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We present a biocompatible, all-glass, 0.2 mm diameter, fiber-optic probe that combines an extrinsic
Fabry–Perot interferometry and a proximal fiber Bragg grating sensor; the probe enables dual pressure
and temperature measurement on an active 4 mm length, with 40 Pa and 0.2°C nominal accuracy.
The sensing system has been applied to monitor online the radiofrequency thermal ablation of tumors
in liver tissue. Preliminary experiments have been performed in a reference chamber with uniform
heating; further experiments have been carried out on ex vivo porcine liver, which allowed the measure-
ment of a steep temperature gradient and monitoring of the local pressure increase during the ablation
procedure. © 2014 Optical Society of America
OCIS codes: (060.2370) Fiber optics sensors; (050.2230) Fabry-Perot; (060.3735) Fiber Bragg

gratings; (120.3890) Medical optics instrumentation; (120.5475) Pressure measurement; (120.6780)
Temperature.
http://dx.doi.org/10.1364/AO.53.002136

1. Introduction

Thermal ablation is a widespread therapy to treat
tumors of 3–5 cm in size [1–3]. After diagnosing
and locating the tumor through imaging (e.g., ultra-
sound, MRI, CAT scan), the radiofrequency ablation
(RFA) procedure consists of selectively heating the
tumor area by means of a localized energy source.
Over 60°C cells death is instantaneous [4]; in addi-
tion, chemotherapy is prescribed afterward as an
additional safety measure. The high selectivity, low
invasiveness, and capability of dealing with both

small and large tumors make thermal ablation a
popular therapy. The three main procedures involv-
ing thermal ablation are RFA [5–8]; microwave
ablation [9–11], in which heat is generated by Joule
effect through an electromagnetic (EM) field; and
laser ablation, where a laser is used [12]. RFA is
the most common and less invasive procedure, and
can usually be handled as an outpatient procedure.

In RFA, an EM field is generated within the
patient by means of an active electrode (needle) posi-
tioned in contact with the tumor, with the tip as close
as possible to its focal point, and a passive electrode
placed on the patient’s back. A radiofrequency (RF)
generator, with 350–500 kHz emission frequency,
creates an electric potential difference between the
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electrodes and the current thereby generated indu-
ces a strong heating near the active electrode where
the current density is very high. The surrounding
tissue is heated by conduction; with a treatment of
up to 40 min in duration, it is possible to treat small-
and midsize tumors (up to 4 cm in size).

RFA is currently a standard procedure in cancer
treatment, especially adopted for primary and secon-
dary liver tumors; however, its application for large
tumors is limited by liquid-vapor phase change. The
main constituent of most biological tissues, including
liver tissue, is water; over about 100°C the phase
change takes place and, since vapor is a good dielec-
tric, it progressively insulates the active electrode
leading to the interruption of the ablation procedure
[13,14]. The vaporization of the liquids contained in
the tissue also generates a pressure increase in the
heating point; this is particularly significant for
encapsulated tumors since it might cause the dis-
lodgement and scattering of malignant cells around
the ablated tumor [15–17].

The research carried out by the authors, in connec-
tion with San Matteo Hospital in Pavia, Italy, is
focused on improving the understanding of the physi-
cal phenomena connected with RFA in the liver, in
order to develop a sound heating model based on
the physical phenomena occurring during RFA,
and on enhancing the current RFA technology to
improve efficiency and invasiveness. A key asset is
the possibility to perform a monitoring of both pres-
sure and temperature in contact of the ablation
point. This allows driving the RFA model with the
physical data, improving the understanding of
the phenomena connected with the interruption of
the RFA procedure; furthermore, it can lead to a
better control of RFA efficiency.

In this medical application, the technical require-
ments related to sensing are challenging: (1) the
sensing probe has to measure both pressure and
temperature in a very localized region; (2) the sensor
must be minimally invasive, miniature size, and
biocompatible; (3) immunity to electromagnetic
interference (EMI) is necessary due to the close prox-
imity of the sensor to the active; (4) the extremely
steep gradients of both temperature and pressure
require that the sensor has very low cross sensitivity
between these two parameters. Unlike standard
microelectromechanical systems (MEMS), optical
fiber sensors [18] are a suitable candidate, due to
their miniature size (e.g., 0.2 mm diameter), tensile
and compressive strength (which allows safe inser-
tion despite the small size), immunity to EMI, and
the ability to measure multiple parameters while
maintaining a small overall size.

