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Abstract
Objective Mild hyperthermia (HT) treatments are generally monitored by phase-referenced proton resonance frequency shift 
calculations. A novel phase and thus temperature-sensitive fast spin echo (TFSE) sequence is introduced and compared to 
the double echo gradient echo (DEGRE) sequence.
Theory and methods For a proton resonance frequency shift (PRFS)-sensitive TFSE sequence, a phase cycling method is 
applied to separate even from odd echoes. This method compensates for conductivity change-induced bias in temperature 
mapping as does the DEGRE sequence. Both sequences were alternately applied during a phantom heating experiment using 
the clinical setup for deep radio frequency HT (RF-HT). The B0 drift-corrected temperature values in a region of interest 
around temperature probes are compared to the temperature probe data and further evaluated in Bland–Altman plots. The 
stability of both methods was also tested within the thighs of three volunteers at a constant temperature using the subcuta-
neous fat layer for B0-drift correction.
Results During the phantom heating experiment, on average TFSE temperature maps achieved double temperature-to-noise 
ratio (TNR) efficiency in comparison with DEGRE temperature maps. In-vivo images of the thighs exhibit stable temperature 
readings of ± 1 °C over 25 min of scanning in three volunteers for both methods. On average, the TNR efficiency improved 
by around 25% for in vivo data.
Conclusion A novel TFSE method has been adapted to monitor temperature during mild HT.

Keywords MR thermometry · Hyperthermia · Proton resonance frequency shift · Fast spin echo · Double echo gradient 
echo · Intervention · Conductivity

Introduction

Mild hyperthermia (HT) (40–44 °C) sensitizes tumor cells 
to radio- and chemotherapy and is therefore applied as a 
complementary treatment for various types of cancer [1]. 
Temperature monitoring during treatment is necessary to 

ensure sufficient thermal exposure in the target region and 
to prevent critical structures from overheating. Temperature 
monitoring with invasive probes is very accurate, but pro-
vides limited spatial information on the temperature distri-
bution. In addition, side effects such as local inflammation, 
pain, or abscess formation, may be caused [2, 3]. MR ther-
mometry circumvents these limitations and complications 
by measuring the temperature non-invasively across a large 
volume with a high spatial resolution. MR thermometry also 
plays a decisive role even prior to patient heating: simulated 
treatment planning is validated using generic human tissue 
mimicking phantoms during MR-monitored electromagnetic 
radio frequency (RF) heating experiments [4].

The most widespread method for MR-based temperature 
monitoring is based on the linear proton resonance frequency 
shift (PRFS) of protons in water molecules with temperature 
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[5]. By calculating the phase difference between a gradient 
echo (GRE) image at a certain temperature and a reference 
temperature, the temperature change can be deduced [6].

The Double Echo GRE (DEGRE), also known as Dual-
Echo GRE, has commonly been used in the clinical practice 
of regional mild RF-HT [7, 8] with the advantage that it is 
able to eliminate the bias with temperature-induced conduc-
tivity changes [9]. Since the heated area during mild RF-HT 
is not locally confined, the bias cannot be neglected.

For the mild RF-HT treatment of deeply located cancers 
in the pelvis and leg, generally the constructive interference 
of coherent RF waves from multiple antennas is applied to 
achieve heating of the tumor. Since there is no additional space 
for a dedicated MR receiving coil [10], the body coil is used 
for MR signal transmission and receiving. This leads to low 
signal-to-noise ratio (SNR) values in the MR images [11, 12] 
and, since phase noise is inversely proportional to SNR [13], 
to a low temperature-to-noise ratio (TNR). As a tight opti-
mum temperature range must be achieved during mild HT, 
temperature accuracy and precision are of great importance. In 
addition, a low phase precision hampers the disentangling of 
temperature- and non-temperature induced phase confounders 
and leads to errors in the temperature reading [14].

