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Abstract: We propose a setup for multiplexed distributed optical fiber sensors capable of 
resolving temperature distribution in thermo-therapies, with a spatial resolution of 2.5 mm 
over multiple fibers interrogated simultaneously. The setup is based on optical backscatter 
reflectometry (OBR) applied to optical fibers having backscattered power significantly larger 
than standard fibers (36.5 dB), obtained through MgO doping. The setup is based on a 
scattering-level multiplexing, which allows interrogating all the sensing fibers 
simultaneously, thanks to the fact that the backscattered power can be unambiguously 
associated to each fiber. The setup has been validated for the planar measurement of 
temperature profiles in ex vivo radiofrequency ablation, obtaining the measurement of 
temperature over a surface of 96 total points (4 fibers, 8 sensing points per cm2). The spatial 
resolution obtained for the planar measurement allows extending distributed sensing to 
surface, or even three-dimensional, geometries performing temperature sensing in the tissue 
with millimeter resolution in multiple dimensions. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Minimally invasive thermotherapies are playing a significant role in cancer treatment, for the 
removal of solid tumors after their diagnosis [1–3]. Minimally invasive methods based on 
thermal ablation make use of a minimally invasive applicator, inserted in situ to deliver heat 
in the form of electromagnetic energy to the surrounding tissue. Tumor cells mortality is a 
function of temperature and exposure time [4,5], with cytotoxicity phenomena appearing over 
42 °C; temperatures higher than 60 °C induce protein coagulation, resulting in a rapid cellular 
death [4]. 

Thermal ablation methods are successful in providing percutaneous treatments for solid 
tumors having small size in liver [3], kidney [6], thyroid [7], and brain [8] among others. Four 
principal methods have been implemented in clinical practice: radiofrequency ablation 
(RFA), which makes use of the difference of potential between an active electrode positioned 
on the applicator tip and a passive electrode placed in a neutral spot [1,6]; microwave ablation 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1282 

#346894 https://doi.org/10.1364/BOE.10.001282 
Journal © 2019 Received 27 Sep 2018; revised 10 Jan 2019; accepted 14 Jan 2019; published 19 Feb 2019 

https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.10.001282&amp;domain=pdf&amp;date_stamp=2019-02-19


(MWA) uses a generator emitting around 2.4 GHz to deliver an alternate power to the tissue, 
which acts as an electrical load [9]; laser ablation (LA), in which a solid-state laser delivers a 
continuous power to the tissue through one or multiple delivery fibers [7]; high-intensity 
focused ultrasound (HIFU), a non-contact method, in which an arrayed element focuses an 
ultrasound beam scanning the target tissue [10]. Among these methods, RFA and MWA have 
been appreciated for their capability to treat wide portions of tissue and rapid ablation 
process, and recent results show that these methods can be complemented with nanoparticles 
to extend the ablated tissue by a significant amount [11]. 

One of the main challenges of thermal ablation is the measurement of temperature across 
the treated regions [12] because the cellular mortality is a direct function of thermal 
dosimetry. This task is challenging since all thermal treatments generate heat patterns in the 
tissue that have high spatial and temporal gradients, often overcoming 50 °C/mm and 5 °C/s 
[13]. Therefore [4], the possibility to measure in real-time the temperature profile resolving 
thermal patterns is important to estimate the ablated portion of the tissue [14]; this allows 
verifying that the entire tumor has been treated, making thermometry the most important 
control for RFA/MWA [12]. 

The classical method for measuring the temperature in situ makes use of thermocouples 
[15,16]. These sensors, however, have two major weaknesses: thermocouples, even when 
packaged in a miniature form factor, can affect the heating propagation due to the two 
metallic wires which represent their sensing part, and they measure the temperature in a 
single point, while they cannot measure a spatial profile of temperature. Thermocouples are 
mounted on the tip of modern commercial RFA devices [17]. An alternative to thermocouples 
is thermal imaging [18–20], which uses magnetic resonance imaging (MRI) or computed 
tomography (CT) to perform thermal imaging on the tissue exposed to ablation. In these 
techniques, the temperature change is inferred from images of temperature dependent 
properties of biological tissue [18,19]. MRI thermometry is based on the dependence of 
several MR parameters on temperature. Among others, the relaxation times and the proton 
resonance frequency are the most employed in these fields [18]. This technique has been 
already used in vivo during different thermal treatments [20]. Basically, CT thermometry is 
based on the influence of the temperature on the phenomenon of Compton scattering. This 
influence causes a decrease of the attenuation of X-ray beam with temperature which can be 
observed on the CT images [20]. Both these techniques have the main advantages to be non-
invasive (or contactless) and to provide a three-dimensional temperature map around the 
tissue. Otherwise, the main concerns in the use of these techniques are the cost of MR scanner 
and specific sequences for obtaining good sensitivity to temperature, the need of using MR-
compatible devices (for MR thermometry), the need to an X-ray dose to the patient (for CT-
thermometry), and the presence of artefact due to patient respiratory movement [18,19]. 