The most popular approach for development of
medical pressure sensors based on optical fibers is
extrinsic Fabry–Perot interferometry (EFPI) [19,20].
Several EFPI-based configurations have been re-
cently presented [21–28]; in addition, EFPI-based
medical devices are commercially available [29]. It
is possible to combine an EFPI probe with a fiber

Bragg grating (FBG) [30,31], acting as temperature
sensor in proximity of the EFPI sensor, to provide a
dual sensing with cross compensation; such configu-
ration has been proposed in [26–28]. In [26,27], a
dual EFPI/FBG sensor is proposed, achieving
1.68 nm∕kPa pressure sensitivity, and 1.7 nm∕°C
cross sensitivity; [28] proposes a novel manufactur-
ing technique based on UV mold, with limited
biocompatibility, and 1.53 nm∕kPa and 15.8 nm∕°C
sensitivity coefficients. Commercial devices [29], on
the other side, do not offer dual sensing option,
and are not compatible with >60°C temperature
operation.

Depending on duration, RF power and clinical
situation, during RFA the temperature rises over
100°C and the relative pressure may rise over
50 kPa at the ablation point; gradients are extremely
steep as no pressure and no temperature rise can be
observed even only a few centimeters far from
ablation point. The current state of the art of dual
EFPI/FBG [26–28] does not allow an adequate cross
compensation, as the temperature-sensing FBG is
located few millimeters far from the EFPI tip, hence
is exposed to a much different temperature mak-
ing the compensation ineffective. In this paper, we
present a combined EFPI/FBG probe in which the
EFPI sensor exhibits a small temperature coefficient
(51.9 pm∕°C, 32 times smaller than [26] and 304
times smaller than [28]); this allows a neat separa-
tion between temperature and pressure sensing,
which is essential in presence of such a steep
gradient. The dual probe exhibits accuracy of 40 Pa
and 0.2°C and is based on an all-glass design, which
complies with basic biocompatibility requirements.
Using the proposed probe, we provide results of pres-
sure and temperature measurements during uni-
form RF heating in a test chamber, and during an
ex vivo RF ablation of porcine liver samples using
a tip electrode.

The paper is arranged as follows: Section 2
describes the fabrication of the EFPI/FBG sensing
probe; Section 3 describes the sensor calibration
and compensation of thermal effects; Section 4
reports simultaneous pressure and temperature
measurement in a RF-heated test chamber; Section 5
shows results from two ex vivo RFA experiments
in porcine liver; finally, in Section 6 we draw
conclusions.

2. Sensor Fabrication

The fabrication of dual EFPI/FBG sensor is based on
three sequential steps, as shown in Fig. 1: inscription
of the FBG, fabrication of the Fabry–Perot cavity
through splicing, and etching of the diaphragm tip.
All components included in the setup, including
optical fibers, operate in the third optical window
around 1550 nm.

In first place, a uniform FBG is inscribed on a
single-mode fiber (SM 10∕125 μm, outer buffer
150 μm) using a phase mask technique [32]: the fiber
is stripped and exposed to UV light through a phase
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mask. The resulting FBG has reflectivity 95% at
1551.50 nm pitch wavelength (room temperature),
and nominal thermal coefficient of the FBG is
10.6 pm∕°C. The grating length has been selected
as 4mm, resulting as a trade-off between short active
region and good reflectivity after the following
splicing operations.

