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Abstract. We describe the results of in-vivo trials of a portable fiber
Bragg grating based temperature profile monitoring system. The probe
incorporates five Bragg gratings along a single fiber and prevents the
gratings from being strained. Illumination is provided by a superlumi-
nescent diode, and a miniature CCD based spectrometer is used for
demultiplexing. The CCD signal is read into a portable computer
through a small A/D interface; the computer then calculates the posi-
tions of the center wavelengths of the Bragg gratings, providing a
resolution of 0.2°C. Tests were carried out on rabbits undergoing hy-
perthermia treatment of the kidney and liver via inductive heating of
metallic implants and comparison was made with a commercial Fluo-
roptic thermometry system. © 2000 Society of Photo-Optical Instrumentation Engi-
neers. [S1083-3668(00)00701-2]
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1 Introduction made in an environment of high electric field or ultrasonic
Recently, there has been an increased interest in thermalPressure field in which temperature gradients of tens of °C/cm

therapies and methods and a growing diversity in their appli- eX|s£)t. If ?]rtergcés are to ?(TI g'”'m'?e.‘” 't. ItS deilrablgtrt]hat
cations in many specialist areas of medicine and dentistry. In probes shouid be nonmeta o minimize interac lon wi
many cases, techniques have been developed for ablating tiS_electromagnetlc fields and to reduce thermal conduction along
sue using physical agents such as radio frequdrigycur- theT%r:t:Jes.e of thermocouples, thermistors, and optical ther-
rents, microwaves, lasers, and ultrasound to induce tempera- . pes, ' P
tures several tens of °C above the normal body level for hmomkt)etry systemsddurlr?g thermal treatmet?lts and pr:ocedures
. as been reported. There are many problems with conven-
periods of a few seconds to tens of seconds. In other cases, th P y P

red t wre i dest and treat fional metallic sensors in the presence of electromagnetic
required temperature |ni:reases are more modest and trea mer?felds, while optical thermometers commercially available for
temperatures of 40—50°C are required for periods of several

. medical purposes are expensive and provide very few
minutes to an hour.

o _ _ sensorg?!
Sample applications include transcatheter rf ablation of

iaC tissud . X For these reasons, we have been investigating the use of
cardiac tissue,rf ablation as a treatment for menorrhagia, a fjper Bragg gratings as medical temperature sensors. We have

common problem comprising approximately 20% of outpa- previously reported two signal processing systems that are
tient referrals to gynaecological departmefitsreatment of  apje to recover the wavelength shifts associated with several
vascular disease using the technique of thermally mediatedgatings closely spaced along a single fiber. One uses inter-
balloon angioplast;’ treatments of prostate disedseFur- ferometric wavelength shift detectithfor measuring the
thermore, the addition of hyperthermal treatment to radio- shift, while a miniature monochromator permits wavelength
therapy or chemotherapy in the treatment of breast cancer,demultiplexing of the grating® the other uses a scanned
melanoma, and some inoperable tumours of the rectum, blad-Fabry—Perot tuneable filter for both wavelength shift mea-
der, and cervix has been shown to increase response ratesurement and demultiplexirfd.
significantly®=°There is also a need for thermometry in tech- More recently, in an effort to reduce the potential cost of a
niques involving laser- and microwave-induced heating in temperature profiling system, we have been investigating the
dental processiny:*? use of an alternative scheme using a CCD-based spectrometer
A common feature of all thermal therapies and procedures to carry out demultiplexing and to track the wavelength shift
is the need for temperature measurement to ensure safe andf the Bragg gratingé>2° This paper reports on the construc-
effective practiced®=2°In most cases, the provision of accu- tion of a portable system using this approach and describes
rate thermometry is a demanding problem. In view of the the results of our firsin-vivo trials, undertaken at the Cancer
invasive procedures involved, temperature probes should beResearch Institute in Perth, Australia.
as small as possible to minimize patient trauma and ideally .
should provide temperature information from many points 2 System Design
along their length. Small sensors also have the advantage ofThe system is illustrated schematically in Figure 1. Light
short response times. In addition, measurements are ofterbackreflected from the grating array is imaged by a spectrom-
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Fig. 3 Probe design. For clarity, only two grating elements are shown.

