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Purpose: Measuring tissue temperature distribution during electromagnetically induced hyperther-
mia �HT� is challenging. High resistance thermistors with nonmetallic leads have been used suc-
cessfully in commercial HT systems for about three decades. The single 1 mm thick temperature
sensing element is mechanically moved to measure tissue temperature distributions. By employing
a single thermometry probe containing a fixed linear sensor array temperature, distributions during
therapy can be measured with greater ease. While the first attempts to use fiber Bragg grating
�FBG� technology to obtain multiple temperature points along a single fiber have been reported,
improvement in the detection system’s stability were needed for clinical applications. The FBG
temperature sensing system described here has a very high temporal stability detection system and
an order of magnitude faster readout than commercial systems. It is shown to be suitable for
multiple point fiber thermometry during microwave hyperthermia when compared to conventional
mechanically scanning probe HT thermometry.
Methods: A polymer coated fiber Bragg grating �PFBG� technology is described that provides a
number of FBG thermometry locations along the length of a single optical fiber. The PFBG probe
developed is tested under simulated microwave hyperthermia treatment to a tissue equivalent phan-
tom. Two temperature probes, the multiple PFBG sensor and the Bowman probe, placed symmetri-
cally with respect to a microwave antenna in a tissue phantom are subjected to microwave hyper-
thermia. Measurements are made at start of HT and 85 min later, when a 6 °C increase in
temperature is registered by both probes, as is typical in clinical HT therapy. The optical fiber
multipoint thermometry probe performs highly stable, real-time thermometry updating each multi-
point thermometry scan over a 5 cm length every 2 s. Bowman probe measurements are acquired
simultaneously for comparison. In addition, the PFBG sensor’s detection system drift over 10 h is
measured separately to evaluate system stability for clinical applications.
Results: The temperature profiles measured by the two probes simultaneously under microwave HT
are in good agreement showing mean differences of 0.25 °C. The stability of the detection system
is better than 0.3 °C with response times of the PFBG sensor system of 2 s for each scan over ten
points.
Conclusions: The single fixed multipoint fiber thermometry capability compares favorably with the
scanning Bowman probe data. This offers an enabling alternative to either scanning or bundled
single point temperature probes for distributed thermometry in clinical applications. © 2010
American Association of Physicists in Medicine. �DOI: 10.1118/1.3463382�
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I. INTRODUCTION

Microwave hyperthermia �HT� is an effective treatment for
the symptoms of benign prostatic hyperplasia1,2 and an effec-
tive adjuvant for radiation therapy of cancer.3 Hyperthermic
dose is generally expressed as a function of the tissue tem-
perature achieved and the exposure duration. The most com-
mon method of determining tissue temperature during clini-
cal HT treatment is by using thermometry probes afterloaded
into plastic catheters implanted throughout the treatment

4
region.
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During HT treatments, as few of these implanted catheters
as possible are used in order to minimize the potential for
morbidity associated with temperature measurement;5 hence,
maximizing the number of temperature measurement loci
along each catheter is advantageous. This was initially ac-
complished by manually or robotically sliding a single sen-
sor probe along the catheter.6 The complexity of moving a
probe can be eliminated by employing probes with linear
sensor arrays.7

The thermometry probes used with HT must measure the

surrounding tissue temperature while being immune to self-
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heating artifacts, which can result from the direct absorption
of microwave energy by the probe itself, excluding the use of
metallic component probes. The temperature probe described
by Bowman8 employs a high resistance thermistor with non-
metallic leads and has been used successfully in commercial
HT systems �BSD Medical Inc., Salt Lake City, UT� for
three decades. A limitation of this device is that the probe
diameter is about 1 mm and it is only a single point tempera-
ture sensing element.