After FBG photoinscription, the EFPI cavity is
fabricated in proximity of the FBG. The SM fiber
is cleaved 2 mm far from the FBG tail with a preci-
sion cleaver, which represents the shortest distance,
considering the splicing machine, between the EFPI
and FBG active regions without deteriorating the
sensing quality. Then, the SM fiber is inserted in a
glass capillary, having 130∕200 μm inner/outer
diameter, by means of dual-stage 3D microposi-
tioners. Prior to insertion, the capillary is λ∕5-
polished. A gap is formed between the SM and
capillary end, which represents the Fabry–Perot
sensing cavity, with a thickness L � 20.6 μm. After
achieving the correct positioning, the SM fiber is
fused to the capillary using a splicer in full manual
mode. The fusion point is located in proximity of the
FBG; as a consequence, the splice operation [2(c) in
Fig. 1] results in a small detuning of the FBG pitch
wavelength (1550.45 nm) and of the thermo-optic
coefficient (10.7 pm∕°C) and a conspicuous reduction
of the reflectivity (from initial 95%–9%), as in [27].
A standard multimode fiber (MM 62.5∕200 μm) is
then applied to the tip, serving as diaphragm. The
fiber is first cleaved, then manually λ∕5-polished.
A second splice is performed fusing the MM fiber
to the capillary, previously fused to the SM fiber.
No significant change of the air-gap L occurs during
the capillary-to-MM splice.

This approach allows building an air-gap in
between the SM and the MM fiber. The structure
hereby formed is all-glass, achieving a perfect
biocompatibility without requiring additional encap-
sulation as in [29] or epoxy or bonds as in [28]. The
splicing quality [2(c) and 2(e) in Fig. 1] ensures an
excellent sealing of the glass structure: this leads
to a small thermal coefficient, and remarkable stabil-
ity even in long operations. The mechanical strength
of the glass diaphragm is sufficient to sustain the
insertion and pressure application in the liver tissue,
as opposed to flexible diaphragms [23] that are
excessively fragile for insertion.

Finally, the sensor is functionalized to pressure
sensing by etching the diaphragm to a thickness
d ∼ 2.5 μm; the pressure sensitivity is proportional
to d−3 [26]. Manual polishing is first applied, using
1∕3 μm polishing paper, reducing the thickness
of the diaphragm to 10 μm. Subsequently, the
diaphragm is wet-etched in hydrofluoric acid (HF),
using an online monitoring technique as in [33].
HF-etching allows reaching 2.5-μm thickness, which
is a trade-off between pressure sensitivity and
mechanical resistance; this allows achieving a sensi-
tivity of 1.6 nm∕kPa. After etching, residual HF is
evacuated from the tip by heating the probe at
200°C in an oven for 10 min, allowing HF to com-
pletely evaporate from any interstice.

Using this technique, several sensors have been
fabricated, achieving sensitivity 1.0–1.6 nm∕kPa
and having air-gap length 20–22 μm. The probes
have maximum thickness of 0.2 mm on the tip. All
data reported hereafter are related to a sample probe

Fig. 1. Fabrication process of theEFPI/FBGprobe. (1) Fabrication
of the FBG: (a) by exposing a single-mode SM125 fiber to UV light
through a phase mask, we obtain a 4-mm long uniform FBG (b).
(2) Formation of the sensing cavity: (a) the SM fiber is cleaved
about 2 mm far from the FBG end, and (b) by means of microposi-
tioners is slid into a hollow capillary until a gap length L �
20.6 μm is obtained. (c) Then, a splice is made to fuse SM fiber
and capillary. The obtained cavity is (d) aligned to a multimode
MM200 fiber, having same diameter of the capillary, using micro-
positioners; when the best alignment is found, (e) a second splice is
performed to enclose the air-gap in-between the fibers and the
capillary. All fibers are polished prior to alignment and splicing.
(3) Diaphragm shortening: (a) the MMF diaphragm is cleaved
and manually polished until a length of 10 μm is obtained; then,
(b) the probe is immersed in a HF bath to accurately etch the
diaphragm until reaching 2.5 μm thickness.

Fig. 2. Combined EFPI/FBG spectrum for different values of
pressure and temperature.

2138 APPLIED OPTICS / Vol. 53, No. 10 / 1 April 2014



having the aforementioned 1.6 nm∕kPa pressure
sensitivity, 20.6 μm air-gap length, and 10.7 pm∕°C
FBG thermo-optic coefficient.

