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Abstract

Purpose Radiofrequency ablation is an increasingly used surgical option for ablation, resection and coagula-

tion of soft tissues in joint arthroscopy. One of the major issues of thermal ablation is the temperature monitoring
across the target areas, as cellular mortality is a direct consequence of thermal dosimetry. Temperatures from 45 °C

to 50 °C are at risk of damage to chondrocytes. One of the most reliable tools for temperature monitoring is repre-
sented by fiber optic sensors, as they allow accurate and real-time temperature measurement via a minimally invasive
approach. The aim of this study was to determine, by fiber Bragg grating sensors (FBGs), the safety of radiofrequency
ablation in tissue heating applied to ex-vivo bovine hip joints.

Methods Ex vivo bovine hips were subjected to radiofrequency ablation, specifically in the acetabular labrum,

for a total of two experiments. The WEREWOLF System (Smith 4+ Nephew, Watford, UK) was employed in high operat-
ing mode and in a controlled ablation way. One optical fiber embedding seven FBGs was used to record multipoint
temperature variations. Each sensor was 1 mm in length with a distance from edge to edge with each other of 2 mm.

Results The maximum variation was recorded in both the tests by the FBG1 (i.e,, the closest one to the electrode tip)
and was lower than to 2.8 °C. The other sensors (from FBG2 to FBG7) did not record a significant temperature change
throughout the duration of the experiment (maximum up to 0.7 °C for FBG7).

Conclusions No significant increase in temperature was observed at any of the seven sites. The sensor nearest

to the radiofrequency source exhibited the highest temperature rise, but the variation was only 3 °C. The minimal
temperature increase registered at the measurement sites, according to existing literature, is not expected to be cyto-
toxic. FBGs demonstrate the potential to fulfil the strict requirements for temperature measurements during arthro-
scopic surgery.
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Introduction

Radiofrequency ablation in arthroscopy is an increas-
ingly used surgical option for ablation, resection, and
coagulation of soft tissues [4, 24, 36]. The development
of the radiofrequency technique was applied in ortho-
pedics to decrease laxity of connective tissues around
joints, at first in the context of shoulder instability. The
rationale behind it was to obtain temperatures between
70 °C and 80 °C, which would cause collagen to shrink
and trigger a healing response [2, 12, 15, 21, 33]. This
method involves inserting electrodes into a target site
to generate an electrical current, causing frictional agi-
tation at the ionic level and a consequent heat genera-
tion [1, 26].

However, radiofrequency energy also presents some
hazards, as well as time-dependent consequences that
clinicians must consider [28, 36].

One of the main challenges of thermal ablation is the
measurement of temperature across the target sites,
because cellular mortality is a direct consequence of
thermal dosimetry. This task is challenging as all thermal
procedures induce heat patterns in the tissue with high
spatial and temporal gradients, frequently exceeding 50
°C/mm and 5 °C/s [4, 32, 35].

Several publications reported the risk of complications
following thermal ablation during arthroscopic proce-
dures. These devices raise the temperature of joint fluid,
potentially leading to skin burns, nerve lesions, capsular
damage and extensive chondrolysis. These complications
may be the result of an excessive transmission of heat in
the nearby tissues [7, 13, 14, 24, 25, 27].

The risk for chondrocyte damage is particularly rel-
evant when it comes to the hip joint. In the hip’s cen-
tral compartment, factors predisposing to chondrocyte
damage comprise insufficient saline volume, extensive
cartilage coverage, risk for poor saline flow, and direct
proximity of weight-bearing cartilage to the site where
the radiofrequency is applied [24].

Chondrocytes are damaged at temperatures ranging
from 45 °C to 50 °C and damage arises after an elevation
of only 8 °C [5, 24, 34].

For these reasons, temperature monitoring during radi-
ofrequency ablation treatments may become a key aspect
of minimally invasive procedures in arthroscopic sur-
geries, since it allows the surgeon to adjust temperature
distribution in the tissue proximal to the radiofrequency
electrodes and it diminishes the risk of potentially
adverse effects to the nearby healthy tissue [26].