Fiber optic sensors (FOS) represent the main alternative to these methods and have been 
recently extensively applied for temperature sensing in real time during RFA and MWA 
[13,14]. FOS are an excellent candidate to outperform thermocouples and MRI, because they 
have miniature form factor (smaller than RFA/MWA applicators), they are biocompatible in 
accordance to ISO 10993 standard [21] and have an instantaneous response. Most 
importantly, FOS have the unique property of detecting temperature patterns on a single fiber 
with resolutions between 0.1 mm and 10 mm [14], and the possibility of multiplexing among 
multiple fibers to detect the temperature pattern in one- or two-dimensional geometries [22] 
in a single scan. Fiber Bragg Gratings (FBGs) have been used for this task: FBG arrays make 
use of wavelength-division multiplexing and multiple channel interrogators to detect 
temperature patterns with spatial resolution included within 5 mm and 10 mm [12,14]; 
however, the spatial resolution is coarse compared to the thermal gradients at which the tissue 
is exposed in RFA [12]. An alternative is chirped FBGs [13], which can virtually reduce the 
resolution to the millimeter scale; however, chirped grating sensing system operate under the 
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assumption that the temperature pattern is known a priori, such as a Gaussian function, as 
reported by Korganbayev et al. in 2018 [23]. 

Distributed sensing stands as the most modern approach for temperature sensing in 
thermal ablation, using methods derived from optical frequency domain reflectometry 
(OFDR) [14]. An OFDR system based on white-light interferometry interrogates distributed 
reflections occurring in the fiber [24,25]. The most important OFDR implementation for 
sensing is optical backscatter reflectometry (OBR), whereas the distributed reflections are the 
random Rayleigh backscattering components naturally occurring on any standard fiber, 
labeled as the “signature”. The OBR system is an OFDR with detectors sufficiently accurate 
to detect the fiber signature in each location and estimate the spectral shift of each signature 
[26–28]. After being pioneered and consolidated by Froggatt et al. [26,27], and industrialized 
in the OBR instrument [28], distributed sensing based on OBR has been first demonstrated in 
RFA by Macchi et al. [29]. OBR allows an inline measurement of temperature with resolution 
below the millimeter scale [14,28,29]. 

A major weakness of OBR is that this method is not suitable for multiplexing onto 
multiple fibers. It is possible to use a switch to connect multiple channels, but since each 
channel requires an independent triggering and the measurement is relatively slow, 
performing a multi-fiber measurement at a speed inferior to 1 s is not feasible. Because of this 
drawback, OBR measurements are inherently single-channel, resulting in a one-directional 
inline measurement of temperature [14]. It is possible to bend the sensing fiber around the 
tissue in order to obtain a multi-dimensional measurement, as reported in [29]; however, this 
type of layout of the fiber is suitable only in investigations performed in the laboratory and 
cannot mimic a percutaneous insertion of the sensor as in [13] [22,23]. The detection of a 
planar temperature distribution with FOS, using a setup that can be percutaneously inserted in 
the tissue, has been reported in [22,30] using FBG arrays, however the 1-cm spacing between 
each grating element limited the resolution to the centimeter level, while OBR can operate at 
few millimeters or below. 

In this work, we propose a new method to overcome this scenario, that makes use of 
specialty fibers and an architecture hereby defined as “scattering-level multiplexing” 
(SLMux). The 2 building blocks of this concept are the use of a fiber doped with MgO-based 
nanoparticles that has a backscattering power of 36.5 dB larger than a standard single-mode 
fiber, used as sensing elements, and a matrix of fiber extenders that displaces the position of 
each sensor such that the scattering components do not overlap in length. For each location 
we observe the overlap of the scattering components of multiple fibers; however, since the 
sensing fibers backscatter a power orders of magnitude larger than each other fiber, it is 
possible to unambiguously demodulate each sensing fiber. In practice, this architecture allows 
detecting multiple sensing regions on a plurality of fibers, maintaining the same spatial 
resolution of the OBR technique. The MgO-doped fiber has a thermo-optic coefficient similar 
to silica fibers. 

