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Abstract— Magnetic Resonance Thermometry (MRT) is 

demonstrating huge abilities to guide laser interstitial thermal 

therapy (LITT) in several organs, such as the brain. Among the 

methods to perform MRT, Proton Resonance Frequency (PRF) 

shift holds significant benefits, like tissue independence. Despite its 

potential, PRF shift-based MRT holds significant challenges 

affecting the accuracy of reconstructed temperature maps. In 

particular, susceptibility artifacts due to gas-bubble formation are 

an important source of error in temperature maps in MRT-guided 

LITT. This work presents the characterization of the susceptibility 

artifacts in MRT-guided LITT and the measurement of its size. 

LITT was performed in gelatin-based phantoms, at 5 W, 2 W, 1 

W, and 0.5 W under MRI guidance with a 1.5 T clinical MRI 

scanner. Temperature images were obtained with a 3D EPI (Echo-

planar imaging) prototype sequence. Areas of temperature errors 

were defined as zones of negative temperature variation <-2 °C. 

Moreover, we have analyzed the artifact shape in sagittal, axial 

and coronal planes. The analysis demonstrates a double-lobe 

shape for the susceptibility artifact mainly distributed in the 

sagittal plane. Also, the higher laser power caused a bigger artifact 

area. Temperature errors of ~80 °C proved the necessity to avoid 

susceptibility artifact generation during MRT-guided LITT. The 

analysis of the influence of the laser power on the artifact has 

suggested that using low laser power (0.5 W) helps avoid this 

measurement error. 

Keywords— Magnetic Resonance Thermometry, susceptibility 

artifacts, laser interstitial thermal therapy 

I. INTRODUCTION 

Magnetic Resonance Thermometry (MRT) has been 

proposed to intraoperatively guide laser interstitial thermal 

therapy (LITT) thanks to its ability to provide multidimensional 

temperature measurements [1, 2]. MRT-guided LITT is a 

surgical procedure mainly utilized in the treatment of 

intracranial pathologies to selectively treat a lesion using heat 

generated from laser-tissue interaction [3, 4]. During MR-

guided LITT, the system software utilizes the measured 

temperature distribution to predict the thermal damage giving 

an estimation of the damage boundaries in real-time. Most of 

the applications of MRT rely on the proton resonance frequency 

(PRF) shift method. The shift in the proton resonance is due to 

changes in intermolecular hydrogen bonding, caused by the 

temperature variation of the medium. This shift is directly 

proportional to the change of tissue temperature; hence it can 

be used to compute the temperature increase pixel-by-pixel [1, 

6]. The PRF shift method is applicable for the temperature 

range of interest for the thermal therapies, i.e., 20 – 100 °C, and 

holds the advantage of being tissue-nonspecific for most of the 

soft tissues. Beyond the abovementioned benefits, some 

sources of errors, including susceptibility artifacts, can affect 

the accuracy of temperature maps [7, 8]. Phase shift in MR 

images is also produced by time-dependent variations in the 

tissue magnetic susceptibility. The interaction between the laser 

light and the tissue causes the creation of cavitation bubbles, 

which in turn provoke artifacts on the thermometric image. Gas 

bubbles produce magnetic susceptibility contrast, which is 

increased by 9 ppm over the typical values for biological tissue, 

and the PRF shift MRT is not able to discern the effect of the 

temperature-induced chemical shift from changes in the local 

magnetic field [9]. These artifacts can impair the accurate 

temperature measurement inside and around the target lesion 

[9, 10]. Moreover, measurement errors, such as drift of the 

magnetic field under temperature change and motion, still 

represent an important source of uncertainty in the temperature 

measurement (the uncertainty is recommended to be lower than 

978-1-6654-8299-8/22/$31.00 ©2022 IEEE

This full text paper was peer-reviewed at the direction of IEEE Instrumentation and Measurement Society prior to the acceptance and publication.
20

22
 IE

EE
 In

te
rn

at
io

na
l S

ym
po

siu
m

 o
n 

M
ed

ic
al

 M
ea

su
re

m
en

ts
 a

nd
 A

pp
lic

at
io

ns
 (M

eM
eA

) |
 9

78
-1

-6
65

4-
82

99
-8

/2
2/

$3
1.