3. Pressure and Temperature Calibration

The interrogation setup, used for fabrication, calibra-
tion and experimental measurements, is based on a
spectrometric approach [34]. The setup consists of a
broadband source (Opto-Link ASE C+L-Band) with
20 mW emission power, coupled to the EFPI/FBG
probe through a 3 dB coupler. The backreflection
is collected with a spectrometer (Ibsen I-MON) oper-
ating on the 1520–1600 nm bandwidth. The spec-
trometer has 512 pixel on the wavelength axis,
corresponding to 156 pm resolution grid.

Figure 2 shows the reflection spectrum of the
sensing probe, recorded with the spectrometer; the
spectrum is normalized in order to remove the con-
tribution of the broadband source and integrated
over 36 ms. Spectra are reported for growing temper-
ature and pressure, exerted in a pressure and
temperature joint chamber. At zero pressure, the
EFPI has a maximum reflectivity close to the nomi-
nal value of 4% due to glass/air interface; on the other
hand, the FBG peak reflectivity is 9%. The chart
shows the different spectral profile of the EFPI
and FBG, whereas the former has a broad envelope
(>30 nm) and the latter has a narrow bandwidth;
hence, the two contributions are treated separately.
The peak wavelength of the FBG is estimated using
an oversampling and correlation technique, as pre-
sented in [35]: a polyphase filtering, with upsampling
factor 127, is applied on the FBG spectral slice with
4 nmwidth, and the wavelength shift is estimated by
computing themutual correlation betweenmeasured
and reference spectrum. This way, it is possible to
achieve peak wavelength shift (Δλ) tracking with
2 pm resolution. The estimation of the Fabry–Perot
cavity length is performed using a normalized quad-
rature-point detection as described in [27], where the
1567.5 nm Q-point is tracked; this allows estimating
the air-gap compression ΔL relative to the initial
length L.

This way, it is possible to obtain the calibration
curves as in Fig. 3, whereas EFPI and FBG have
been individually calibrated for pressure and
temperature, respectively. Pressure calibration has
been performed in a pressure chamber, at constant
temperature. Temperature calibration has been
performed in a climatic chamber by applying temper-
ature ramps at constant humidity. Figure 3(a) shows
the EFPI experimental calibration curve obtained in
a pressure chamber, reporting the air-gap cavity
compression ΔL as a function of applied pressure
on the 0–70 kPa range. The chart shows an excellent
linearity on the whole range, with a sensitivity
sP � 1.60 nm∕kPa. Figure 3(b) shows the FBG tem-
perature calibration, showing as well an excellent
linearity, on the range 27°C–90°C. The slope is esti-
mated as kT � 10.70 pm∕°C. Specific low-pressure
detection, in a burette, allow estimate the pressure

accuracy as 0.3 mmHg (40 Pa); temperature accuracy
is 0.2°C, and it is dominated by the 2 pm wavelength
detection resolution.

In this specific application, the cross sensitivity
plays a fundamental role: because of thedifferent spa-
tial positioning of the FBG and EFPI sensing area, in
the presence of steep thermal and pressure gradients
(often higher than 40°C/cm and 30 kPa∕cm) during
the RFA operation, the compensation of thermal
effects cannot be perfectly accomplished, since EFPI
andFBGare exposed to different temperatures. Pres-
sure sensitivity of the FBG (nominal: 2 · 10−6 MPa−1
[28]) is negligible and is approximated to zero, while
temperature sensitivity of the EFPI is the dominant
term. Figure 4 shows the temperature sensitivity of
the EFPI, reporting the air-gap compression as a
function of applied temperature; the sensor is

Fig. 3. Pressure and temperature sensitivity of the EFPI/FBG
probe. (a) Pressure sensitivity, evaluated as air-gap compression
ΔL as a function of applied pressure; slope � 1.60 nm∕kPa.
(b) Temperature sensitivity of the FBG probe, evaluated as peak
wavelength shift Δλ as a function of temperature variation;
slope � 10.70 pm∕°C.

Fig. 4. Temperature sensitivity of the EFPI probe. The chart
reports the air-gap compression as a function of temperature (left
axis), with an estimated slope 51.9 pm∕°C, and residual error after
temperature compensation (right axis).
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initialized at ambient temperature 25°C. The temper-
ature dependence is almost perfectly linear, and
the estimated slope is sT � −0.0519 nm∕°C. This
thermal dependence is extremely low, compared to
the 1.60 nm∕kPa pressure sensitivity, and corre-
sponds to −0.032 kPa∕°C detuning coefficient for
noncompensated temperature. Compared to previous
literature, the thermal sensitivity of the EFPI hereby
obtained is 32.7 times smaller than [26] (1.7 nm∕°C)
and 304.4 times smaller than [28] (15.8 nm∕°C).