This concept allows extending OBR from one-dimensional to two-dimensional (planar) 
temperature measurements in thermal ablation. An experimental setup has been designed to 
perform a temperature detection over 4 sensing fibers, achieving a total of 96 sensing points 
on a surface of 900 mm2. This highly resolved temperature measurement allows extending 
OBR to the real-time measurement of temperature spatial distribution over the inner plane of 
thermal ablation, providing a valuable alternative to thermal imaging at a simpler 
implementation. 

2. Experimental setup 

2.1 Experimental setup 

The experimental setup, embodying both the RFA setup and the distributed sensing system, is 
sketched in Fig. 1, while Fig. 2 shows photographic views. 
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with a “useful” region of 60 mm where a temperature change occurs. With the setup arranged 
in this way, it is possible to obtain 96 (4 fibers × 24 useful sensing point per fiber) over an 
area of 900 mm2 (60 mm × 15 mm). 

The photographic view of the setup is shown in Fig. 2, including both the RF module and 
the OBR sensing system. Extenders have been laid out on a plate in order to maintain the 
fiber bending unaltered during measurements. The phantom after ablation is shown in Fig. 
2(c), whereas the sensors are positioned on the same plane of the RFA applicator. The photo 
has been obtained by manually cutting the phantom, which caused fibers to slightly move 
from their location during the measurement; however, this figure is indicative to show the 
size of the ablated tissue. 

2.2 Fiber characterization and interrogation 

The preform was fabricated by conventional MCVD (Modified Chemical Vapor Deposition) 
process [32]. A Ge-doped silica porous layer of the core was immersed three times with 5 mL 
of the doping solution injected in the horizontally rotating tube. The composition of the 
ethanol-based doping solution is 0.1 mol/L of MgCl2 and 10−4 mol/L of ErCl3. The porous 
layer was dried at 1000°C under an oxygen gas flow, then sintered at 1800°C. The tube was 
collapsed into the preform by heating above 2000°C. The diameter of the preform was around 
10 mm with a 0.8 mm core diameter. The optical fiber was drawn on a drawing tower by 
heating the preform at approximately 2000°C. The external diameter of the fiber was 125 µm 
while the core diameter is about 10 µm. 

The compositions of the optical preform and fiber were measured using Energy 
Dispersive X-ray (EDX) analyses. The average magnesium and germanium concentrations 
vary along the length (axial direction) of the fiber. The highest magnesium and germanium 
concentrations are 1.7 and 0.4 at.%, respectively. The introduction of magnesium triggers the 
formation of nanoparticles through the phase separation mechanism due to high temperatures 
reached during the fabrication [33]. The exact composition of the nanoparticles is unknown 
for this fiber, but it has been reported previously for other fibers where the nanoparticles are 
enriched with Mg [34]. 

 

Fig. 3. Thermal response of the MgO-doped sensing fiber. 

The thermal response of the fiber is shown in Fig. 3, which has been estimated by 
inserting a spool of MgO-doped fiber on the surface of a hot plate, recording the plate 
temperature with a contact thermometer and measuring the wavelength shift of the fiber 
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scattering signature with the OBR. The result is a linear sensitivity, with coefficient 11.9 
pm/°C; this value is similar to silica fibers (~10.2 pm/°C), confirming that the doping 
concentration does not largely modify the thermo-optic coefficient of the fiber. 

 

Fig. 4. Scattering characterization of the proposed setup. (a) Backscattered power as a function 
of length, as recorded on the OBR, for each fiber length. The chart identifies the 4 sensing 
regions S1 – S4, each having ~20 cm length of MgO-doped fiber. (b) Inset of the left chart, 
showing an individual sensing region, with estimation of scattering “gain” G, fiber attenuation 
2α, and signal-to-noise ratio. 

The scattering characterization of the setup is shown in Fig. 4. In the left chart, it is 
possible to visualize the scattering trace, corresponding to the backscattered power as a 
function of length in the fiber. The chart identifies the 4 sensing regions, all designed using a 
length of ~18 cm of MgO-doped fiber, and the effect of the extenders: since each extender has 
a progressive length, the 4 locations can be unambiguously separated (S1: 9.77 – 9.95 m; S2: 
10.03 –10.21 m; S3: 10.28 – 10.46 m; S4: 10.55 – 10.74 m). All the sensing regions are 
enclosed within approximately 1 m of window on the OBR. All fibers have been cleaved 
prior to insertion in the tissue, and the local termination points of each fiber are not 
considered for the thermal map estimation. 