The TNR could be improved by changing the imaging 
sequence from GRE to a fast spin echo (FSE) readout [15]. 
By introducing a variable waiting time between the excita-
tion pulse and the train of refocusing pulses, the phase of the 
FSE image becomes sensitive to chemical shift. This initial 
phase value accumulated during a waiting time corresponds 
to the accumulated phase at TE in a GRE sequence. It can be 
obtained from the successive overlapping echoes in different 
ways: in one approach, the carrier phase of the refocusing 
pulses is modulated [16]. In another approach, the gradients 
are manipulated so that an asymmetric readout allows for a 
splitting of the pure spin echo and stimulated echoes in time 
[17, 18]. Selective parity imaging, meaning selective even 
and odd echo imaging, has also been achieved with asym-
metric readout gradients [19]. However, the methods referred 
to do not correct for the phase bias introduced by conductiv-
ity change with temperature. Here, we use a phase cycling 
approach first demonstrated by [20], which acquires the 
same k-space once under a Carr–Purcell (CP) condition and 
another time under a Carr–Purcell–Meiboom–Gill (CPMG) 
condition [21–23] to split the even and odd echoes and correct 
for the confounding background phase. This technique had 
been applied to eliminate artifacts in 3D FSE imaging [24]. 

A detailed analytical explanation of this method is given in 
[25]. It has also been successfully implemented to extract tem-
perature changes from the phase changes due to PRFS [26] 
during high-intensity focused ultrasound (HIFU) experiments. 
Via phase-cycling, a background phase correction is realized, 
eliminating all effects from eddy currents and conductivity 
change-induced temperature errors [9].

The main magnetic field drifts over time due to various 
hardware instabilities or gradient coil-heating during scan-
ning [27]. This field drift causes additional phase changes 
that would be falsely interpreted as a temperature change. 
A robust B0-drift correction is crucial for mild HT applica-
tions, because the temperature bias due to drift is of the 
order of the expected temperature increase [28]. Here, the 
drift was calculated using a 3D polynomial fit based on the 
signal within reference areas and then subtracted from the 
measured phase [29].

In this work, we exploit this novel temperature-sensitive 
fast spin echo (TFSE) sequence to monitor mild RF-HT and 
compare it to the clinically prevailing DEGRE method in terms 
of temperature precision and accuracy. We derive the theory 
of the phase shift calculation and compare the performance of 
TFSE to DEGRE using a heating experiment on a phantom as 
well as at constant temperature in three human subjects.

Theory

DEGRE

The double echo GRE (also known as Dual Echo GRE) 
creates two echoes at different echo times after one slice-
selective RF excitation with the frequency-encoding gradi-
ent (Fig. 1a). Using the phases at both TEs compensates for 
conductivity change-induced phase offsets [9]. The tempera-
ture increase is obtained via (Eq. 1). The phase difference 
between long echo time  TE2 and short echo time  TE1 signals 
at the reference temperature Tref is subtracted from the phase 
difference between long and short echo time signals at the 
current temperature T. The multiplication of complex signals 
instead of direct subtraction of phases prevents small phase 
changes of about 2π from being misinterpreted. The thermal 
coefficient α represents the temperature sensitivity of PRFS, 
γ is the gyromagnetic constant, and B0 is the main magnetic 
field strength, ∆TE = TE2–TE1:
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TFSE

During a FSE sequence, the excitation pulse  RF0 is followed 
by a train of refocusing pulses  RFn (Fig. 1b). The measur-
able signal in each sampling window can be divided into two 
overlapping echoes with different parities. The even echo has 
experienced an even number of refocusing pulses, thus an 
even number of phase inversions. The odd echo has experi-
enced an odd number of refocusing pulses, thus carrying the 
inverted initial phase. Echoes of higher order, such as stimu-
lated echoes, will also always return to either the phase of an 
even or odd echo, as demonstrated in [19]. The additional 
waiting time τ added to the usual time gap of 1

2
TE between 

90° RF excitation and first RF refocusing pulse creates a 
dependency of the image phase on PRF as follows [15]:

fPRF represents the proton resonance frequency, that 
depends on the local B0 and the temperature. A phase ϕ 
after τ would shift all even echoes by ϕ and all odd echoes 
by − ϕ (Fig. 1b). However, due to system imperfections, the 
RF pulses and the received phase have an unknown rota-
tional shift about the z-axis in the x–y plane. The source 
of the overall resulting phase shift φbg also includes eddy 
currents and temperature-dependent conductivity-induced 
phase offsets.