The thermal compensation, as in [26–28], can be
performed by including all sensitivity terms, and
jointly estimating pressure ΔP and temperature
variationΔT from the measured air-gap compression
ΔL and FBG peak wavelength shift Δλ:
�
ΔL
Δλ

�
�

�
sP sT
0 kT

��
ΔP
ΔT

�

�
�
1.60 nm∕kPa −0.0519 nm∕°C

0 10.70 pm∕°C

��
ΔP
ΔT

�

(1)

and by reversing the inner matrix,

�
ΔP
ΔT

�
�

�
0.625 kPa∕nm 3.03 · 10−3°C∕pm

0 0.09346°C∕pm

��
ΔL
Δλ

�
;

(2)

it is possible to achieve the cross-compensation
matrix. Figure 4 reports, for each 18°C–82°C temper-
ature, the residual pressure error after compensa-
tion, which ranges from −0.05 to 0.20 kPa.

If we assume a conservative thermal gradient of
40°C/cm, and a 0.4 cm mismatch between the FBG
center and Fabry–Perot cavity, the resulting 16°C
mismatch between the two sensors would induce a
0.52 kPa pressure error, which is reasonably accept-
able. On the other hand, [26] would introduce a
17 kPa error, and [28] a 158 kPa error due to the ther-
mal detuning, which would not be tolerable. Hence,
the sensor fabrication technique shown in this paper
demonstrates an extremely low thermal cross sensi-
tivity, which is essential to address RFA monitoring.

4. RF Heating in Test Chamber

In the next section, the EFPI/FBG probe has been
used to monitor ex vivo RFA, where no reference
sensor is available. Hence, a RF heating test has
been carried out on both saline and liver tissue in
an ad hoc test chamber, which hosts both the
fiber-optic and reference MEMS sensors, to validate
the correct operation. The measurement setup is
shown in Fig. 5. The test environment is a cylindrical
chamber with electrically conductive bases equipped
with an internal piston (with negligible friction) that
separates two volumes. One volume is filled with the
tested medium (saline or liver tissue) and the other is
occupied by air. The chamber has four variable air-
tight inlets. A RF generator, with 480 kHz emission
frequency, heats up the test medium in a uniform

way; the EFPI/FBG probe is placed in the test
medium through the inlet, protecting the insertion
with a plastic tube removed afterward. A reference
MEMS sensor (Epcos B57861 NTC thermistor) is
used to measure the medium temperature. Upon
heating, the medium is expanded and pushes the pis-
ton, increasing the air pressure. At equilibrium both
medium and air pressure must be equal; the refer-
ence pressure is therefore measured in air by means
of a piezoresistive sensor (Honeywell 26PCDFA6G,
accuracy 0.1 kPa, compensated up to 50°C). The
fiber-optic setup is completed by a broadband ASE
source, a 50∕50 coupler, and a spectrometer. MEMS
sensors are connected by a custom control board;
data acquisition is jointly handled for both fiber-optic
and MEMS sensors, with separate software pro-
grams. The system is initialized when RF heating
is started. The RF generator (suitable for medical
use) works in the impedance range 20–300 Ω, and
embeds an impedance-meter, that releases the RF
power when the impedance falls below threshold.
The electrical signal provided by the RF generator
is monitored with an oscilloscope in a closed feedback
loop.