The use of thermocouples is the standard procedure for
in-situ temperature measurement. These sensors, how-
ever, present two significant weaknesses: thermocouples
may interfere with heating propagation since they consist
of two metallic wires, and they are only able to measure
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the temperature in a single point, while they are unable to
define a spatial profile of temperature [22, 31].

An alternative to thermocouples is thermal imaging,
which exploits magnetic resonance imaging (MRI) or
computed tomography (CT). However, these techniques
also come with major limitations in terms of costs, expo-
sure to X-rays and presence of artefacts [4, 9, 30].

Fiber optic sensors constitute the primary alternative
to these techniques and have been recently applied for
real-time temperature detection during radiofrequency
ablation. Most importantly, specific fiber optic sensors
(i.e., fiber Bragg grating sensors, FBGs) can outperform
thermocouples due to their unique property of detecting
temperature patterns on a single fiber with resolutions
ranging from 0.1 to 10 mm, and the potential to multi-
plex across multiple fibers to measure the temperature
pattern in one- or two-dimensional geometries [17].

Given the challenges posed by obtaining instantane-
ous and precise temperature data via a minimally inva-
sive approach, multi-point temperature measurements
obtained via FBGs appear to be a promising answer to
these challenges [9].

Currently, some studies have tried to assess the vari-
ations in joint temperature during arthroscopic pro-
cedures on the shoulder and knee, both in human and
animal models [2, 7, 10, 23, 24]. However, there is still a
lack of evidence determining variations in joint and tis-
sue temperature during radiofrequency ablation treat-
ments in the hip joint. Moreover, none of the available
studies used FBG technology.

The aim of the current study was to evaluate, by FBGs,
the safety of radiofrequency ablation in tissue heating
applied to ex-vivo bovine hip joints.

Materials and methods

Ex vivo bovine hips were subjected to radiofrequency
ablation during hip arthroscopy, specifically in the acetab-
ular labrum. The WEREWOLF System (Smith + Nephew,
Watford, UK) was employed in high operating mode
and in a controlled ablation way (also referred as coab-
lation). No limits to the temperature sensor were set, in
order to assess the maximal excursion that is reached in
the presented settings and decrease potential bias in the
experiment. The joint perfusion pump used during hip
arthroscopy was set at 50 mmHg. The water temperature
used during hip arthroscopy typically ranges from 20 °C
to 25 °C.

The co-ablation was activated with no arthroscopic
manipulation. Aspiration via the probe was connected
to the operating room aspiration system all the time and
at maximum intensity. This modality allows the achieve-
ment of lower temperatures with respect to the traditional
radiofrequency ablation method, thus reducing the risk of
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energy dissipation in the neighboring structures. This tech-
nology involves a generator through which the desired set-
tings can be set and an electrode responsible for conveying
the energy to the tissue. The tests were executed for around
20 s at room temperature (i.e., 25 °C), assessed through
a thermocouple proximally to the joint surface before
starting.

Standard hip arthroscopy was performed in a adult
bovine hips.

The optical fiber was positioned in the acetabular
labrum by means of an 18 gauge biopsy needle and in the
proximity of the RF electrode. The optical fiber embed-
ding seven FBGs (FBG1 closer to the electrode tip and the
others accordingly to Fig. 1) from AtGrating Technologies
was used to record temperature variations in the acetabu-
lar labrum. This solution based on multiple sensors allowed
us to perform multi-point measurements (in 7 sites) within
the acetabular labrum. Each FBG was 1 mm in length with
a distance from edge to edge with each other of 2 mm.
They were characterized by reflectivity values around 65%
and Ay ones ranging from 1512 to 1588 nm.