Splitting even and odd echoes

To separate the superimposed even and odd echo images, 
we use a phase-cycling approach first demonstrated by [20]. 
We make use of the known shift of 90° under the CP and the 
RF pulses under the CPMG condition [21, 22] and thus their 
orthogonality to split even from odd echoes. The same 2D 

(2)� = 2�fPRF�.

k-space is acquired twice, the first time under the CP condi-
tion and the second time under the CPMG condition [15, 26], 
which is referred to as phase-cycling. For CPMG, the refo-
cusing pulses following the excitation pulse about the x-axis 
are rotating about the y-axis (Eq. 4,  RF1,2,3,…,y in Fig. 1b). 
During the CP condition, the refocusing pulses  (RF1,2,3,…x in 
Fig. 1b) are generally transmitted with regard to the x-axis, 
just as the initial excitation pulse (Eq. 3). In our approach, we 
achieve the CP condition by rotating the RF excitation pulse 
by 90° instead of rotating the refocusing pulses that are kept 
the same as for CPMG. As mentioned above, a rotational 
background shift φbg due to eddy currents and conductivity 
shifts both CP and CPMG signals in the same direction:

S1 and S2 are unknown magnetization vectors and ϕ is the 
refocused phase value. The even echo is calculated by aver-
aging the CPMG image with i times the CP image (Eq. 5). 
The odd echo is equivalent to half of the difference of both 
images (Eq. 6) [25].

(3)EchoCPMG =
[

S1 ⋅ cos� + iS2 ⋅ sin�
]

⋅ exp
(

i�BG

)

,

(4)

EchoCP =
[

S1 ⋅ cos (� − 90◦) + iS2 ⋅ sin(� − 90◦)
]

⋅ exp
(

i�BG

)

=
[

S1 ⋅ sin (�) − iS2 ⋅ cos(�)
]

⋅ exp
(

i�BG

)

.

(5)

Eeven =
EchoCPMG + iEchoCP

2

=
1

2

[(

S1 cos� + iS2 sin�

+iS1 sin� + S2 cos�
)]

⋅ exp
(

i�BG

)

=
S1 + S2

2
exp

(

i
(

� + �BG

))

,

Fig. 1  Sequence diagrams. 
a DEGRE: the frequency-
encoding gradient refocuses two 
echoes within one TR. b TFSE: 
a waiting time τ is inserted 
between the excitation pulse 
90°x about the x-axis (CP) or 
90°y about the y-axis (CPMG) 
and succeeding refocusing 
pulses  RFyn about the y-axis. 
Even echoes (red triangle) and 
odd echoes (blue triangles), 
overlap in time within the 
acquisition window
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Extracting PRFS with TFSE

We denote the phase at even and odd echo images at the 
reference temperature (Tref) as φe1 and φo1, respectively.

After a temperature change or field shift-induced PRFS, 
the even and odd images have experienced a phase shift 
of 2π∆fPRFτ. Since the contribution of the different tissue 
conductivity on the background phase is also temperature-
dependent, an additional phase shift in the same direction 
for even and odd echo needs to be considered.

To obtain the frequency shift-induced phase change from 
Tref to T, the respective reference phase at the reference 
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temperature, Tref, is subtracted from the even and odd echo 
at the current temperature, T, respectively.

Finally, we obtain a complex image that carries the PRFS 
phase by adding the complex conjugate of the reference-
corrected odd echo to the reference-corrected even echo. 
This calculation removes the unknown rotational shift about 
the z-axis in the x–y plane and thus corrects for conductivity 
change-induced bias.