The high scattering content shows the validity of the multiplexing concept and is reported 
in Fig. 4(b) for the longest extender region. While the SMF fiber has a scattering level of 
−108.9 dBm and its attenuation is negligible over the short length of this setup, the magnitude 
of the MgO-doped fiber is −72.4 dBm, showing a scattering “gain” of G = 36.5 dB. In this 
framework, we define the gain as an additional intensity of the MgO-doped fiber that 
magnifies the scattering content, while there is no signal amplification [31]. The losses of the 
MgO-doped fiber are high and are accounted by estimating the slope of the trace in Fig. 4(b) 
as 2α = 25.5 dB/m cumulating the forward and backward losses that are accounted by the 
OBR. 

The multiplexing concept works since the scattering trace of the sensing fibers is always 
much larger than the combination of all the scattering components of the SMF fibers. We can 
therefore define a signal-to-noise ratio (SNR) that relates to the only scattering component 
and is defined as the ratio of the scattering content of the MgO-doped fiber (signal) over the 
scattering of the SMF fibers that overlap to the signal at the same location (which acts as a 
noise that corrupts the scattering estimate). Since the MgO-doped fibers have high losses, the 
SNR is higher at the beginning of each sensing trace and is the lowest at the end of each 
sensing tract. In our setup, the worst case is observed for the sensor S1, since it has the 
shortest extender and therefore it overlaps to all the other 3 SMF spans in the same location; 
on this specific channel, it also appears that losses are higher due to a splitter excess loss on 
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this specific channel. In any case, even at the tail of S1 the SNR is approximately 24 dB, 
while Fig. 4(b) shows that the SNR is ~27 dB at the end of S4 region. 

Empirically, we observe that a SNR of 20 dB is sufficient to ensure that the performances 
are limited by the trade-off between spatial resolution and accuracy of the OBR [31], without 
noticeable impairments due to multiple scattering components. This is also reinforced by the 
good noise rejection guaranteed by the mutual correlation algorithm. In comparison, FBG 
sensing networks operate with 20-30 dB of extinction ratio between adjacent gratings [22], 
confirming that the SLMux operates as a true multiplexing concept for fiber optic sensors. 

Sensor interrogation has been performed by adjusting the OBR software, operating in 
distributed sensing, that allows continuous measurement of the scattering signatures. The 
mutual correlation algorithm has been used correlate the Rayleigh backscattering spectra 
within each gage length (i.e., the signatures), with the signatures measured at the start of the 
experiment. The thermo-optic coefficient previously estimated has been used to convert the 
wavelength shift into temperature variation for each measurement point. After the whole 
temperature distribution has been estimated, the thermal maps have been updated by 
converting each OBR location into its xy coordinates evaluated as in Fig. 1, making the 
conversion between the linear trace to the planar geometry. The spectral correlation output is 
independent upon the power level (which removes minor effects such as temperature-
dependent loss of the MgO-doped fibers) and operates on an 8 pm grid, correspondent to 0.7 
°C thermal resolution. 

3. Results 

The experiments have been carried out by obtaining the reference temperature and fiber 
signature during the initialization, and then turning on the RFA generator in safe mode. The 
RF power has been delivered to the tissue until the vaporization, where the tissue impedance 
overcomes the threshold of 700 Ω, and then the power has been automatically discontinued. 
The thermal maps have been obtained on the xy plane by processing the data from each 
sensing fiber: temperature has been sampled with 2.5 mm resolution along the x axis parallel 
to the RFA applicator (corresponding to the OBR spatial resolution), with 5 mm resolution 
along the y axis perpendicular to the RFA applicator (corresponding to the distance between 
adjacent sensing fibers), and with 0.33 s time resolution (corresponding to the OBR speed in 
single-scan). Multiple experiments have been performed, showing similar results; in the 
following, we report the result for the ablation shown photographically in Fig. 2(c) as a 
benchmark of the distributed sensing system. 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1289 



 

Fig. 5. Thermal maps reporting the measured temperature as a function of distance along the 
fiber (direction x) and time for each of the four sensing elements, located at coordinates y = 
−7.5 mm (S1), y = −2.5 mm (S2), y = 2.5 mm (S3), y = 7.5 mm (S4). 