Basically, an FBG consists of an optical fiber portion
inscribed in its core. The so-called grating represents a
periodic perturbation of the refractive index of the fiber
core. So, when a broadband light spectrum is transmitted
inside the fiber, a narrow spectrum is reflected backward in
correspondence with the grating. Such retroreflected signal
is centered around the Bragg wavelength (Ap), satisfying the
following Eq. [1] :

Ap=2- He + A 1)
where n,7 is the effective refractive index and A is the
grating period. When a fiber is exposed to strain (€)
or temperature variation (AT), a Bragg wavelength
shift (AAg) occurs. In this study, FBGs was used as
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temperature sensors only considering a strain-free con-
figuration. Thus, by tracking AAp over time, AT can be
derived using the following relationship:

Arg = ST - AT (2)

where Sy is the thermal sensitivity (i.e., 10 pm-C™! in the
case of the sensors used in this study). During the experi-
ments, FBGs’ response was collected by means of an
optical interrogator (si255 based on Hyperion Platform,
Micron Optics, Atlanta, GA, USA) at a sampling fre-
quency of 100 Hz.

Results

After experiments, FBGs data were examined in MAT-
LAB (Mathworks, Natick, MA, USA) environment to
retrieve the temperature trends recorded during the RF
discharge. Figure 2a and b report the results obtained
for the two experiments carried out with the WERE-
WOLF System. As shown, in this case, maximum AT was
recorded in both cases by the FBGI (i.e., the one close to
the electrode tip) and was lower than to 2.8 °C. The other
sensors (from FBG2 to FBG7) did not record a signifi-
cant temperature change throughout the duration of the
experiment (maximum up to 0.7 °C for FBG7).

Discussion

Radiofrequency ablation is increasingly used for soft tis-
sue ablation, resection, and coagulation in arthroscopy.
However, it presents hazards and time-dependent con-
sequences that clinicians must consider. Precise tem-
perature measurement is crucial to avoid complications
and tissue damage. FBGs offer a promising alternative
to standard thermocouples and thermal imaging due
to their ability to detect temperature patterns on a sin-
gle fiber with high resolutions. While some studies have

Acetabular labrum

Fig. 1 FBGs and electrode positioning in the acetabular labrum
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Fig. 2 Temperature variations collected during the first (a) and the second (b) RF experiments carried out with the WEREWOLF System

and measured by the seven FBGs of the optical fiber employed

explored joint temperature variations during arthro-
scopic procedures, there is a lack of evidence for hip joint
radiofrequency ablation, especially using FBGs. This
study aimed to assess the safety of radiofrequency abla-
tion in tissue heating applied to ex-vivo bovine hip joints
using FBGs.

The main finding of this study is that the slight temper-
ature increase detected at the measurement sites, based
on the literature data, should not be cytotoxic [5, 24, 34].

The sensors covered a surface area ranging from 3 to 22
mm from the radiofrequency source. The sensor closest
to the radiofrequency source resulted in measuring the
highest temperature increase. Nonetheless, the measured
increase was of only three degrees, and, therefore, not
cytotoxic for the surrounding tissue.

The focus of the current study on the hip joint is of sig-
nificant relevance, given hip-specific characteristics that
warrant consideration. The significant reduction in joint
space and the absence of fluid-heating capacity buffer in
the hip could potentially amplify the increase in tempera-
ture caused by the application of radiofrequencies, mak-
ing the hip joint more susceptible to thermal damage [24,
29, 37].

McKormick et al. had previously investigated the role
of joint fluid lavage in preserving safe temperatures
(<50°) in the hip joint and showed that the constant
application of radiofrequency for 90 s at the capsulolabral
junction can considerably increase intra-articular tem-
peratures near (1 and 2 mm) and far (5 and 1 mm) from
the radiofrequency source to values linked with irrevers-
ible chondrocyte toxicity [24].