With 2πΔfPRF = αγB0ΔT, we obtain:

This phase subtraction operation doubles the phase sensi-
tivity. However, assuming the same noise level of both even 
and odd Echo image, the phase noise is also increased by a 
factor 

√

2 due to the phase subtraction operation. Thus, the 
total TNR gain is 

√

2.
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Fig. 2  a Hybrid system for MR-monitored RF mild HT consisting of 
a 1.5T MR scanner and an RF applicator for heating. The Bowman 
probes are mounted on a guide rail on the ceiling and the container 
for water cooling the patient via a bolus is visible on the bottom right 
of the image. b Axial magnitude image showing the cross-section of 

phantom heating setup. The larger outer four reference tubes contain-
ing silicone are placed on the outer edge of the applicator frame. Four 
additional smaller reference tubes filled with peanut oil are placed 
in between the phantom and the water bolus. S1 to S4 delineate the 
region of interest around the Bowman temperature sensor tip
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Methods

A GE 1.5T Optima MR450w (Milwaukee, WI) in combina-
tion with a MR-compatible BSD-2000 Sigma Eye applicator 
(PYREXAR Medical, Salt Lake City, UT) is used for all 
scans (Fig. 2a). This RF heat applicator operates at 100 MHz 
simultaneously to the MRI. Coaxial filters are installed to 
prevent the 100 MHz signal from interfering with the MRI 
signal acquisition. Reconstruction, post processing, and 
image analysis were performed using MATLAB (Math-
Works, Natick, MA). In total, four RF-immune thermistors 
with high-impedance carbon wires (‘Bowman’ temperature 
probes [30]) were used during the phantom heating experi-
ments. Human subject scans at constant temperature were 
conducted.

DEGRE

A slice interleaved acquisition order for more efficient vol-
ume coverage is chosen (Fig. 1a). Within the TR of 620 ms, 
one phase encode step is measured for all 25 slices, with 
24.8 ms per slice and line. For scanning 128 phase encode 
steps for all slices, the total scan time amounted to 83 s. 
Scan parameters for DEGRE:  TE1 = 4.8 ms,  TE2 = 19.1 ms, 
TR = 620 ms, matrix = 128 × 128, FOV = 50 cm × 50 cm, flip 
angle = 40°, number of slices = 25, slice thickness = 10 mm, 
bandwidth = 325.5 Hz/px.

TFSE

By placing two dual-band quadratic-phase RF pulses as 
saturation bands outside a field of view (FOV) of interest, 
the number of k-space lines to be acquired can be reduced, 
further accelerating the scan time [26]. The echo train length 
(ETL) corresponds to the number of echoes acquired within 
one shot. To limit the impact of oscillation artifacts [15, 
24], the first two echoes were discarded as dummies. To 
reduce blurring and counterbalance signal loss with T2 
decay with a higher number of ETL, the refocusing RF flip 
angles were increased towards the end of the ETL. The opti-
mal amplitude modulation during the course of the echo 
train is deduced here [25, 31]. A centric acquisition order 
allows the filling of the k-space center with higher signal 
amplitude. Scan parameters for TFSE: matrix = 192 × 78, 
FOV = 50  cm × 30  cm, f lip angle = 90°, number of 
slices = 25, slice thickness = 10 mm, bandwidth = 325.5 Hz/
px, τ = 30 ms, ETL per shot = 41, TR = 1.5 s, dummy ETL 
per shot = 2, echo spacing = 6.76 ms, scan time = 50 s.

For efficient volume coverage, a slice-interleaved acqui-
sition scheme was used. For acquiring 78 phase steps with 
ETL = 39 (excluding two dummies), two shots were needed 
to acquire each, the CP and CPMG image. The hierarchy of 

the loops was implemented as follows: the outermost loop is 
the one over the two different groups of k-space lines. First 
the CPMG, then the CP image is acquired in alternating 
shots. Within the CPMG/CP loop, there is a loop through all 
slices, with 500 ms per slice. For each phase cycle, a period 
of 25 × 500 ms = 12.5 s was needed. Even though the mini-
mal TR was set to 1.5 s, effective TR was therefore 12.5 s. 
The overall scan time for both shots and both phase cycles 
was 50 s. This acquisition scheme allows us to shorten the 
scan time by reducing the number of slices without compro-
mising in SNR, since the effective TR for each slice is 12.5 s. 
For DEGRE, in contrast, shortening the TR of 620 ms by 
reducing the number of slices will decrease SNR because of 
the reduced time for T1 relaxation.

The even and odd echo signals initially oscillate around 
a smooth signal before reaching a pseudo-steady-state [25]. 
For areas with very low SNR, this would result in artifacts. 
Therefore, an oscillation-correction step was calculated [15, 
24].