Temperature probes that employ optical fibers were intro-
duced for clinical hyperthermia application in the 1980s.9,10

Individual optical fiber sensors can be manufactured with
smaller diameter leads11 than the Bowman probe. This size
advantage was used to create linear arrays of four sensors by
bundling the optical fibers �Clini-Therm Corporation, Dallas,
TX �no longer in business� and Luxtron Corp. Santa Clara,
CA�. HT researchers have also used commercial Luxtron
fiber-optic thermometry probes �1991�.12 However, as more
sensors are added, the stiffness and diameter of the probe
bundle increases, as does the cost and complexity of the
signal processing system.

The use of fiber Bragg grating �FBG� technology13 en-
ables the creation of multiple sensor locations along a single
optical fiber. A FBG is a periodic refractive index �r.i.� per-
turbation formed in the core of an optical fiber, as shown in
Fig. 1, created by exposure to an intense ultraviolet interfer-
ence pattern. When a broad spectrum of light is launched
into a fiber containing a set of FBGs, each reflects a slightly
different narrow spectral band and transmits the remainder.
This occurs because each FBG is designed with its unique
periodicity of refractive index. Figure 1 illustrates a broad
spectrum of light input to the fiber and a set of ten narrow
reflection spectra from the ten FBGs.

Changes in stress and temperature modify the FBG peri-
odicity as well as its refractive index which causes a spectral
shift. As temperature increases, the reflected spectra are
shifted toward longer wavelengths �to the right in Fig. 1� and
when detected spectrometrically provide corresponding ther-

FIG. 1. FBG principle: A broad spectrum of light is input to the fiber sensor.
1551.5, 1555, 1558.5, 1562, 1565.5, 1569, 1572.5, 1576, and 1579.5 nm. Co
to temperature when subjected to heated tissue to obtain thermometry gradie
core, cladding, etc. is not actual.�
mometry data.
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About ten years ago Webb et al.14 reported the first con-
cept demonstration of FBG based multipoint temperature
profiling in in vivo trials in rabbits. Their implementation
used a superluminescent diode �SLD� light source and an
inexpensive charge-coupled device �CCD� spectrometer.
Many limitations were also identified which required a solu-
tion before it could be considered for clinical trials. For in-
stance, they noted a nonlinear response of some grating ele-
ments and an initial system calibration drift exceeding
10 °C, which required about 1 h of warm-up time to stabi-
lize. They did not test their probe in the more commonly
encountered microwave environment. Measurements were
compared with an adjacent commercial flouroptic™ multi-
sensor thermometry probe �Luxtron Corp, Santa Clara, CA�
for only a few minutes during a heating-cooling cycle, noting
differences of up to 3 °C. Their probe consisted of a single
fiber glued into a 1 mm outer diameter surgical catheter. 1
mm holes were cut through a portion of the surgical catheter
wall above each FBG location to allow for temperature
equilibration between FBG and the surrounding tissue. The
axial asymmetry introduced by these holes might result in a
directional temperature sensitivity related to the axial rota-
tion of the probe. Probe orientation was not investigated.

In this work we describe a stable, high accuracy, swept
wavelength laser based FBG thermometry system and the
development of an axially isotropic, ten-sensor, polymer
coated FBG �PFBG� probe capable of measuring temperature
gradients under simulated HT treatment conditions in tissue
equivalent phantom.

II. EXPERIMENTAL METHOD AND MATERIALS

II.A. PFBG sensor probe

Several ten-sensor temperature probes based on FBG
principles were developed using 125 �m diameter glass op-
tical fibers �Fibercore Ltd., Southampton, United Kingdom,
Type PS1500� that were hydrogenated and exposed to ultra-
violet light patterns. Ten adjacent FBGs with periodicities

ow spectra of light are output in reflection from ten adjacent FBGs at 1548,
entary spectral minima occur in transmission. Spectral shifts are calibrated

For clarity of explanation only, the inset figure’s aspect ratio between fiber
Narr
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distinct enough to result in spectra separated by 3.5 nm were
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fabricated. The designed r.i. periodicity of each FBG sensor
is unique and for the ten-sensor probe, ranges from
0.5346 �m at FBG number 1 to 0.5454 �m for the tenth
FBG. This fiber is then coated with a polymer which has a
higher coefficient of thermal expansion than fused silica fiber
to amplify the thermally induced stresses on it and create a
PFBG sensor with high temperature sensitivity.