Linear CCD
cate the peaks, the spectrum was divided up into a number of
Portable computer . . . . .
regions, each of which held just one grating. For each region,
a fast Fourier transform of the sampled data was carried out
yielding over 500 frequency components from which the first
Spoctrometer uni 15 were used to synthesize a low-pass-filtered version of the
data. The peak of this synthesized function was obtained from
the Fourier coefficients and used as the Bragg wavelength.
This approach allowed the system to be used with a variety of
peak shapes, resulting from nonuniform gratings as well as
aberrations in the optical system.
eter onto a linear CCD array. In this way, the peaks associated The optical source was a 0.5 mW pigtailed superlumines-
with each grating are physically separated on the CCD and thecent diode emitting around 830 nm and powered by an OEM
change in the Bragg wavelength may be deduced by monitor-diode power supply and temperature controller, which simply
ing the movement of the peaks over the CCD. The difficulty required connection to a 15 V laboratory PSU. The source
with this approach is that while the grating spectra are typi- was spliced to a coupler terminated with FC/PC connectors,
cally 0.2 nm in width, a resolution of 0.1°C demands moni- which enabled easy assembly of the system and facilitated the
toring the shift in the mean wavelength to around 1 pm, usu- attachment of different probes and reference gratings.
ally corresponding to a small fraction of the pixel-pixel A key element of the system is the probe, which must
separation on the CCD array. Thus some forms of curve fit- prevent the fiber from being strained, protect against the pos-
ting or centroid algorithm must be used to determine the cen- sibility of the fiber being broken and left in the tissue and also
ter wavelength with great precision, but even then the system permit good thermal contact with the surroundings. Our de-
is very susceptible to errors caused, for example, by mechani-sign for the probe is illustrated in Figure 3. The fiber was
cal creep or thermal expansion. To counter this, a referenceglued into a length of standard 1 mm o.d. surgical catheter,
grating at constant temperature was included in the systemthe end of which had already been prepared by havirlg
and all peak positions on the CCD array are measured frommm length holes cut into it to correspond with the grating
that one. positions(to facilitate good thermal contactThe fiber was
A miniature monochromator(10X 15X 8 cm) was de- approximately 5 mm shorter than the catheter length and the
signed and constructed. This used a folded path geometry toend of the catheter was closed with glue; this gave the fiber
minimize size and weight and provided a dispersion of around plenty of room to move within the catheter to relieve strain.
15 nm across a Thomsen CSF TH8711 1728 element linearThe probe used for the majority of the trials had five gratings
CCD array, that could be bolted to its side; see Figure 2. A of 1 mm length @ a 5 mmpitch. A sample spectrum read
custom interface was constructed to link the raw CCD output from the CCD is shown in Figure 4. The probe grating wave-
to the parallel port of a laptop computer, the interface being lengths as measured on an OSA at room temperature were
controlled by a Visual BASIC program that read in the data 829.4, 830.9, 832.4, 833.9, and 835.4 nm and the reference
from the CCD array and monitored the position of the spectral grating was situated at 824.2 nm.
peaks corresponding to the Bragg gratings. To precisely lo-
3 Laboratory Testing
Basic testing took place in the laboratory prior to thevivo

Diffraction Colimatingfocussing trials. A typical calibration run for one grating is illustrated in

Interface

Diffraction Grating

Fig. 1 System schematic. Crosses on fiber indicate the locations of
demountable connectors.
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Fig. 2 Image of monochromator with CCD unit attached. The dashed Fig. 4 Sample CCD trace showing five sensor gratings (on left) plus a
line shows the free space optical path within the unit. reference grating (on right).
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Fig. 5 Sample calibration run for one grating element. Error bars in- Fig. 7 Illustrating the reading drift following switch on from cold.

dicate uncertainty in the temperature of the water bath used. Also

shown is the best linear fit through the points. . . .
data were referenced to a pixel reading taken with the probe

in ice water immediately followingor preceding the data
. . . _ run.

Figure 5, while an idea of the resolution can better be ob-  Three weeks prior to the visit, several rabbits had been
tained from Figure 6, which shows fluctuations over a ten jmpjanted with pieces of VX2 carcinoma in the liver so that
minute period, with an rms deviation about the mean value of reasonable sized tumours were available for some of the tests.
0.2°C. In order to get the performance illustrated in Figures 5 other tests were carried out on the healthy kidneys of these
and 6, it was necessary to ensure that the signal level on theanimals. The animals were initially anaesthetized and their
CCD was close tdbut not a} saturation. This was because rgans exposed via a midline incision of the abdomen, en-
the DAC in the interface unit only possessed 8-bit resolution. gping the inductive heating elements to be inserted in either
To obtain good signals from both reference and probe grat- the |iver or kidney. Following the implantation of the tem-
ings, it was necessary to carefully position appropriate neutral perature probdoften in conjunction with a reference probe
density filters in the spectrometer attenuating the reference bYsom a Luxtron optical thermometerthe abdomen was su-
a different amount to the probe. ~ tured up to keep the organs at close to normal body tempera-
~ The system as designed was portable enough to be carriedyre, prior to heating. In all cases, the animals were kept an-
in a hold-all as hand luggage on the flight from London t0 gesthetised for the duration of the experiments and sacrificed
Perth. On arrival, the unit was tested and found to be Operat‘immediately afterwards.
ing normally. However, while preparing for the actual trials,  part of the aim of the trial was to devise and test a suitable
an unforeseen problem was noticed. Following switch-on, yrocedure for probe implantation; the following was found to
there was a steady long term drift in the pixel readout that pe gyccessful. The probe was initially inserted within a hypo-
only stabilized after about an ho(gee Figure ¥ This had not  germic needle and held in place with tape so that the probe
been seen during the initial testing in the UK as the unit was ¢nq was several millimetres short of the needle end. The
usually left switched on. Fortunately, the reading seemed 10 needle/probe was then inserted into the tissue and the needle
be stable after that time, but nonetheless during the trials, the,yithdrawn some distance along the filieut of the inductive

field), leaving the probe in place. In practice, this procedure

was quite straightforward. Following implantation, there was

Relative temperature (°C) little resistance to the probe being moved in and out so it had
1 to be held in place using tape. This lack of friction suggested
0.9 e 2 that little axial stress would be communicated to the catheter,

let alone the fiber inside. The implantation procedure is illus-
trated in Figure 8.