Phantom heating experiment

A cylindrical phantom 30 cm in diameter and 40 cm in 
depth was heated. The phantom consisted of demineralized 
water, ‘super stuff’ (TX-151), a hydrophilic organic polymer 
solidifying powder, and NaCl, which mimicked the electrical 
properties of human tissue. Several catheters passed through 
the phantom parallel to the cylinder’s axis, allowing for the 
insertion of temperature probes. To match the position of 
the sensor tip to the respective MR data, in total four Bow-
man probes were placed into the approximate middle of the 
phantom with the motorized positioning machine. After fin-
ishing the heating experiments, the actual inserted length of 
the Bowman probes was manually gauged to match it to the 
corresponding MR slice. This step was necessary because 
friction inside the catheters during the automatic insertion 
process caused a variation of the probe positions of up to 
3 cm relative to each other.

After the acquisition of the baseline reference images at 
a scanner room temperature of 20 °C before heating, the 
BSD applicator was turned on at 400 W with phase settings 
to achieve a focus 3 cm below the center of the applicator. 
DEGRE and TFSE scans were alternated. RF power was 
turned on for 25 min during the experiment. To prove repeat-
ability, the experiment was repeated twice with an interval 
between the experiments of more than 12 h to allow the 
phantom to cool down.

B0 drift correction

The B0 drift in both DEGRE and TFSE scans for the phan-
tom heating experiment was corrected based on the signal 
of four larger integrated reference tubes filled with silicone 
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inside the BSD applicator and four thinner additional ref-
erence tubes filled with peanut oil (‘Ref’ in Fig. 2b). The 
nonpolar structure of silicone (polysiloxane) makes the 
electron shielding of the hydrogen protons insensitive to 
temperature change. Since silicone has a very short T2 and 
T2* value, the signal has largely decayed in the long echo 
GRE  (TE2 = 19.1 ms) as well in the FSE image. Therefore, 
the phase signal for B0 drift detection is only extracted from 
the short TE GRE image, referred to as  TE1. The phase dif-
ference signal between the images at reference temperature 
and current scan inside the reference tubes of the short echo 
time is purely due to B0 drift. The resulting B0 drift-induced 
temperature error was derived as follows:

A polynomial function was fitted to the temperature error 
data inside these masked reference tubes to extract the cur-
rent B0 drift within the phantom. The B0 drift-induced tem-
perature change was fitted across all 25 slices to a polyno-
mial function of first order with no constraint set in the time 
domain. This is achieved via matrix inversion corresponding 
to a linear regression algorithm in MATLAB [29]. Addi-
tional weighting for the fitting algorithm was realized by the 
magnitude data inside the reference tubes.

For the TFSE scans, the drift correction value was found 
by linear interpolation over time of the ΔTerror values.

In vivo leg scans

The current intention is to use the MR-compatible BSD-
2000 Sigma EYE applicator for routine treatment of cancer 
in the pelvis. As sarcomas in the leg are less sensitive to 
motion, MR thermometry has a higher success rate with 
this setup [32–35]. Here we compared TFSE with DEGRE 
in three volunteers who were placed within the RF appli-
cator and a filled water bolus without heat application. 
First, we waited 5–10 min to allow the water to stabilize 
and the muscles to relax before the acquisition of the refer-
ence scans. Compared to the scan parameters used for the 
phantom heating, we reduced the FOV in the phase-encode 
direction for TFSE further as follows: for volunteers #1 and 
#2: FOV = 50 cm × 25 cm, ETL = 34, matrix = 192 × 64, 
for volunteer #3: FOV = 50  cm × 20  cm, ETL = 28, 
matrix = 192 × 52. Other scan parameters, also for DEGRE, 
remained the same. The signal within the subcutaneous fat 
layer of the respective scan was used for B0 drift correction. 
The masks were drawn manually for each slice (Fig. 6a–c) 
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and a polynomial function of first order was fitted over the 
3D volume comprising all 25 slices.