00
 ©

20
22

 IE
EE

 |
 D

O
I: 

10
.1

10
9/

M
EM

EA
54

99
4.

20
22

.9
85

64
21

Authorized licensed use limited to: Politecnico di Milano. Downloaded on March 31,2023 at 20:50:40 UTC from IEEE Xplore.  Restrictions apply. 



1-2 °C) even though several approaches, such as algorithms for 

motion compensation and magnetic field drift correction, have 

been proposed to mitigate these last two drawbacks [11]. 

 In this work, we characterize the LITT-induced artifact in 

MRT images. We propose a method to measure the dimension 

of susceptibility artifacts in MRT-guided LITT within a 

homogeneous target. We also investigate the shape of the 

artifact in the three planes (axial, coronal, and sagittal), together 

with the relationship between the artifact size and the laser 

power. 

II. MATERIALS AND METHODS 

A. MRT-guided LITT 

A homogeneous and isotropic material, mimicking the 
thermal properties of biological tissue, was selected to carry out 
our analysis [12, 13, 14]. We choose to work with a transparent 
medium, to make visible the effects of the laser and the 
formation of the bubbles. To this aim, a porcine-based gelatine 
phantom underwent LITT using a laser diode (975 nm, LuOcean 
Mini 4, Lumics, Berlin, Germany) delivering radiation to an 
MR-compatible fiber applicator (400 µm, THORLABS, 
Dachau, Germany) (Fig. 1). The laser applicator was set to 
deliver a power of 0.5, 1, 2, and 5 W for 5 minutes. After the 
laser was turned off, the cooling phase was also recorded for 2 
minutes.  

LITT was performed under MRI guidance with a 1.5 T 
clinical MRI scanner (Siemens Magnetom Aera, Erlangen, 
Germany). We used spine coil and flex surface coil on the 
phantom, and temperature images were obtained with a 3D EPI 
(Echo-planar imaging) prototype sequence [5]. Ten slices were 
placed in the axial, coronal, and sagittal orientations thus 
allowing a comprehensive analysis of the artifact shape in space 
and time. Three experiments were performed for each power 
value, on different locations of the phantom. The protocol has 
been defined in order to adapt the field of view to the phantom 
and have a suitable spatial and time resolution [15]. The 
following parameters were used:  

• field of view 300 mm x 300 mm;  

• phase resolution 50%; in-plane resolution 1.4 mm x 2.8 mm; 
reconstructed resolution 1.4 mm x 1.4 mm;  

• slice thickness 3 mm; 10 slices;  

• TE/TR=11 ms/24 ms; 

• flip angle 10°;  

• EPI factor 7;  

• 20 baseline averages to reach equilibrium magnetization; 

• temporal resolution 3.62 s;  

• 135 measurements leading to 8 minutes of total acquisition 
time. 

Real-time visualization of the temperature maps was enabled by 
the Certis Solution software (Certis Therapeutics, France).

 

Fig. 1. Schematic of the experimental setup. The porcine-based gelatine 

phantom was irradiated using bare optical fiber (orange) properly placed in the 

medium using an MRI-compatible needle. LITT was performed under MRI 
guidance and real-time temperature change during the experiments was 

measured using a 3D segmented EPI prototype sequence.  

B. Image analysis 

The data analysis was carried out on Matlab R2020a. Before 
undertaking the artifact investigation, other potential sources of 
measurement uncertainty were removed. In particular, the 
correction of the B0 drift was performed by subtracting to the 
whole image the signal of a reference area selected in a location 
of the phantom which is not affected by the temperature change 
[9]. Artifacts in the images were masked using a thresholding 
operation. Artifact region was defined as the area of negative 
temperature variation causing misleading temperature 
reconstruction in the images. Areas of temperature errors were 
defined as zones of negative temperature variation (<-2 °C). 
Knowing the size of the pixels, we could estimate the area of the 
artifacts, in all the planes in which it was appreciable. Two areas 
were calculated: the area in each slice, and the cumulative area, 
which is given by the sum of the areas in all the slices. The 
susceptibility artifacts were characterized following three steps: 
1) analysis of the artifact shape in the three planes for the 
experiment at 2 W; 2) investigation of the artifact dimension 
dependence with laser power; 3) quantification of the 
temperature errors in the artifact area. 