In the first test, the chamber is loaded with a 0.2%
NaCl saline solution; the measurement result is
shown in Fig. 6. From the initial start, the temper-
ature rises with an approximately linear slope reach-
ing a peak temperature of 119°C (580 s). Then, the
power supply is manually stopped, triggering the
cooling stage: the temperature decreases with a
much slower rate, reaching 91°C at the end of the
test (1300 s). The pressure chart shows a slow
increase up to 420 s, reaching 17 kPa; then, a 8 kPa
pressure drop is observed. At this point, the pressure
rapidly increases, up to 96 kPa at the 580 s peak
point. When the RF generator releases the circuit,
the pressure drops to 30 kPa approximately 200 s
after the peak, and terminates the test at 4 kPa.
The chart shows a good qualitative match between
the EFPI/FBG and the reference MEMS probes.
Aside from a slight initial misalignment, the

Fig. 5. RF-heated test chamber setup. The inset shows a picture
of the setup, loaded with liver on the top chamber.
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temperature rise observed with the FBG is slightly
higher than the reference, particularly for the
high-temperature part of the curve; on the other
hand, the temperature recorded with the FBG
appears to decrease slightly faster after the peak.
Such difference can be attributed to the fact that
the sensors are placed inside the medium in different
positions, and partially to the slower slew rate of
the MEMS versus the instantaneous response of the
FBG. The pressure chart shows a good match on the
rising and decreasing parts, with a slight misalign-
ment on the peak position. In the initial part of
the chart, the EFPI sensor trace rises more than
the reference MEMS; such behavior may be attrib-
uted to slightly different pressure values between
top and bottom chambers (due to limiting friction).
Furthermore, the pressure trace measured by the
EFPI appears to have a slight and nonconstant delay
over the whole measurement cycle: this can be attrib-
utable to the thermal behavior of the reference
sensor, which is temperature-compensated up to
50°C and appears to introduce a thermal-dependant
error over this threshold.

A second test has been performed loading the
chamber with porcine liver, as shown in Fig. 5 (inset).
The top chamber is loaded with liver; the EFPI/FBG
fiber-optic probe is guided into the liver through an
airtight inlet by means of a protective catheter,
removed after insertion, and a red laser is used for
illuminating the fiber tip. The temperature and pres-
sure reference sensors are positioned, respectively, in
the liver tissue and in the bottom chamber, which is
filled with air. The initial impedance of the liver is
∼90 Ω; the RF generator is turned on at themeasure-
ment start, and is automatically disconnected after
498 s, when the impedance exceeds the operating
range of the RF generator. The experimental meas-
urement is reported in Fig. 7. The pressure chart
shows a good quantitative agreement between refer-
ence and EFPI probe, particularly during heating.
Compared to Fig. 6, the pressure curve rises with
a smaller slope, achieving a maximum value of

73 kPa. The EFPI readout appears to decrease faster
than the reference MEMS. On the other hand, the
temperature measurements appear to have only a
qualitative match, with the temperature rising from
ambient to 109°C and then slowly decreasing; how-
ever, the two traces appear to have a different trend,
with the FBG having a smaller temperature in-
crease. We attribute this mismatch to a nonuniform
heating of the medium, whereas the MEMS sensor is
positioned closer to the electrode and several air bub-
bles appear during the heating process. The 4-mm
long FBG probe may be partially or entirely posi-
tioned in an area occupied by an air bubble, and since
the air bubble is heated by heat conduction from the
surrounding tissue the overall heating rate appears
lower than the one measured by the MEMS.

The peculiarity of liver tissue and the abrupt joint
variations of both temperature and pressure during
RFA pose severe technological challenges for sensing
technologies; the test in a RF-heated chamber hence
is a good indicator on the possibility of using the dual
EFPI/FBG probe in RFA, and demonstrates the low
cross correlation between pressure and temperature.

5. Ex vivo RFA in Porcine Liver

Three experiments have been carried out in order to
demonstrate proximal temperature and pressure
detection in liver tissue. Tests have been performed
ex vivo on porcine liver tissue, the natural phantom
of human liver and generally used in RFA studies.
Figure 8 shows the experimental setup for the first
two measurements. The active electrode used for
these RFA tests is a needle with 3 mm diameter
and 10 mm active length, which is connected to
the RF generator; the electrode penetrates the por-
cine liver for approximately 2 cm. The liver is placed
on a metal plate that also acts as a passive electrode.

We anticipate that pressure traces will appear
more noisy than in Figs. 6 and 7: this might be
due to the greater heterogeneity of ex vivo native
liver tissue that affects the change of refractive index
of the liver through the ablation, and the change of

Fig. 6. Pressure and temperature readout for simulated RFA,
with test chamber loaded with saline solution (0.2% NaCl). The
chart reports pressure (left) and temperature (right) measure-
ments, acquired in real time.