Recent interests have been poured in newer devices
that exploit a plasma bubble that allows for more effec-
tive debridement and decreased heat transmission to the
joint fluid and nearby tissue. However, their benefits over
standard radiofrequency protocols are yet to be verified.
Faruque et al. in their randomized control trial compared
intra-articular temperature profile in standard ablation
versus plasma ablation radiofrequency tools for rotator
cuff repair. 17.5% of their patients showed temperatures
above 45 °C but no significant variations where observed
between standard and plasma radiofrequency devices
[10].

Moreover, the safety of both bipolar and coablation sys-
tems in contexts of subacromial decompression, rotator
cuff surgery and impingement syndrome has been dem-
onstrated, showing similar results for both devices [7, 8,
11, 16].

For these reasons, it is important to consider all the
possible variables that may influence intra-articular tem-
perature during arthroscopic procedures. According
to Zoric et al, the three primary factors that affect the
quantity and effect of heat produced during arthroscopic
surgery are: the flow rate of the irrigation fluid, the dura-
tion of application of radiofrequency ablation, and the
distance between the probe tip and target tissue [23]. The
most significant effect came from the flow, and it was
crucial to understand that in situations when the flow
was restricted or stopped entirely, temperatures might
exceed 50 °C after only 5 s of ablation [38].

On the other hand, the temperature of the irrigation
fluid has been proposed as the most influential variable



Longo et al. BMC Musculoskeletal Disorders (2023) 24:766

in intra-articular temperature variation during arthro-
scopic procedures [3, 6, 7].

Regarding knee joint arthroscopy, no difference were
found in temperature generation between standard rad-
iofrequency ablation and plasma ablation [23].

The current study has several points of strength. To
the author’s knowledge, this is the first study assess-
ing intra-articular temperature variations upon radi-
ofrequency treatments in the hip joint. Also, FBGs
were exploited for temperature sensing and, given their
unique property of detecting temperature patterns on
a single fiber with resolutions ranging from 0.1 to 10
mm, and the potential to multiplex across several fib-
ers to catch the temperature pattern in one- or two-
dimensional geometries, they can be considered among
the most reliable tools for temperature detection within
arthroscopic procedures.

The present article also has some limitations. First, the
findings of this study are limited to the hip joint and can-
not be extrapolated to other joints due to the peculiar
characteristics of the joint in question. The authors are
fully aware of the fact that the volume of the cow’s hip
joint is not directly comparable to that of a human. One
of our future objectives will be to replicate similar experi-
ments in different joints, both in ex vivo and in vivo
models. The volume of the joint can indeed influence the
temperature of the fluid and co-ablation.

Moreover, the radiofrequency devices were tested using
ex-vivo bovine tissues and, despite the fact that these
modalities represent reasonable surrogates, the charac-
teristics of these environments differ from the environ-
ment of real, human intra-operative procedures [19, 20].

In this study, ex vivo bovine hips were utilized for radi-
ofrequency ablation procedures targeted at the acetabu-
lar labrum during hip arthroscopy. It is important to note
that a ex vivo bovine hip lacks both circulation and body
temperature, which significantly differs from the condi-
tions present within a living organism. Despite maintain-
ing a constant room temperature, the dynamics of water
temperature in an ex vivo setting are expected to diverge
from those observed in a living body. Therefore, a future
endeavor will be to conduct future experiments in an
in vivo setting, where at least some circulatory dynamics
are present to better simulate real-life conditions.

On the other hand, to our knowledge, this is the first
radiofrequency ablation study using the fiber bragg grat-
ing sensors, providing preliminary results of feasibility in
this rapidly evolving and highly relevant research field.

Additionally, the intrinsic anatomical differences in
soft tissue thickness between human and bovine mod-
els represent a limitation of the current article. The
aim of the current study was to determine the feasibil-
ity of the exploited system in a cadaveric model, not to
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determine a specific temperature threshold after which
cytotoxic damage would occur.

Additionally, the reported findings are limited to coa-
blation radiofrequency systems, and do not consider
temperature variations that may be caused by stand-
ard radiofrequency devices, although similar outcomes
have been reported among the different systems [18].