In the first trial, a major problem was encountered in that
the field from the large alternating currents used in the induc-
tive heating system was picked up by the sensing system re-
sulting in a large noise, which all but smothered the peaks
seen on the trace of Figure 4. We guessed that the most likely
situation was that the field was being picked up by the inter-
face electronics between the CCD unit, which in our system
had to be close to the probe, and the computer. The problem

ol f. ( ] i was mainly solved by moving the interface and computer to
13:55:12 13:58:05 14:00:58 14:03:50 14:06:43 14:09:36 the other side of the room and using long BNC leads to con-
Time r}ect to the CCD array. In addition, software averaging over

five scans was used to further reduce the noise to a level

Fig. 6 Temperature fluctuations over a ten minute period. comparable with that in the benign laboratory environment
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Fig. 10 Temperature recovered from FBG probe element (circles) col-
located with Luxtron probe element (crosses).

spectrum, variations in the responsivity of the individual CCD
pixels and attenuation which varies with position due, for ex-
ample, to dust on the neutral density filers or mirrors. This
means that as a grating peak moves across the CCD due to a
temperature change, the detailed shape of that peak will
change. We are measuring very small shifts in the peak posi-
Fig. 8 Probe implantation procedure. Upper image: needle contain- tIOI? (~1/100 O_f _the _qut”’ so any variation in the shape to
ing probe inserted in kidney, lower image: needle being retracted which we are fitting is likely to affect the value returned as the
along fiber leaving probe in place. center of the peak.
We surmise this effect is also responsible for the long term
drift in the reading shown in Figure 7. Here, the problem
while still perm|tt|ng approximatg| alHz temperature ac- could be attributed to drift in the source SpeCtrUm due to heat-
quisition rate. ing following the switching on of the system. We are cur-
Two other problems came to light during the course of the rently working on approaches to overcome these problems.
trials. The first was that several anomalous temperature read- Severalin-vivo experiments took place over a two-day pe-
ings were eventually attributed to the ice melting in the refer- od, which involved carrying out hyperthermia on both dis-
ence grating Dewar flask. This is not a serious problem, since ased livers and healthy kidneys. The FBG system reported
in a fully engineered system, the reference grating might be temperature variations in line with those expected. Generally,
held at constant temperature using a Peltier heat pump with ait was not possible to draw quantitative conclusions concern-
thermistor reference. ing the accuracy of the data, as the background tissue tem-
The second problem was more serious and indeed it was aPerature and heating varies with position in an unpredictable
surprise to us that we had not encountered it prior to the trials. Way. However, effort was made to locate a commercial Lux-
Some—though not all—of the calibration runs turned out to tron fluoroptic thermometer probe immediately adjacent to
be reproducib|y nonlinear; see Figure 9' for examp|e_ We now O!‘le of the FBG elements. The .result of S.UCh arun is shown in
attribute this to the following effect. There will be a number Figure 10. The data show the increase in temperature follow-
of features of the spectrum illustrated in Figure 3 which are ing the application of inductive heating and the decrease that

constant in position. These include any ripple on the source follows cessation of that heating. No attempt was made here
to compensate for nonlinear calibration of the sort described

in Figure 9, the FBG temperature was simply calculated from
the mean gradient of its calibration curve along with the pixel
reading corresponding to 0°C. In view of this, we feel that the

Pixel offset

50 correspondence is very good. The general heating and cooling
40 cycles are clearly illustrated and the maximum deviation of
30 3°C can be attributed to a combination of the nonlinear re-
sponse along with the fact that we had no way of checking
20 exactly how close together were the two probes.
10 There were some data from particular gratings where the
0 recovered temperature showed a greater offset than this. We
0 20 40 60 fe_el _the reason here may be_due to a buildup of dried ti_ssue
within the probe element, which could act to couple the fiber
Temperature (°C) to the sleeving and hence restore strain sensitivity. This effect
could be eliminated, either by having disposable probes, or by
Fig. 9 Nonlinear grating calibration curve. improving the probe construction to remove the slots.
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4 Discussion

We feel that the trial was very beneficial for a number of
reasons:

First in-vivo trials of a fiber Bragg grating

brought under $100, then it is likely to become feasible to
make the probes disposable which is considered advantageous
clinically.

Currently, the hyperthermia system used in this work is
being scaled up to permit human trials and it is intended that
an improved version of the temperature sensor should be
available for use with that system.
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