In Fig. 5 we report the thermal maps obtained in this experiment, using the notation of 
[22] that reports the temperature as a function of distance along the fiber (x) and time elapsed. 
The thermal maps show the initial temperature rising, from the ~20°C room temperature, for 
as the RF power is dissipated on the tissue. The heating pattern progressively enlarged, as the 
impedance of the tissue decreased from the initial 120 Ω to ~85 Ω. In this moment, the heat 
pattern was recorded by both inner sensors S2-S3, with the sensor placed on the right of the 
applicator observing a higher heating. This asymmetric pattern is confirmed by Fig. 2(c) and 
is largely due to the non-homogeneous properties of the tissue, including fat and capillaries 
that deviate the RF ablation pattern particularly for fast ablation phenomena [3]. Conversely, 
heat did not significantly propagate to the external fibers, that see a marginal increase of 
temperature. After 25 s the vaporization of the tissue occurs, causing the RF power to be 
discontinued; the consequence is the temperature drop, with a gradient that is steeper in the 
center where the RF power is discontinued and is lower in on the sides, due to the delays of 
heat propagation from inner parts of the tissue to the peripheral sides. The maximum 
temperature of 102.7°C has been observed after 25 s. The external sensors detect a heating 
process having a peak at 41 s and a maximum temperature of 42.4°C (S4) and 33.2°C (S1), 16 
s after the RF power has been discontinued. 
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The method described in Fig. 1 can be potentially extended by using a 1xN splitter in lieu 
of the 1x2 splitter cascade, and using multiple extenders E1, …, EN to multiplex N sensing 
regions S1, …, SN. Assuming that the length of the i-th extender is LEi and includes all the 
optical path from the splitter output to the sensor, and LSi is the length of the i-th sensing 
region made with MgO-doped fiber, we can arrange the fibers such that: 

 ( ) ( )      ,÷ + ÷ + ∀ ≠doesnotoverlapwithEi Ei Si Ej Ej SjL L L L L L   i j  (1) 

In this case, we can write the backscattered power PS,i (in dBm units) from each i-th 
channel along the generic fiber direction z (corresponding to x in Fig. 1) as: 

 ( ) ( ),

                                0

2         

z

G z zα
≤ ≤

=  + − ≤ ≤ +

SMF Ei
S i

SMF Ei Ei Si

P L
P z

P L L L
 (2) 

where z = 0 is assumed to be the output of the splitter, PSMF is the power scattered by the SMF 
fiber (which is assumed to be lossless over the short interrogation window of the OBR, 
limited to 20-70 m), G is the scattering “gain”, i.e., the amount of extra scattering provided by 
the MgO-doped fiber, and 2α is twice the attenuation of the MgO-doped sensing fiber, that 
corresponds to the forward and backward waves. 

The power detected by the OBR is the combination of all backscattered waves, and from 
Eq. (1) it is possible to separate the location of each sensing region, as shown in Fig. 4. The 
worst-case scenario occurs for the shortest extender, whereas the sensing fiber overlaps to (N-
1) SMF fibers, which act as a noise on the spectral signature. We can thus write the signal-to-
noise ratio (SNR), in dB units, as: 

 ( )102 10log 1= − − −SNR G αz N  (3) 

whereas the splitter and link losses are not appearing as they apply to both the SMF fibers and 
the sensing fiber. By defining the target SNR and the number of fibers in the system, it is 
possible to obtain the maximum distance for each sensor by solving Eq. (3) for the maximum 
z value. Given that, from Sect. 2.2, the estimated parameters for the MgO-doped fiber are G = 
36.5 dB and 2α = 25.5 dB/m, and empirically the OBR correlator appears to work without 
impairments for SNR ≥ 20 dB (i.e. for values of SNR higher than this threshold the 
performance are limited by the accuracy-resolution trade-off and not by the noise affecting 
the fiber signatures) for a 1x4 splitter the maximum distance is 46 cm, reducing to 19 cm for a 
1x16 splitter and 6 cm for 1x32 splitter. Overall, this implies that we can transform a purely 
linear measurement with OBR into a multi-fiber measurement, each fiber having a length 
sufficient for in situ detection and maintaining a simultaneous scan even with 32 sensing 
fibers, considering that thermo-therapies affect the tissue by up to 3-4 cm in diameter [12]. 