The technology used in this pilot study is promising as
testified by the broad acceptance in other medical and
bioengineering applications. It can represent the future
gold standard to evaluate the temperature increase in
nearby tissue during radiofrequency treatments.

Given the growing use of arthroscopy all over the
world and consequently of radiofrequencies, it will be
important to evaluate the cytotoxicity values for each
of the tissues around the joints (tendons, ligaments,
muscles, cartilages, bones). FBGs may fulfil the strict
requirements for temperature measurements during
arthroscopic surgery.

Conclusions

No significant increase in temperature was observed at
any of the seven sites. The sensor nearest to the radi-
ofrequency source exhibited the highest temperature
rise, but the variation was only 3 °C. The minimal tem-
perature increase registered at the measurement sites,
according to existing literature, is not expected to be
cytotoxic. FBGs demonstrate the potential to fulfil the
strict requirements for temperature measurements
during arthroscopic surgery.

Acknowledgements
None.

Authors’ contributions

Conceptualization, U.G.L,; methodology, FD.T, CM; validation, UGLL, ES;
formal analysis, ED.T,; investigation, AL, C.M, data curation, AL, D.L.P; writ-
ing—original draft preparation, A.L, D.L.P; writing—review and editing, E.S,,
U.G.L, visualization, A.L; supervision, U.G.L, ES.; project administration, UG.L.
All authors have read and agreed to the published version of the manuscript.

Funding
The authors received no financial or material support for the research, author-
ship, and/or publication of this article.

Availability of data and materials
The data presented in this study are available on request from the correspond-
ing author.

Declarations

Ethics approval and consent to participate

The Institutional Animal Care and Use Committee at Campus Bio-Medico Uni-
versity approved the study (Permission number: PT-O 051.23). All animal pro-
cedures were performed under the approval and guidance of the Institutional
Review Board of Campus Bio-Medico University of Rome. The experiments
were conducted in accordance with the ARRIVE guidelines. All methods were
carried out in accordance with relevant guidelines and regulations.



Longo et al. BMC Musculoskeletal Disorders (2023) 24:766

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Fondazione Policlinico Universitario Campus Bio-Medico, Via Alvaro del
Portillo, 200, Roma 00128, Italy. “Research Unit of Orthopaedic and Trauma
Surgery, Department of Medicine and Surgery, Universita Campus Bio-Medico
di Roma, Via Alvaro del Portillo, 21, Roma 00128, Italy. *Unit of Measurements
and Biomedical Instrumentation, Universita Campus Bio-Medico di Roma, via
Alvaro del Portillo, 200, Trigoria, Rome 00128, Italy.

Received: 4 May 2023 Accepted: 26 August 2023
Published online: 28 September 2023

References

1.

Ahmed M, Brace CL, Lee FT, Goldberg SN. Principles of and advances in
percutaneous ablation. Radiology. 2011;258:351-69.

Anderson SR, Faucett SC, Flanigan DC, Gmabardella RA, Amin NH. The
history of radiofrequency energy and coblation in arthroscopy: a current
concepts review of its application in chondroplasty of the knee. J Exp
Orthop. 2019,6:1.

Barker SL, Johnstone AJ, Kumar K. In vivo temperature measurement in

the subacromial bursa during arthroscopic subacromial decompression. J
Shoulder Elbow Surg. 2012;21:804-7.

Beisenova A, Issatayeva A, Sovetov S, Korganbayev S, Jelbuldina M, Ashik-
bayeva Z, et al. Multi-fiber distributed thermal profiling of minimally invasive
thermal ablation with scattering-level multiplexing in MgO-doped fibers.
Biomed Opt Express. 2019;10:1282-96.

Carnevale A, Longo UG, Schena E, Massaroni C, Lo Presti D, Berton A, et al.
Wearable systems for shoulder kinematics assessment: a systematic review.
BMC Musculoskelet Disord. 2019;20:546.