Fig. 7. Pressure and temperature readouts for RF heating of
porcine liver tissue. The chart reports pressure (left) and temper-
ature (right) measurements, acquired in real time.
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relative position of the EFPI tip in front of the tissue.
The liver acts as an external mirror, in which reflec-
tance and phase change during the ablation due to
liver expansion, pressure release, and externally in-
duced vibrations. This can be compensated by means
of thin (∼20 nm) deposition of biocompatible metal
(Au or Ti) on the fiber tip, to decouple the EFPI spec-
trum from the external target by means of a high-
reflectivity layer. This task, however, exceeds the
experimental research hereby presented; in order
to partially mitigate noise, we introduce a low-pass
digital filter on the pressure trace (Butterworth
7th order, normalized cut-off frequency 0.04) and
compensate for the delay introduced.

In the first experiment, the EFPI/FBG probe is
guided in proximity of the ablation point. The inser-
tion has been performed by means of a rigid catheter
that allows penetrating the liver surface while
protecting the fiber tip. A red laser has been used
to position the EFPI tip approximately 0.8 cm far
from the electrode needle tip. A picture of the exper-
imental setup is shown in Fig. 8. A thermal ablation
has been performed for approximately 404500 on
the porcine liver, before the RF generator is self-
disconnected. Pressure and temperature traces
through RFA are shown in Fig. 9. We notice a small
temperature and pressure increase in the measure-
ment point: the temperature rises from 24.9°C to
30.7°C while the pressure rises from the initial zero
to 6.2 kPa. In this RFA, we observe that the temper-
ature rises initial with a linear slope, while the
pressure has an initial 2.4 kPa steep growth. At
the end of the RFA, the temperature rises with a
steeper slope, and we observe a second pressure step
of 3.5 kPa. The measurement shows that about

0.8 cm aside from needle tip, the pressure and tem-
perature variations are limited. This shows that, as
expected, the temperature and pressure gradients
are very steep, in particular when small diameter
active electrode and high powers are used.

In the second experiment, the EFPI/FBG probe is
guided inside the hollow needle serving as the elec-
trode. The fiber is initially retracted, then gently
pushed against the liver; we estimate that the
distance between fiber tip and needle is less than
1 mm. Porcine liver has been laid on a metallic plate,
serving as a passive electrode, while the ablating
electrode is inserted through the liver, about 1 cm
above the plate. The experimental results of the
RFA (5’30” duration) are reported in Fig. 10. From
the initial ambient temperature, we observe an
initial gradual rise, with the temperature achieving
80°C after 270 s. Then, the temperature rapidly
grows with a quadratic slope, and achieves a 164°
C peak after 330 s. As usual during the ablation,
we initially observe gradual decrease of the imped-
ance up to about a half of its starting value then, over
100°C, the impedance rises rapidly, exceeding the RF
generator threshold at 330 s and therefore forcing
the generator to shut down, having the temperature
to fall back to ambient temperature in approximately
5 s. After an initial pressure decrease (-13 kPa), the

Fig. 8. Setup for ex vivo RFA demonstration. The active electrode
is a hollow 3-mm needle inserted through the porcine liver tissue
that is placed on a metal plate (acting as passive electrode). In the
first experiment, the fiber has been guided in with a plastic
catheter, which has subsequently been removed to leave the fiber
in place; the second experiment has been performed with the fiber
probe inserted through the hollow RFA needle.

Fig. 9. First RFA experiment: temperature and pressure traces.

Fig. 10. Second RFA experiment: temperature and pressure
traces; x axis shows time, in s.
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pressure appears to have a slow rise until 300 s,
achieving a maximum value close to 50 kPa. At 300 s
we observe a steep pressure rise up to 124 kPa,
followed by a pressure decrease to 87 kPa. When
the RF generator shuts down, we observe a second
pressure rise achieving a peak value of 162 kPa
before declining. We observe a delay between temper-
ature and pressure peaks, with the pressure peak
having a 5 s delay with respect to temperature
maximum. The observation of such peak values of
temperature and pressure has an impact on the
RFA analysis. The local peak temperature well
exceeds the boiling point of water (main constituent
of liver tissue), and the typical temperature values
measured with (bigger) standard MEMS sensors
during RFA (100°C–110°C). In addition, a pressure
of over 100 kPa is an extremely high value that alters
the heat transfer dynamics during the RF ablation.

