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ABSTRACT

Background: Temperature measurement during superficial hyperthermia is limited by
poor spatial resolution. We investigated two sheets to improve temperature monitoring
of the skin surface.

Materials and Methods: Two different sheets were studied with a grid of temperature
sensors with one sensor per ~5 cm? The first was a matrix of multisensor thermocouple
probes laced through a silicone sheet. The second sheet had rows of thermistors
connected by meandering copper leads mounted on stretchable printed circuit board
(SPCB). Accuracy, temperature resolution and two hour stability of both sheets were
investigated. Furthermore, we determined the ability to follow body contours, thermal
conduction errors and electromagnetic (EM) compatibility to clinically used 434 and
915 MHz hyperthermia applicators.

Results: For both sheets the accuracy (< 0.2 °C), temperature resolution (< 0.03 °C) and
stability (< 0.01 °C h”) were adequate for clinical use. Thermal conduction errors ranged
from 5.25 - 11.25 mm vs. 2.15 mm for the thermocouple probe and thermistor, respectively.
Both sheets could follow body contours, where the ratio air/ water bolus surface was
<5 %. When aligned perpendicularly to the EM field the meandering copper tracks used
on the SPCB did induce self-heating, while the thermocouple probes did not. Self-heating
had a linear relationship with the angle of the leads with respect to the EM field direction
for both sensors at both frequencies. Self-heating of the thermistor was similar for
both frequencies, while it was approximately two-fold higher for 915 vs. 434 MHz for the
thermocouple.

Conclusion: The use of SPCB technology for skin surface monitoring was promising.
However, suppressing self-heating induced by the horseshoe shaped copper tracks
needed for stretchability of the SPCB requires more in-depth investigation. The
thermocouple matrix was the most promising for clinical application, meeting 6/7
of the major requirements for skin surface temperature monitoring when positioned
perpendicular to the EM field.
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INTRODUCTION

Hyperthermia, raising tissue temperature to 40 - 44 °C, is a known radio- and
chemosensitizer. Dose effect relationships have been found in both retrospective and
prospective studies for a wide range of temperature and thermal dose variables [1-10].
Sufficiently high temperatures are necessary to achieve the sensitizing effect, while local
hotspots can cause thermal toxicity such as blisters and fat necrosis [1, 10-16]. Adequate
thermometry feedback is thus essential to ensure high quality treatments.

Electromagnetic (EM) radiative hyperthermia is the most frequently applied technology to
heat superficial disease up to 2 - 3 cm (915 MHz, USA) and up to 3 - 4 cm deep (434 MHz,
Europe). Monitoring the temperature in an EM field is associated with challenges, especially
since an accuracy of + 0.2 °C is required. [17] When metal sensors are placed inside an
EM field interactions with the electronics can occur, thermal conduction errors can be
induced and the probe can show self-heating [18]. Present clinically accepted thermometry
methods have resolved these issues [18, 19]. Unlike regular thermistors, thermistors with
high-resistance leads (e.g. Bowman probes) can be used safely and accurately (accuracy
within 0.1 °C) in an EM field without restrictions. Under several conditions thermocouples
and thermistors with metal leads can also measure the temperature within 01 °C. The
probes should be positioned perpendicular to the direction of the EM field, if possible,
and the power must be switched off for several seconds before the temperature read out
[18]. For multisensor thermocouple probes consisting of metal wires, thermal smearing
along the probe can influence the accuracy of temperature measurements [20], particularly
in regions with high temperature gradients. Fiber-optic probes can be used without
any problems in an EM field. However, they are high in costs and fragile. Non-invasive
thermometry methods such as radiometry, magnetic resonance-, infrared-, and ultrasound
thermometry are not feasible because, among others, a coupling water bolus is placed
between the applicator and the skin surface.

Present clinical techniques for monitoring skin surface temperature distributions during
superficial hyperthermia treatments generally consist of mounting a number of single
sensor or multisensor probes at various locations on skin and scar tissue [21]. A recent
numerical simulation study found that at least 50 sensors per 400 cm? applicator are
needed to adequately measure the surface temperature distribution (1 sensor per 8 cm?).
Moreover, to adequately monitor hotspots more than 100 stationary sensors were advised
(1 sensor per &4 cm?). [22] Unfortunately, commercial microwave hyperthermia systems
generally offer only eight single sensors (ALBA ON 4000, Medlogix, Italy; BSD-500, Pyrexar,
Salt Lake City, UT, USA). As a result, temperature in most of the skin surface remains
unmonitored.
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Several academic groups have investigated solutions to improve the spatial resolution of
thermal monitoring during superficial microwave hyperthermia. The most used solution
is an individualized grid of stationary temperature measurement points distributed over
the target area. Presently, the Erasmus MC (Rotterdam, the Netherlands) applies eight
four sensor fiber-optic probes with 20 mm spacing (THR-NS-1164C, FISO Technologies
Inc., Quebec, Canada) connected to a 32 channel thermometry system [23]. In our center,
the Amsterdam UMC (Amsterdam, the Netherlands), multisensor copper-constantan
thermocouple probes (ELLA-CS, Hradec Kralové, Czech Republic) with seven or fourteen
sensors per probe are utilized [22]. The thermometry system (UMCU, Utrecht, the
Netherlands) can read out 196 sensors (28 seven sensor probes) in 0.32 seconds [24]. In
2008 the group at Duke University developed a conformal thermal monitoring sheet to
measure the surface temperature distributions during superficial hyperthermia treatment.
It comprises of a multilayer Kapton film with multiple plastic catheters which contain 16
single fiber optic sensors (IPITEK, Carlsbad, California, US) arranged in a 40 x 40 mm grid.
[21, 25] Although these methods substantially improve the spatial resolution of thermal
monitoring, they are either too expensive, time-consuming, or require experienced users,
thereby limiting clinical implementation in hyperthermia centers worldwide.