Experimental TNR efficiency

To measure the precision of both MR thermometry methods, 
a normalized TNR is calculated as the inverse of the stand-
ard deviation within a large ROI of the respective tempera-
ture increase maps before heating:

The variation of ΔT  within the considered ROI has no 
systematic variation in phase with position since the B0 drift 
was corrected and no temperature change was induced.

For a just comparison of the resulting experimental TNR 
of both sequences, the effect of different scan parameters on 
SNR must be accounted for. Therefore, we speak of TNR 
efficiency  (TNReff) and scale the measured and normalized 
TNR of TFSE with the square roots of the scan time and 
consider the difference in voxel size with a correction factor 
corr as follows:

where dV is the respective voxel size, t is the scan dura-
tion, and TNR(TFSE)exp is the measured TNR in the TFSE 
images. With TNR(TFSE)eff we obtain the TNR of the TFSE 
sequence corresponding to the TNR of the DEGRE sequence 
if voxel volume and acquisition time were the same. Using 
the values as specified above, we obtain corr= 1.96 for the 
phantom scanning, corr= 1.93 for volunteers #1 and #2, and 
corr= 1.96 for volunteer #3.

Results

Phantom heating experiment

All three heating experiments produced a recurrent heating pat-
tern over time and in space. The correspondence of the B0 drift-
corrected MR temperature values to the probe data is shown in 
Fig. 4. The TFSE and DEGRE temperatures were calculated as 
the mean value within an ROI of 10–12 pixels around the four 
probe positions (Fig. 2b). The standard deviation of the TFSE 
data was scaled with the correction factor from Eq. 15. With a 
few exceptions, temperature values measured with TFSE corre-
sponded well to the temperature probe data and the temperature 
increase curves acquired with DEGRE.

(14)TNR(ΔT) =
1

std(ΔT)
.

(15)

TNR(TFSE)eff = corr ⋅ TNR(TFSE)exp

=
dVDEGRE

dVTFSE

⋅

√

tDEGRE
√

tTFSE

⋅ TNR(TFSE)exp,
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The temperature change maps for both methods at three 
time points after acquisition of the first reference scan are 
shown in Fig. 3 as representative maps. The slice closest to 
all temperature probes was chosen. Figure 3a, b show the 
temperature maps before correcting for B0 drift, and Fig. 3c, 
d the ones after drift correction. 17 min after the reference 
scan, before any heating was applied, significant overesti-
mation of temperature in the upper part of the image was 
observed due to the B0 drift. The B0 drift caused a bias in 
the temperature maps of about 8 °C inside 50 min prior to 
drift correction.

The first ΔT  maps of the first experiment before heating 
were used to compare the TNR performance [36]. Within 
the large ROI delineated by the red boxes in Fig. 3c, d, 
0.26 ± 0.69 °C was calculated for the DEGRE map and 

0.27 ± 0.63 °C was obtained for the TFSE map. When con-
sidering the correction factor described in Eq. 15, we obtain 
a TNR efficiency ratio of corr⋅TNR(TFSE)exp

TNR(DEGRE)exp
= 2.15.

To illustrate altering phase precision in space, TNR maps 
of both TFSE and DEGRE temperature maps are generated 
by considering a neighborhood of 5 × 5 pixels (Fig. 3e, f)—
again using the ΔT  maps before heating and after drift cor-
rection. To obtain the  TNReff map for TFSE, the initial TNR 
map was multiplied by the correction factor of 1.96. Both 
methods showed higher  TNReff in the bottom right part, 
which corresponds to the area with a higher SNR (Fig. 2b). 
The  TNReff comparison ratio-map in Fig. 3g was generated 
with the formula: Ratio =

TNRTFSE

TNRDEGRE

.

