5.01 °C and 1.16 ± 0.64 °C respectively. 
The spread of the results, shown by the standard deviation 
of the mean, can be seen as an indication of the reliability of 
the ROI for MRT. At this moment, regions with large inter-scan 
motion do not provide accurate MRT, and unfortunately 
there are clinically relevant organs at risk in these regions.

It may be an important consideration for monitoring and 
guiding hyperthermia with MRT, that the tumor can be 

Figure 4. mrt maps for the temperature change of one unheated subject (volunteer #3, time point = 2) shows the qualitative differences between acquisitions. 
the rows are (from top to bottom): breath hold, normal free breathing and swallowing. the columns are (from left to right): acceleration, neX = 1, neX = 2, and 
neX = 3.

Figure 5. mae across all volunteers, displayed for all roIs and all different scan. there were no significant differences between the scans (numbered in accordance 
with table 4). the minimum requirement for successful mrt [25] is indicated by the grey band.
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Figure 6. me across all volunteers, displayed for all roIs and all different scans. there were no significant differences between the scans (numbered in accordance 
with table 4). the minimum requirement for successful mrt [25] is indicated by the grey band.

Figure 7. SD across all volunteers, displayed for all roIs and all different scans. there were no significant differences between the scans (numbered in accordance 
with table 4). the minimum requirement for successful mrt [25] is indicated by the grey band.

Figure 8. mae, me and SD of all scans, shown for the different roIs. Significant codes are noted as: 0.001=***, 0.01=**, 0.1=*. the minimum requirement for 
successful mrt [25] is indicated by the grey band.
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located in areas where a lot of motion is present, such as the 
oral cavity. However, before making conclusions in that 
regard the results of this paper should be expanded by 
repeating the procedures in the present study in the treat-
ment set-up, once the MRcollar is approved for the use on 
human subjects. Part of the applicator is a water bolus, which 
sits snugly between the patient and the antennas used for 
heating, to cool the skin of the patient and to aid the radiof-
requency transmission to the tissues. Because of the restrict-
ing water bolus around the head of the patient, we expect 
that head motion will be reduced. During the experiments in 
this study no confinement was used on the volunteers, and 
we observed a lot of motion even when asked to be still. 
Therefore we hypothesize that when imaged in the treat-
ment set-up, MRT performance may improve, however, this is 
subject to further research.

For the purpose of improving MRT performance in the 
future to realize the minimum requirements, especially when 
employing the MRcollar, one can consider optimizing the 
acquisition parameters or implementing other technologies 
that have already been developed. These include advanced 
filtering techniques [29], explicit modeling of the 
motion-induced susceptibility field changes [30–32], field 
monitoring [31], or extrapolating the heating from regions 
that are reliable.

4.4.  Limitations

The volunteers included in this study were not heated, so the 
physiological reaction of in-vivo tissues that arise as response 
to hyperthermia, such as increase in flow and diffusion, were 
not present. Repeating the experiments presented in this 
study using in-vivo heated conditions could thus influence 
the MRT measurements.

Furthermore, the volunteers used here were healthy sub-
jects and therefore did not have some of the tissues of inter-
est, such as tumor tissue or pathological lymph nodes. 
Because of their different composition, these tissues may 
behave differently than the regions investigated in this study.

In this study, we have covered relevant ROIs across the 
FOV acquired. In reality, it might be interesting to investigate 

additional areas, depending on the location of the (expected) 
tumor or potential hot spots during the hyperthermia 
treatment.

This work is only focused on a small region in the head 
and neck and the motion that can arise there. It cannot 
directly be generalized to other areas with different motion 
e.g. the pelvis.

The FOV of the acquisitions was limited to allow 
breath-hold scanning. As the results show breath-hold scan-
ning is not essential for MRT performance. Hence, the strong 
desire of the clinical staff for a larger FOV can probably be 
accommodated without excessive loss of resolution.

In its current state, the postprocessing pipeline takes a 
substantial amount of time to run (on the order of tens of 
minutes). For clinical use the processing time needs to be 
improved to the order of a few minutes to be fast enough 
for real-time monitoring and enabling MRT guided adapta-
tion of clinical hyperthermia treatment. As the current 
MATLAB and CPU based post-processing pipeline is not opti-
mized for computation time, we expect sufficient time reduc-
tion to be possible with a dedicated optimized 
implementation.

To isolate the effects of scan duration and inevitable sub-
ject motion, we only varied a small amount of acquisition 
settings and confounders. The current results pave the way 
for further optimization of MRT by for instance refining the 
acquisition parameters such as resolution, field of view, band-
width, number of echoes or repetition time. The current 
study has also only investigated 5 subjects. Therefore the 
findings of no significant differences that were found here do 
not mean that there are no differences. Further experiments 
and larger study sizes are necessary for the conclusions to be 
generalizable.

5  Conclusion

We have shown that we can map the temperature in a small 
region of the head and neck with MRT. Acceleration as well 
as averaging the MRI acquisition does not significantly affect 
the accuracy of MRT results; nor does performing a scan 
under breath hold compared to normal breathing or 

Figure 9. Schematic of the home-made phantom used. the outer four fat vials were used to correct the B0 drift, the center vial (0% fat) was used for the mrt 
analysis.
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swallowing compared to not swallowing. However, depend-
ing on which ROI is selected, the MRT performance is signifi-
cantly different. Unfortunately, none of the ROIs and scans 
fulfilled all MRT performance requirements. We indicated rel-
evant research directions to improve MRT, hopefully paving 
the way toward MRT guided hyperthermia treatment as 
adjunctive therapy in head and neck cancer patients.

Human subjects

The protocol used was approved by our institutional review 
board, protocol ‘MRI technology healthy volunteers’ 
(MEC-2014-096). After having received an explanation of the 
study, all volunteers signed an informed consent.
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Appendix I:  Phantom details

This appendix will describe the phantom used for the experiments in 
more detail, as this is not novel to the current paper and not the core 
content.

Build

The phantom was made in-house from different mixtures of distilled wa-
ter, gadolinium, water soluble surfactant, agar, sodium benzoate and 
peanut oil; following the recipe presented by Bush et  al. [33]. The mix-
tures of different fat percentages were filled into polypropylene vials and 
placed in a PVC pipe with a lid, see Figure 9.

Post-processing

The post-processing of the phantom data was described in detail before 
in [13]. The most relevant steps are briefly re-iterated below:

1. The coil-combined DICOM images were imported from the scanner 
to MATLAB

2. The offresonance frequency was calculated for each time point, 
using a multi-peak multi-echo thermometry with PRFS (MMT-PRFS). 
Subsequently each offresonance frequency was subtracted from the 
offresonance at the reference time point (here: time point 1), to 
obtain the change in offresonance

3. The external vials of the phantom containing fat were manually 
selected to create a fat mask

4. A linear bias field was fitted to the fat mask, and subtracted from 
the change in offresonance calculated before, in order to correct for 
the B0 scanner drift

5. The change in temperature was calculated using the following 
relationship: 

 ∆
∆

T
B

corr=
× ×
ω

γ α 0
 (4)

 where γ is the gyromagnetic ratio (= 267.513*106 rad/s/T), α is the 
change coefficient for PRFS (= −0.01 ppm/°C), and B0 is the mag-
netic field strength of the MRI scanner (=1.5T)

6. A ROI was selected in the center vial, containing the water mixture
7. Parameters of interest were taken and MAE, ME and SD were calcu-

lated (see Section 2.3)
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