Regarding MRI thermometry, recent findings allowed improving the performances of this 
technique during thermal treatments and obtaining good spatial (e.g., 1.25 × 1.25 × 3.5 mm) 
and temporal resolution (e.g., 1.9 s) [38]. By optimizing the SLMux method and 
consolidating the time-delay unit constituted by the extender array, it is possible to approach 
this level of resolution, but using sensors in lieu of imaging for in situ detection. 

In this work, the SLMux technique has been demonstrated on a two-dimensional grid, 
achieving a horizontal resolution of 2.5 mm which depends on the temperature accuracy and 
the total sensing length on the OBR, and a vertical resolution of 5 mm that depends on the 
number of used fibers and how closely and precisely they can be inserted in the tissue. With 
these values, the estimated temperature accuracy is close to the resolution of the OBR. 
However, shortening the total sensing length might be beneficial to improve the accuracy or 
reduce the spatial resolution, as by the trade-off. 
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5. Conclusions 

In conclusion, we report a scattering level-based multiplexing configuration that allows 
extending the OBR/OFDR distributed sensing to multiple fibers with a single scan. This 
SLMux configuration finds immediate application in the measurement of temperature patterns 
in cancer thermo-therapies [12–14], whereas the possibility of measuring at a fast rate with 
narrow spatial resolution with fibers arranged in planar configuration is needed to estimate in 
real time the extension of the treated tissues [16]. The SLMux configuration is enabled by 
fibers having superior amount of backscattering, and a set of extenders that implements a 
network of delayers that allows arbitrarily spacing the sensing fibers. The setup has been 
validated in RFA measurements, resulting in two-dimensional thermal maps with sub-
centimeter resolution in both dimensions. This configuration is an excellent candidate for 
real-time sensing in all biomedical applications that require sensing on multiple fibers, each 
used as a short-length distributed sensor [14]. The spatial resolution achievable by this 
configuration is comparable with thermal imaging, but with the advantage of in situ 
measurement and the possibility of embodying the sensing elements in miniature needles. 

Future work will address the expansion of the proposed method to >10 fibers arranged 
also in 3-dimensional way, to better identify the SNR performance limits of the SLMux 
concept and extending the SLMux configuration to strain/shape sensing on smart medical 
percutaneous catheters [14] [31]. 

Funding 

ORAU program at Nazarbayev University (LIFESTART 2017-2019, FOSTHER 2018-2020); 
ANR project Nice-DREAM (ANR-14-CE07-0016-03); Spanish Ministry of Economy and 
Competitiveness (DIMENSION TEC2017 88029-R). 

Acknowledgments 

The authors acknowledge S. Trzesien and M. Ude (INPHYNI, Nice, France) for the 
fabrication of the fiber. 

The research has been supported by ORAU program at Nazarbayev University (grants 
LIFESTART 2017-2019 and FOSTHER2018-2020), by ANR project Nice-DREAM (grant 
ANR-14-CE07-0016-03), and by project DIMENSION TEC2017 88029-R funded by the 
Spanish Ministry of Economy and Competitiveness. This work was partly supported by the 
SIRASI project - Sistema Robotico a supporto della Riabilitazione di Arto Superiore e 
Inferiore (Bando INTESE - CUP: F86D15000050002). 

Disclosures 

The authors declare that there are no conflicts of interest related to this article. 

References 

1. S. N. Goldberg, G. S. Gazelle, C. C. Compton, P. R. Mueller, and K. K. Tanabe, “Treatment of intrahepatic 
malignancy with radiofrequency ablation,” Cancer 88(11), 2452–2463 (2000). 

2. M. Ahmed, C. L. Brace, F. T. Lee, Jr., and S. N. Goldberg, “Principles of and advances in percutaneous 
ablation,” Radiology 258(2), 351–369 (2011). 

3. S. Padma, J. B. Martinie, and D. A. Iannitti, “Liver tumor ablation: percutaneous and open approaches,” J. Surg. 
Oncol. 100(8), 619–634 (2009). 

4. S. A. Sapareto and W. C. Dewey, “Thermal dose determination in cancer therapy,” Int. J. Radiat. Oncol. Biol. 
Phys. 10(6), 787–800 (1984). 

5. A. Shaw, G. ter Haar, J. Haller, and V. Wilkens, “Towards a dosimetric framework for therapeutic ultrasound,” 
Int. J. Hyperthermia 31(2), 182–192 (2015). 

6. T. S. Corwin, G. Lindberg, O. Traxer, M. T. Gettman, T. G. Smith, M. S. Pearle, and J. A. Cadeddu, 
“Laparoscopic radiofrequency thermal ablation of renal tissue with and without hilar occlusion,” J. Urol. 166(1), 
281–284 (2001). 