Fig. 3  Temperature change 
maps from DEGRE and TFSE 
images at 3 time points, 
respectively, after acquisition of 
a reference scan. The three time 
points correspond to the second, 
seventh and last data points of 
the heating experiment #1 in 
Fig. 4. The timings shown 
above and below the maps refer 
to the acquisition of the first 
DEGRE image and correspond 
to the time axis of Fig. 4. Red 
boxes indicate ROI used for 
TNR calculation. a DEGRE 
temperature maps before B0 
drift correction, b TFSE 
temperature maps before B0 
drift correction, c DEGRE 
temperature maps after B0 drift 
correction, d TFSE temperature 
maps after B0 drift correction, e 
TNR map of DEGRE tempera-
ture map, f TNR efficiency map 
of TFSE temperature map, that 
was scaled with the correction 
factor of 1.96, g ratio map of 
TFSE  TNReff map in f divided 
by DEGRETNR map in e 
calculated as Ratio =

TNReff(TFSE)

TNRDEGRE
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Bland–Altman plots

For the phantom-heating dataset, the relations between the 
respective MR temperature measurement technique (as 
shown in Fig. 4) and the Bowman probe measurements are 
plotted in two Bland–Altman plots, which are overlaid in 
one figure (Fig. 5). The difference between the averaged ΔT  

value within a region of interest (ROI) around a temperature 
probe in the respective MR temperature maps and the ΔT  
value recorded with the Bowman probe is plotted against 
the average of both values. The TFSE method showed a 
lower standard deviation. The deviation of − 0.11 °C for the 
mean difference over all averaged measurement points for 
DEGRE and of − 0.36 °C for TFSE suggest a larger bias for 

Fig. 4  Mean temperature change values in small ROIs for TFSE and DEGRE method and temperature probe data of sensor located within ROI 
shown as a function of time. The respective ROIs are drawn in Fig. 2b. Each column represents one independent heating experiment



377Magnetic Resonance Materials in Physics, Biology and Medicine (2019) 32:369–380 

1 3

TFSE. However, this bias is still low compared to the poten-
tial bias that may originate from positioning uncertainties. 
Even though we estimate our probe positioning accuracy 
to be within 1 voxel, the maximum measured temperature 
gradient of 2–3 °C across 3 voxels allows for experimental 
uncertainties.

In vivo leg scans

A representative axial slice of the thighs delineates the 
regions used for B0-drift correction and the chosen ROI for 
illustrating the effect of the drift on both methods (Fig. 6). 
Inside 25 min, a B0-drift of 0.06 ppm caused a temperature 
error of 6 °C in the ROI delineated by the white arrow in 
Fig. 6a. Using the subcutaneous fat for drift correction could 
reduce the error to less than 1 °C for both methods.

We observed that the TFSE temperature maps were 
noisier in the anterior part of the image in comparison to 
the DEGRE method (Fig. 6g–i. This reflects the lower T2* 

Fig. 5  Bland–Altman plots: mean values of ROI in TFSE and 
DEGRE ΔT maps vs. corresponding Bowman temperature probe 
value as ground truth. Data points from all three phantom heating 
experiments, as plotted in Fig. 4, are considered

Fig. 6  Effect of  B0 drift on TFSE and DEGRE data in the upper leg at 
constant temperature. a–c Gray scale axial images (TFSE images 
without delay (τ = 0 ms)). The blue mask within the subcutaneous fat 
layer shows the manually selected area for B0 drift correction in the 
representative slice. The white arrows point at a blue ROI within 

muscle tissue, for which the mean and standard deviation values of 
the TFSE and DEGRE temperature change maps over time are com-
pared in the graphs below (d–f). Representative ratio maps for the 
respective above subjects are shown in (g–i), calculated as: 
Ratio =

TNReff(TFSE)

TNRDEGRE
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in the anterior part of the image due to B0-inhomogeneity. 
Nevertheless, we achieved an overall  TNReff improvement 
by a factor of 1.37 ± 0.67, 1.27 ± 0.44 and 1.20 ± 0.77 for 
subject a, b, and c of Fig. 6, respectively, if we consider 
areas with  TNReff > 0.6 for calculating the ratio between both 
 TNReff maps.

Discussion

The B0-drift correction for the phantom heating experiment 
was based on the short TE signal of the DEGRE inside built-
in silicon tubes of the BSD applicator. The temporal inter-
polation method of the B0-drift maps for drift correction 
of TFSE data assumed negligible B0-drift between the first 
DEGRE and the first TFSE reference scan. This has added a 
locally varying, but temporally constant offset to the TFSE 
temperature maps dependent on the B0-drift between the 
reference scans of DEGRE and TFSE, as observed for the 
data around sensor 2 in Fig. 4. To make B0-drift correction 
for TFSE independent of additional GRE-images, alterna-
tive reference tubes with longer T2, for example oil, must 
be added. For in vivo scans, proper subcutaneous fat layers 
can be used.