III. RESULTS AND DISCUSSION 

Fig. 2 shows the LITT outcomes in the gelatine phantom, for 
the three power values causing artifacts in the MRT images. 
Gas-bubbles causing errors in the measured temperature are 
clearly visible, with higher power resulting in larger damaged 
area and bubbles zone. 

This project has received funding from the European Research Council 

(ERC) under the European Union’s Horizon 2020 research and innovation 

programme (Grant agreement No. 759159). This work has been supported by 
the research project "HyperSIGHT" (ID R18SF4YHHS) funded by the Italian 

Ministry of University and Research (Call FARE Ricerca 2018). 
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Fig. 2. Example of LITT outcomes for the three power values leading gas-

bubble formation: 1 W, 2 W and 5 W. 

A. Analysis of the artifact shape at 2 W 

Temperature maps acquired in the three planes are reported 
in Fig. 3 (Fig. 3a, axial plane; Fig. 3b, coronal plane; Fig. 3c 
sagittal plane). Studying the artifact formation in the three 
planes, different views of the same shape are distinguished, and 
a double-lobe appearance mainly distributed in the sagittal plane 
is visible. 

 

 

Fig. 3. Maps of temperature change measured for the 10 slices at the time 
instant corresponding at the maximum temperature increase (~5min) in the 2 

W case for a) axial (yellow), b) coronal (orange) and c) sagittal (blue) planes. 

The artifact area is reported as the zone of negative temperature variation (<-2 
°C), dark blue regions with black boundaries in the images. A maximum 

temperature increase of 80 °C was measured for this experiment. 

The maximum temperature induced by LITT is 80 °C, as 
observable in the slice no. 5 of the sagittal plane (Fig. 3c). This 
result shows that the choice of the plane is crucial also for the 
correct measurement of the target temperature. 

The slice presenting the biggest artifact was selected for each 
plane (Fig. 4a), and the artifact's evolution in time was 
measured. We can observe that the lobes’ structure mainly 
extends in the sagittal plane. The artifact area increases with a 
trend similar to the one of the phantom temperature. The 
maximum value is recorded at 5 min for the sagittal plane. Also, 
the total area of pixels defined as susceptibility artifact regions 
in the 10 slices along the time, shows the higher value of ~25 
cm2 for the sagittal plane (Fig. 4b). 

 

Fig. 4. a) Temperature maps highlighting artifact evolution in time in the three 

planes. Results are reported for slices no. 1, 3, and 4 showing the biggest artifact 
area for the axial, coronal, and sagittal planes, respectively, at several time steps 
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of the LITT. b) Cumulative area measured as the sum of the pixels labeled in 
the images as artifact for the 10 slices in time and for sagittal (blue), coronal 

(orange), and axial (yellow) views.  

B. Artifact dimension dependence with power settings 

Gas bubbles were formed in the experiments performed with 
power > 0.5 W (Fig. 2). Results of the power-artifact dimension 
relationship are shown in Fig. 5. In this case, the sagittal plane 
holding most of the area of error information was considered 
sufficient for the artifact description. Both the artifact area at a 
set time (Fig. 5a) and the temporal evolution of cumulative area 
(Fig. 5b) indicate higher values by increasing power on average. 
The largest artifact area is always found in the central slices 
(between slices no. 4 to no. 6, Fig. 5a). At 5 W, the maximum 
cumulative area after 5 minutes of LITT reaches 39 cm2, 
whereas it remains < 10 cm2 when 1 W was used (Fig. 5b).  