II.B. Optoelectronic system

To measure sensitively the spectral shifts in the reflected
peaks of the PFBG probe, a semibroad spectrum light source
is simulated by sweeping the very narrow band output from
a diode laser over the spectral band of interest for a 1 s
duration, which then takes another 1 s to return to its starting
point. By synchronizing the detection time with the
wavelength-time calibration of the swept laser, a high reso-
lution spectrometric detection is obtained. An analog-to-
digital conversion sampling rate of better than 200 kHz was
implemented, which enabled a spectral resolution of better
than 1 pm. LABVIEW

® routines were developed to analyze
data on a laptop computer.

II.C. Sensor calibration

Absolute temperature calibration was performed using a
constant temperature circulating water bath, a NIST cali-
brated reference thermistor probe, and several BSD Bowman
probes. A polymer coated fiber �PFBG� and an uncoated bare
glass fiber with identical FBGs arrangement were placed in
this such that they would be at depths similar to the reference
and Bowman probes. The spectral shifts of each FBG in the
probes were recorded as a function of temperature from 25 to
60 °C to obtain the wavelength change with temperature
calibrations.

II.D. Performance under microwave hyperthermia of
tissue equivalent phantom

The PFBG probe was tested in an environment designed
to approximate the microwave exposure which might be en-
countered during clinical hyperthermia treatments. A phan-
tom, of dimensions 10�8�14 cm3, was prepared which
approximated the dielectric properties of muscle tissue15 and
three adjacent, parallel catheters were placed in it �Fig. 2�.
An interstitial microwave antenna with an embedded tem-
perature sensor �Model BSD 201� was inserted into the
central-most catheter as illustrated. Due to the axial �cylin-
drical� symmetry of the heating pattern produced by this type
of dipole antenna, the temperature distributions along the
two peripheral catheters, carrying the Bowman probe and the
PFBG, will be nearly identical.

The initial temperature distributions along the catheters
were measured under ambient conditions of about 25 °C us-
ing the PFBG probe and the mechanically scanned Bowman
probe.6 The Bowman probe is alternately pushed and pulled

within its catheter and was programmed to map a distance of
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15 cm in about 2 min. Simultaneous with the Bowman probe
map, the temperature distribution along the symmetric PFBG
probe bearing catheter was recorded.

A temperature control set point of 31 °C was then se-
lected for the BSD microwave antenna’s embedded tempera-
ture control sensor and power applied. This roughly simu-
lates the 6 °C gradient above 37 °C body ambient that a
typical clinical HT therapy set point of 43 °C might produce.
During microwave heating of the phantom, the thermal dis-
tributions in the two outer catheters were measured simulta-
neously at regular intervals.

III. RESULTS AND DISCUSSION

III.A. Sensor calibration and response time

The spectral shift data of the two FBG probes were mea-
sured in the water bath. The spectral shifts of the uncoated
glass only probe were found to be nearly identical at
8.6�0.2 pm / °C. The polymer coating provided a roughly
threefold amplification of the temperature responses, the ten
sensors responses in the PFBG probe were as follows: 26.7,
30.1, 29.8, 27.6, 23.9, 27.3, 25.3, 20.5, 21.5, and
16.5 pm / °C �average value 23�7 pm / °C�, and they were
not as homogeneous as those of the uncoated glass only
probe. The temperature responses of the PFBG sensors and a
thermocouple probe dropped into 65 °C water were mea-
sured. The rise time of the thermocouple to about 90% of its
final value was roughly 2 s. The rise time of the PFBG sen-
sors was roughly 5 s. The fall time of the TC is about 20 s

FIG. 2. Experimental setup for comparative temperature gradient measure-
ment by optical fiber FBG sensors versus a mechanically scanned Bowman
probe exposed to microwave hyperthermia.
versus about 10 s for the PFBG.
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III.B. Temperature profiling in tissue phantom

Temperature profiles measured adjacent to an interstitial
microwave antenna that had been inserted in a tissue equiva-
lent phantom are plotted in Fig. 3. About 10 W of microwave
power was applied to the antenna. No self-heating artifacts
were observed in the PFBG probe when the microwave
power was on. The shape of the measured profiles closely
tracked one another and the temperatures measured at
equivalent positions along the antenna by the Bowman and
PFBG probes generally differed by less than 0.5 °C. Figure
3 shows typical measured temperature profiles: One before
power was applied to the antenna and another about 85 min
later, after steady state conditions had been achieved with the
microwave power on.