A third experiment has been carried out and
reported in Fig. 11. As shown in Fig. 12, in this
experiment the fiber tip is located approximately
0.5 cm aside the needle tip. The ablation process
has a total duration of 10’30”. In this experiment
we observe a less-than-linear gradual heating up
to a maximum of 46°C. Then, as usual, the temper-
ature drops after the RF generator is stopped (630 s).
In correspondence of the temperature rise, we
observe a slow pressure rise up to 7.5 kPa at 400 s;
then, we observe a progressive rise up to 22 kPa
when the RF generator shuts down. As in Fig. 10,
we still observe a pressure rise (33 kPa maximum)
after the RF generator stops. The effect of RFA is
shown in Fig. 12: the elliptical profile of the ablated
volume appears as a brighter color visible on the liver
tissue, showing the outer profile. The heat is
supplied near the active electrode tip, which is 0.6 cm
far from the center of the elliptical trace. The
EFPI/FBG probe is illuminated with a red light,
showing the location of the tip in close proximity
of the center of the ablation lesion; the picture shows
a 0.5 cm misalignment between the fiber and active
electrode tips.

The results hereby presented demonstrate that
the presented EFPI/FBG technology is capable of

monitoring the RFA process, unlike traditional
MEMS sensors and standard fiber-optic sensors. In
order to improve the pressure readout, it is necessary
to introduce a high-reflectivity layer in order to neu-
tralize the effect of the liver medium on the EFPI
spectrum. However, the results presented are a good
indicator of the effectiveness of the sensing technol-
ogy, and pave the road for online RFA monitoring
in vivo. In particular, the peak values (164°C,
162 kPa) obtained in the second ex vivo experiment
demonstrate that during RFA it is possible to reach
temperature and pressure values higher than pre-
vious measurement, due to the small active areas
of EFPI and FBG. Such result will be further
expanded by providing a dense monitoring of the
RFA process, with a plurality of EFPI/FBG probes
multiplexed in a single interrogator.

6. Conclusion

In this paper, we presented a combined EFPI/FBG
probe, based on an all-glass biocompatible design,
which performs pressure and temperature estima-
tion with cross compensation. The EFPI has a sensi-
tivity of 1.60 nm∕kPa, and an extremely low thermal
sensitivity (0.0519 nm∕°C), while the FBG shows
temperature sensitivity of 10.70 pm∕°C. To the best
of our knowledge, the EFPI thermal sensitivity is the
lowest ever achieved for an EFPI sensor, and is over
30 times smaller than standard all-glass structures.
A measurement campaign has been carried out,
first heating with a uniform RF EM field a test
chamber with saline solution and liver tissue, and
second applying RFA on ex vivo porcine liver tissue.
Experimental measurements showed that both
temperature and pressure have an extremely steep

Fig. 11. Third RFA experiment: temperature and pressure
traces.

Fig. 12. Setup for third ex vivo RFA experiment: porcine liver
has been inserted in a small chamber to facilitate positioning.
Electrode and optical fiber probe are inserted perpendicularly,
with a 0.5 cm misalignment between the two tips, only a few milli-
meters below the liver tissue. The picture, taken after the ablation,
shows elliptical shape traces with the thermal lesion (light colored
tissue). The optical fiber tip is illuminated with a red laser, and is
located in close proximity of the center of the ablation lesion; the
illumination shows the 0.5 cmmisalignment between the electrode
tip and the fiber output.
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gradient: temperature peaks of 31°C, 46°C, and
164°C, and pressure peaks of 6, 33, and 162 kPa have
been obtained by positioning the probe, respectively,
8, 5, and 1 mm far from the electrode tip. These re-
sults, which partially overcome the previous RFA
literature, set the basis for a dense pressure/
temperature monitoring during thermal ablation.
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