Cheng SC, Jou IM, Chern TC, Wang PH, Chen WC. The effect of normal saline
irrigation at different temperatures on the surface of articular cartilage: an
experimental study in the rat. Arthroscopy. 2004;20:55-61.

Chivot M, Airaudi S, Galland A, Gravier R. Analysis of parameters influencing
intraarticular temperature during radiofrequency use in shoulder arthros-
copy. Eur J Orthop Surg Traumatol. 2019,29:1205-10.

Davies H, Wynn-Jones H, De Smet T, Johnson P, Sampath S, Sjelin S. Fluid
temperatures during arthroscopic subacromial decompression using a radi-
ofrequency probe. Acta Orthop Belg. 2009;75:153-7.

Fani F, Schena E, Saccomandi P, Silvestri S. CT-based thermometry: an over-
view. Int J Hyperthermia. 2014;30:219-27.

Farugue R, Matthews B, Bahho Z, Doma K, Manoharan V, Wilkinson M, et al.
Comparison between 2 types of radiofrequency ablation Systems in Arthro-
scopic Rotator Cuff Repair: a Randomized Controlled Trial. Orthop J Sports
Med. 2019;7:2325967119835224.

. Gereli A, Kocaoglu B, Guven O, Turkmen M. Warm irrigation fluid does not

raise the subacromial temperature to harmful levels while using radiofre-
quency device. Int J Shoulder Surg. 2015;9:99-100.

Goldberg SN, Gazelle GS, Compton CC, Mueller PR, Tanabe KK. Treatment
of intrahepatic malignancy with radiofrequency ablation: radiologic-patho-
logic correlation. Cancer. 2000;88:2452-63.

Good CR, Shindle MK, Kelly BT, Wanich T, Warren RF. Glenohumeral chon-
drolysis after shoulder arthroscopy with thermal capsulorrhaphy. Arthros-
copy. 2007;23:797e791-795.

Hanypsiak BT, Faulks C, Fine K, Malin E, Shaffer B, Connell M. Rupture of
the biceps tendon after arthroscopic thermal capsulorrhaphy. Arthrosc 20
Suppl. 2004;2:77-9.

Hayashi K, Markel MD. Thermal capsulorrhaphy treatment of shoulder
instability: basic science. Clin Orthop Relat Res. 2001;390:59-72.

Huynh'V, Barbier O, Bajard X, Bouchard A, Ollat D, Versier G. Subacromial
temperature profile during bipolar radiofrequency use in shoulder
arthroscopy. Comparison of Coblation Orthop Traumatol Surg Res.
2017;103:489-91.

Jelbuldina M, Korganbayev S, Korobeinyk AV, Inglezakis VVJ, Tosi D.
Temperature profiling of ex-vivo Organs during Ferromagnetic

Page 6 of 6

Nanoparticles-Enhanced Radiofrequency ablation by Fiber Bragg grating
arrays. Annu Int Conf IEEE Eng Med Biol Soc. 2018;2018:1-4.

18. Longo UG, Franceschetti E, Maffulli N, Denaro V. Hip arthroscopy: state of
the art. Br Med Bull. 2010;96:131-57.

19. Longo UG, Forriol F, Campi S, Maffulli N, Denaro V. Animal models for trans-
lational research on shoulder pathologies: from bench to bedside. Sports
Med Arthrosc Rev. 2011;19:184-93.

20. Longo UG, Ciuffreda M, Candela V, Berton A, Maffulli N, Denaro V. Hip scores:
a current concept review. Br Med Bull. 2019;131(1):81-96.

21. Lopez MJ, Hayashi K, Fanton GS, Thabit G, Markel MD. The effect of radiofre-
quency energy on the ultrastructure of joint capsular collagen. Arthroscopy.
1998;14:495-501.