7. R. Valcavi, F. Riganti, A. Bertani, D. Formisano, and C. M. Pacella, “Percutaneous Laser Ablation of Cold 
Benign Thyroid Nodules: A 3-Year Follow-Up Study in 122 Patients,” Thyroid 20(11), 1253–1261 (2010). 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1294 



8. R. Medvid, A. Ruiz, R. J. Komotar, J. R. Jagid, M. E. Ivan, R. M. Quencer, and M. B. Desai, “Current 
applications of MRI-guided laser interstitial thermal therapy in the treatment of brain neoplasms and epilepsy: a 
radiologic and neurosurgical overview,” Am. J. Neurorad. (2015). 

9. M. G. Lubner, C. L. Brace, J. L. Hinshaw, and F. T. Lee, Jr., “Microwave tumor ablation: mechanism of action, 
clinical results, and devices,” J. Vasc. Interv. Radiol. 21(8 Suppl), S192–S203 (2010). 

10. J. E. Kennedy, “High-intensity focused ultrasound in the treatment of solid tumours,” Nat. Rev. Cancer 5(4), 
321–327 (2005). 

11. X. Yang, “Science to practice: enhancing photothermal ablation of colorectal liver metastases with targeted 
hybrid nanoparticles,” Radiology 285(3), 699–701 (2017). 

12. E. Schena, D. Tosi, P. Saccomandi, E. Lewis, and T. Kim, “Fiber optic sensors for temperature monitoring 
during thermal treatments: an overview,” Sensors (Basel) 16(7), 1144 (2016). 

13. D. Tosi, E. G. Macchi, M. Gallati, G. Braschi, A. Cigada, S. Rossi, G. Leen, and E. Lewis, “Fiber-optic chirped 
FBG for distributed thermal monitoring of ex-vivo radiofrequency ablation of liver,” Biomed. Opt. Express 5(6), 
1799–1811 (2014). 

14. D. Tosi, E. Schena, C. Molardi, and S. Korganbayev, “Fiber optic sensors for sub-centimeter spatially resolved 
measurements: review and biomedical applications,” Opt. Fiber Technol. 43, 6–19 (2018). 

15. F. Manns, P. J. Milne, X. Gonzalez-Cirre, D. B. Denham, J. M. Parel, and D. S. Robinson, “In situ temperature 
measurements with thermocouple probes during laser interstitial thermotherapy (LITT): quantification and 
correction of a measurement artifact,” Lasers Surg. Med. 23(2), 94–103 (1998). 

16. P. Saccomandi, E. Schena, and S. Silvestri, “Techniques for temperature monitoring during laser-induced 
thermotherapy: an overview,” Int. J. Hyperthermia 29(7), 609–619 (2013). 

17. Starburst Talon® RFA Device, Angiodynamics, http://www.angiodynamics.com/products/starburst-talon. 
18. V. Rieke and K. Butts Pauly, “MR thermometry,” J. Magn. Reson. Imaging 27(2), 376–390 (2008). 
19. F. Fani, E. Schena, P. Saccomandi, and S. Silvestri, “CT-based thermometry: An overview,” Int. J. Hyperthermia 

30(4), 219–227 (2014). 
20. T. J. Vogl, P. K. Müller, R. Hammerstingl, N. Weinhold, M. G. Mack, C. Philipp, M. Deimling, J. Beuthan, W. 

Pegios, and H. Riess, “Malignant liver tumors treated with MR imaging-guided laser-induced thermotherapy: 
technique and prospective results,” Radiology 196(1), 257–265 (1995). 

21. ISO 10993, Biological Evaluation of Medical Devices; International Organization for Standardization, Geneva, 
Switzerland, 1995. 

22. M. Jelbuldina, A. Korobeinyk, S. Korganbayev, V. J. Inglezakis, and D. Tosi, “Fiber Bragg Grating Based 
Temperature Profiling in Ferromagnetic Nanoparticles-Enhanced Radiofrequency Ablation,” Opt. Fiber Technol. 
43, 145–152 (2018). 

23. S. Korganbayev, Y. Orazayev, S. Sovetov, A. Bazyl, E. Schena, C. Massaroni, R. Gassino, A. Vallan, G. 
Perrone, P. Saccomandi, M. A. Caponero, G. Palumbo, A. Iadicicco, S. Campopiano, and D. Tosi, “Detection of 
thermal gradients through fiber-optic Chirped Fiber Bragg Grating (CFBG): Medical thermal ablation scenario,” 
Opt. Fiber Technol. 41, 48–55 (2018). 