Fewer switching of imaging gradients during TFSE scans 
compared to DEGRE could lead to lower acoustic noise. 
The different use of imaging and crushing gradients in both 
sequences could potentially cause a more advantageous or 
disadvantageous B0-drift behavior due to hardware heating. 
Both effects need to be investigated quantitatively. How-
ever, the typical concern of a high specific absorption rate 
in patients during FSE is rendered obsolete in the context 
of mild HT.

The scan time is reduced by suppressing the signal from 
the surrounding water bolus during TFSE, but the method 
also becomes insensitive to potential flow artifacts originat-
ing from the suppressed area. On the other hand, a non-per-
fect suppression, and therefore folding of signal outside the 
FOV, might have caused the signal dropout seen in Fig. 3f).

The sequence parameters for the standardized DEGRE 
sequence were optimized with regard to the volume cover-
age constraints. Given both TEs, 620 ms was the shortest 
possible TR for covering 25 slices. For a known T1 value, 
the flip angle can then be chosen using the Ernst equation. 
To further improve SNR for the DEGRE sequence, the read-
out bandwidth could be decreased. However, special care 
must be taken with regards to image distortion artifacts in 
case of an inhomogeneous field when decreasing the read-
out bandwidth. Another approach while maintaining a high 
bandwidth is to acquire the same line of k-space multiple 
times in the same time as once at low bandwidth. These 
echoes would be then combined using a weighting that gives 
an optimal TNR.

For optimal phase-to-noise ratio, thus TNR, TE must be 
equal to  T2* in the case of GRE and τ must be equal to  T2* 
in case of TFSE [37]. The lower TNR improvement factor 
for the in vivo experiments suggests that the waiting time τ 
needs to be adjusted to shorter  T2*. TFSE has the advantage 
over DEGRE that τ can be chosen as  T2* for both CP and 
CPMG acquisition, whereas the DEGRE approach always 
requires two different TEs for correction of conductivity 
effects. If TE is increased to adjust for a longer  T2*, the 
total scan time of DEGRE would increase by this time dif-
ference multiplied by the number of slices and the number 
of phase-encode steps. In contrast, the increase in scan time 
by increasing τ for TFSE is insignificant. For tissues with 
very short T2, it becomes necessary to reduce the ETL dur-
ing TFSE, leading to an increased number of shots and thus 
a decrease in TNR efficiency.

Both DEGRE and TFSE are sensitive to B1 inhomogene-
ity. In case of DEGRE, the Ernst angle will not be achieved. 
In case of TFSE, a deviation from the optimal train of refo-
cusing pulse flip angles will be missed. Furthermore, dif-
ferences in the measured slice profile and slice thickness 
between both methods may occur.

In comparison to DEGRE, TFSE scan time can be poten-
tially reduced further for monitoring a more localized heat-
ing by reducing the number of slices without compromising 
in TNR. Quantitative evaluation of the phantom measure-
ment data suggests that TFSE can potentially improve tem-
perature precision, as TNR efficiency more than doubled for 
the given imaging parameters. Yet, these findings are the 
result of the chosen parameters and experimental setting. 
Further optimization of both sequences for another applica-
tion may lead to different results.

Further investigation would include studying how the 
RF applicator may affect the TNR performance of both 
sequences differently [38].

Conclusions

A novel thermally sensitive FSE sequence has been exam-
ined for monitoring mild RF-HT. Using phase-cycling, the 
echoes are split and the confounding effect of temperature-
dependent tissue conductivity on phase is corrected for. This 
constitutes a major advantage compared to other echo split-
ting methods for FSE-based PRFS measurements without 
phase-cycling.

The reduced scan time of TFSE in comparison to DEGRE 
is clinically very relevant: patient comfort can be increased, 
intra-scan motion can be avoided, or additional interven-
tional MR scans for tumor characterization can be added 
instead.
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