22. Manns F, Milne PJ, Gonzalez-Cirre X, Denham DB, Parel JM, Robinson DS.

In situ temperature measurements with thermocouple probes during laser
interstitial thermotherapy (LITT): quantification and correction of a meas-
urement artifact. Lasers Surg Med. 1998;23:94-103.

23. Matthews B, Wilkinson M, McEwen P, Hazratwala K, Doma K, Manoharan
V, et al. In vivo arthroscopic temperatures: a comparison between 2 types
of radiofrequency ablation Systems in Arthroscopic Anterior Cruciate
Ligament Reconstruction-A Randomized Controlled Trial. Arthroscopy.
2017;33:165-72.

24. McCormick F, Alpaugh K, Nwachukwu BU, Xu S, Martin SD. Effect of radiof-
requency use on hip arthroscopy irrigation fluid temperature. Arthroscopy.
2013,29:336-42.

25. Obrzut SL, Hecht P, Hayashi K, Fanton GS, Thabit G, Markel MD. The effect
of radiofrequency energy on the length and temperature properties of the
glenohumeral joint capsule. Arthroscopy. 1998;14:395-400.

26. Palumbo G, De Vita E, Schena E, Massaroni C, Verze P, Carlomagno N, et al.
Multidimensional thermal mapping during radiofrequency ablation treat-
ments with minimally invasive fiber optic sensors. Biomed Opt Express.
2018;9:5891-902.

27. Pell RF, Uhl RL. Complications of thermal ablation in wrist arthroscopy.
Arthrosc 20 Suppl. 2004;2:84-6.

28. PenglL, LiY, Zhang K, Chen Q, Xiao L, Geng Y, et al. The time-dependent
effects of bipolar radiofrequency energy on bovine articular cartilage. J
Orthop Surg Res. 2020;15:106.

29. Ponce BA, Rosenzweig SD, Thompson KJ, Tokish J. Sequential volume
reduction with capsular plications: relationship between cumulative size
of plications and volumetric reduction for multidirectional instability of the
shoulder. Am J Sports Med. 2011;39:526-31.

30. RiekeV, Butts Pauly K. MR thermometry. J Magn Reson Imaging.
2008;27:376-90.

31. Saccomandi P, Schena E, Silvestri S. Techniques for temperature monitor-
ing during laser-induced thermotherapy: an overview. Int J Hyperthermia.
2013;29:609-19.

32. Schena E, Majocchi L. Assessment of temperature measurement error and
its correction during nd:YAG laser ablation in porcine pancreas. Int J Hyper-
thermia. 2014;30:328-34.

33. Schena E, Tosi D, Saccomandi P, Lewis E, Kim T. Fiber Optic Sensors for tem-
perature monitoring during thermal treatments: an overview. Sens (Basel).
2016;16(7):1144.

34. Taffoni F, Formica D, Saccomandi P, Di Pino G, Schena E. Optical fiber-based
MR-compatible sensors for medical applications: an overview. Sens (Basel).
2013;13:14105-20.

35. Tosi D, Macchi EG, Gallati M, Braschi G, Cigada A, Rossi S, et al. Fiber-optic
chirped FBG for distributed thermal monitoring of ex-vivo radiofrequency
ablation of liver. Biomed Opt Express. 2014;5:1799-811.

36. VijN, Liu JN, Amin N. Radiofrequency in arthroscopic shoulder surgery: a
systematic review. Clin Shoulder Elb; 2022. Epub ahed of print.

37. Yen CH, Leung HB, Tse PY. Effects of hip joint position and intra-capsular
volume on hip joint intra-capsular pressure: a human cadaveric model. J
Orthop Surg Res. 2009;4:8.

38. Zoric BB, Horn N, Braun S, Millett PJ. Factors influencing intra-articular fluid
temperature profiles with radiofrequency ablation. J Bone Joint Surg Am.
2009,91:2448-54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Intra-articular temperature monitoring during radiofrequency ablation in ex-vivo bovine hip joints via Fiber Bragg grating sensors
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