24. S. Wang, X. Fan, Q. Liu, and Z. He, “Distributed fiber-optic vibration sensing based on phase extraction from 
time-gated digital OFDR,” Opt. Express 23(26), 33301–33309 (2015). 

25. A. B. Am, D. Arbel, and A. Eyal, “OFDR with double interrogation for dynamic quasi-distributed sensing,” Opt. 
Express 22(3), 2299–2308 (2014). 

26. M. Froggatt and J. Moore, “High-spatial-resolution distributed strain measurement in optical fiber with rayleigh 
scatter,” Appl. Opt. 37(10), 1735–1740 (1998). 

27. M. Froggatt, “Distributed measurement of the complex modulation of a photoinduced Bragg grating in an optical 
fiber,” Appl. Opt. 35(25), 5162–5164 (1996). 

28. B. Soller, D. Gifford, M. Wolfe, and M. Froggatt, “High resolution optical frequency domain reflectometry for 
characterization of components and assemblies,” Opt. Express 13(2), 666–674 (2005). 

29. E. G. Macchi, D. Tosi, G. Braschi, M. Gallati, A. Cigada, G. Busca, and E. Lewis, “Optical fiber sensors-based 
temperature distribution measurement in ex vivo radiofrequency ablation with submillimeter resolution,” J. 
Biomed. Opt. 19(11), 117004 (2014). 

30. G. Palumbo, A. Iadicicco, D. Tosi, P. Verze, N. Carlomagno, V. Tammaro, J. Ippolito, and S. Campopiano, 
“Temperature profile of ex-vivo organs during radio frequency thermal ablation by fiber Bragg gratings,” J. 
Biomed. Opt. 21(11), 117003 (2016). 

31. F. Parent, S. Loranger, K. K. Mandal, V. L. Iezzi, J. Lapointe, J. S. Boisvert, M. D. Baiad, S. Kadoury, and R. 
Kashyap, “Enhancement of accuracy in shape sensing of surgical needles using optical frequency domain 
reflectometry in optical fibers,” Biomed. Opt. Express 8(4), 2210–2221 (2017). 

32. J. B. Mac Chesney, P. B. Oapos Connor, and H. M. Presby, “A new Technique for the Preparation of low-Loss 
and Graded-Index Optical Fibers,” Proc. IEEE 62(9), 1280–1281 (1974). 

33. W. Blanc, V. Mauroy, L. Nguyen, B. N. Shivakiran Bhaktha, P. Sebbah, B. P. Pal, and B. Dussardier, 
“Fabrication of Rare Earth‐Doped Transparent Glass Ceramic Optical Fibers by Modified Chemical Vapor 
Deposition,” J. Am. Ceram. Soc. 94(8), 2315–2318 (2011). 

34. W. Blanc, C. Guillermier, and B. Dussardier, “Composition of nanoparticles in optical fibers by Secondary Ion 
Mass Spectrometry,” Opt. Mater. Express 2(11), 1504–1510 (2012). 

35. E. G. Macchi, M. Gallati, G. Braschi, A. Cigada, and L. Comolli, “Temperature distribution during RF ablation 
on ex vivo liver tissue: IR measurements and simulations,” Heat Mass Transf. 51(5), 611–620 (2015). 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1295 



36. S. Tungjitkusolmun, S. T. Staelin, D. Haemmerich, J. Z. Tsai, J. G. Webster, F. T. Lee, Jr., D. M. Mahvi, V. R. 
Vorperian, and V. R. Vorperian, “Three-dimensional finite-element analyses for radio-frequency hepatic tumor 
ablation,” IEEE Trans. Biomed. Eng. 49(1), 3–9 (2002). 

37. I. Gasulla, D. Barrera, J. Hervás, and S. Sales, “Spatial Division Multiplexed Microwave Signal processing by 
selective grating inscription in homogeneous multicore fibers,” Sci. Rep. 7(1), 41727 (2017). 

38. N. Todd, M. Diakite, A. Payne, and D. L. Parker, “In vivo evaluation of multi-echo hybrid PRF/T1 approach for 
temperature monitoring during breast MR-guided focused ultrasound surgery treatments,” Magn. Reson. Med. 
72(3), 793–799 (2014). 

 

                                                                      Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1296 