III.C. Stability of swept laser based FBG thermometry
system

The FBG measuring system needs to accurately convert
wavelength shifts to temperature by converting the pixels
�e.g., in a CCD spectrometer� or time �in a tunable laser
based system� to wavelength and then applying the tempera-
ture response calibration constant. To calibrate the measured
time to the wavelength scale an industry standard solid state
Fabry–Pérot etalon’s comblike reflection spectra are mea-
sured, which match the International Telecommunication
Union or ITU grid spacing. This known ITU wavelength
separation is then used to convert the time intervals of mea-
sured FBG spectra to wavelength.

A reference etalon peak was tracked over 10 h to measure
drift in the optoelectronic demodulation system by measur-
ing the resulting wavelength and the corresponding tempera-
ture changes. These data are plotted in Fig. 4. The wave-
length change was converted to the estimated temperature

FIG. 3. Temperature profiles measured by PFBG and Bowman probes adja-
cent to an interstitial antenna in muscle equivalent phantom under steady
state conditions: �a� Before microwave power was applied and �b� 85 min
after power was applied to the antenna.
change shown in the right hand side y-axis assuming a nomi-
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nal PFBG response of 28 pm / °C. The maximum deviation
observed was about 6 pm over 10 h, which corresponds to
under 0.3 °C.

The swept wavelength laser based FBG thermometry sys-
tem described in this work has sufficient spectral bandwidth
�100 nm� to accommodate several hundred hyperthermia
thermometry locations. In comparison, SLD light sources
have typically half the bandwidth. A larger spectral band-
width enables a larger number of thermometry locations.

The temperature resolution of the system is proportional
to the sampling rate. For example, an analog-to-digital con-
version sampling rate of 200 kHz enables sub-pm
resolution.16 In comparison, contemporary CCD spectrom-
eters do not have the stability or pixel resolution required to
detect 1 pm wavelength shifts. The larger relative deviation
in temperature response among the sensors of the polymer
coated PFBG �28�7 pm / °C� versus the uncoated FBG
�8.6�0.2 pm / °C� probes is likely due to slight variations in
the thickness of the manually applied polymer coating,
which would have greater uniformity when using an auto-
mated process.

We found good agreement in absolute temperature read-
ings between thermometry profiles made with the scanning
Bowman probe and the PFBG temperature sensor.

IV. CONCLUSIONS

We report results with a PFBG based, spatially resolving
multipoint optical fiber temperature sensor, which has suffi-
cient stability, precision, and accuracy for microwave hyper-
thermia thermometry. When subjected to microwave hyper-
thermia in a muscle equivalent phantom, the response is
shown to closely follow that of a well established, micro-
wave immune, single sensor commercial HT thermometry
probe. The 0.5 mm diameter prototype probe consists of ten
FBG locations at 5 mm intervals profiling a 5 cm overall
length. There is nothing in the technology that prohibits more
sensors or alternate lengths. A swept wavelength laser based

FIG. 4. The maximum drift of the swept laser based FBG thermometry
system was less than 0.3 °C over a 10 h period. See text for further
explanation.
readout system is shown to achieve 0.1 °C precision while
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maintaining a better than 0.5 °C stability over 10 h and an
absolute measurement accuracy of �0.25 °C. Furthermore,
the 2 s response time is fast enough for automated feedback
driven temperature control in hyperthermia applications.

This technology may now be considered mature enough
for further investigation in in vivo clinical trials.
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