 

 

Fig. 5. a) Artifact area estimated in the sagittal plane for the LITT performed 
at 1 W (blue), 2 W (orange) and 5 W (yellow). Area values in cm2 are shown 

for the 10 slices in the time instant revealing the maximum artifact occurrence 

(~ 5 min). b) Cumulative area during the procedure for 1 W, 2 W and 5 W 

experiments. 

C. Temperature error in the artifact area  

Fig. 6 shows a pixel-based analysis of the artifact. 

 

Fig. 6. a) Selected points in the MRT images for the experiment at 2 W in the 

sagittal plane. b) Temperature evolution extracted for the chosen pixels when 

the artifact is present. c) Selected points in the MRT images for the experiment 
at 0.5 W in the sagittal plane. d) Temperature evolution extracted for the chosen 

pixels without any susceptibility artifact. 

To quantify the temperature error caused by the artifact 

formation, 4 pixels were selected in the MRT images (Fig. 6a), 

and the corresponding temperature profiles are displayed in Fig. 

6b. In the artifact area (Point 1 and Point 3), a negative 

temperature variation is measured which can reach a minimum 

value of -80 °C at the end of ablation. On the other hand, at 0.5 

W (Fig. 6c-d), temperature evolution for the artifact-absence 

case enables an accurate 2D thermal map reconstruction in real-

time. 

IV. DISCUSSION AND CONCLUSIONS 

MRT is a useful solution for real-time thermometry during 
thermal therapies, as demonstrated by the clinical applications 
for the minimally invasive treatment of tumors [4]. However, 
this measurement technique still requires several improvements 
regarding the minimization of measurement uncertainties which 
are mainly related to motion (e.g., breathing motion, tremor, 
etc.) and changes in the local magnetic field. Indeed, MRT based 
on PRF shift has shown substantial sensitivity to local magnetic 
field changes ascribable to transient cavitation phenomena. This 
high sensitivity causes a consistent temperature error in the 
images.  

Viallon and colleagues have analyzed a similar 
phenomenon, caused by another electromagnetic source, i.e., 
radiofrequency [9], and proposed a model to correct the artifact 
for their specific settings. Even though the problem is well 
known also in clinical practice [7], only a few studies have 
proposed a deeper investigation of this aspect. 

In our work, we have carried out the first characterization of 
the observed transient cavitation artifact, in both space and time, 
during LITT. We have observed that the artifact, which is 
constituted by two main lobes centred on the source, is big in 
sagittal plane (it can reach 7 cm2 after 5 minutes-LITT in the 
central slice, as shown in Fig. 5a). As expected, the area 
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concerned by the artifact increases with the laser power. This 
phenomenon is particularly noticeable when the power density 
is high. Indeed, in our experiments, we have used a standard bare 
fiber applicator with a diameter of 0.3 mm. As a result, low 
power (0.5 W, in our case) firstly consists of an implementable 
solution to avoid those susceptibility artifacts. For some 
therapeutic applications, such as MRT-guided LITT for brain 
tumor treatment, different applicators are used, such as water-
cooled fibers with diffusive tips. Here, due to systems working 
differently, laser powers higher than the ones we used (from 10 
W to 20 W, even 30 W) did not always report artifacts [16, 17]. 
These results suggest that prior characterization of the laser 
delivery system is crucial to minimize artifacts in MRT and 
errors in thermal damage estimate.  

As a corollary, it could be interesting to investigate the effect 
of a gradually increasing power during the ablation to assess if 
the generation of gas bubbles could be mitigated, thus 
controlling artifact occurrence.   

We chose here the PRF shift method even though it cannot 
distinguish the effect of temperature-induced chemical shift 
change from pre-operatory changes in the local magnetic field, 
as it remains the technique mostly used with modern laser 
ablation systems. The other available methods in MRI encounter 
tissue-dependent signal change that interferes with accurate 
temperature monitoring and were proved to be less sensitive and 
accurate [18].  

The main limitation of our study, which leaves space to 
further improvements, regards the use of a homogeneous 
gelatine phantom and consequently does not take into account 
the effect of blood flow in living tissues, which has the potential 
to divert heat away from the target zone. In future work, we will 
investigate the influence of laser power on perfused tissues.  
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