In this paper, two potential sheets for improved skin surface temperature monitoring
during superficial hyperthermia are introduced. Both employ temperature probes which
should be readily adoptable by the suppliers of currently available hyperthermia devices.
The accuracy, temperature resolution, stability and thermal conduction errors of both
methods are investigated. The flexibility of the supporting material is investigated, as well
as the EM compatibility.
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Two high-resolution thermal monitoring sheets for superficial HT

MATERIALS

The major requirements of a sheet to perform skin surface temperature monitoring during
superficial hyperthermia are:

Spatial resolution of 40 x 40 mm; preferably 20 x 20 mm [22]

Accuracy < 0.2 °C [17]

Temperature resolution < 0.1 °C [17]

Stability < 01°Ch”

Thermal conduction errors < 10 mm

Body conformal

Electromagnetically compatible

Two potential sheet designs to improve skin surface temperature monitoring during
superficial hyperthermia were investigated. The first sheet was developed in collaboration
with Medlogix (Rome, Italy) to ensure fast, precise and reproducible sensor placement
during superficial hyperthermia treatment and to allow an accurate reconstruction of
the skin surface temperature. It consists of a rigid supportive structure, attached to
a thermocouple matrix consisting of a 0.3 mm thick flexible silicone sheet with eight
multisensor thermocouple probes (ELLA-CS, Hradec Kralové, Czech Republic) laced
through the sheet every 20 mm. The thermocouple matrix contains 56 sensors (Figure 1),
with a spatial resolution of 20 x 25 mm (Table 1). The probes consist of one common
constantan wire (@ 70 um) and seven copper wires (¢ 40 um), welded at 25 mm intervals.
The thermocouple probe was surrounded by a Teflon coating (¢ 0.5 mm) and the end of
the tube was sealed with epoxy. The thermocouple probes can be secured to keep the
sensors in a fixed position. The probes were laced through the silicone sheet, such that all
sensors were positioned beneath the silicone sheet, resulting in a directional sensitivity of
the sensor towards the skin surface. The thermocouple matrix has a minimum thickness
of 0.3 mm, at the position of the thermocouple probes the thickness is maximal, e.g.
0.8 mm. A multi-channel thermometry system was required for temperature read-outs,
e.g. the 196 channel Utrecht thermometry system (UMCU, Utrecht, the Netherlands) [24]
or the commercially available 64 channel ALBA thermometry system with a temperature
resolution of 0.0156 °C (Medlogix, Rome, Italy).
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Table 1. Characteristics of the two high-resolution thermal monitoring sheets that were
developed to improve the skin surface temperature monitoring during superficial hyperthermia.

Matrix

SPCB

Sensor

Type

Material

Size

Sensors per probe
Spacing

Manufacturer

Thermal response time
Connecting tracks
Material

Wires/ probe

Size

Mean distance tracks
Minimum length
Maximum length
Shape

Supporting material
Type

Material

Height

Size (width x length)
oD

Sheet

Dimensions
Minimum thickness

Maximal thickness

Spatial resolution

Sensors

Thermocouple
Copper-constantan
~0.5 mm (length weld)
7

25 mm

ELLA-CS, Hradec Kralove,
Czech Republic

1.5 s [24]
Copper Constantan
7 1
@ 0.04 mm @ 0.07 um
25 mm
1875 mm
Straight
Sheet Coating
Silicone Teflon
0.3 mm
166 x 212.5 mm
0.5 mm

166 x 212.5 mm
0.3 mm

0.8 mm (@ 0.5 mm probe +
0.3 mm sheet)

25 x20 mm
56

100 kQ NCT thermistor (0805 SMD)
NiSn terminations, glass coated

09x13x215mm (HxWx L)

Vishay Intertechnology, Malvern,
Pennsylvania, USA

10 s [28]

Copper

0.015 X 01 mm (H x W)
333 mm

25 mm

125 mm

Horseshoe shaped meanders

Sheet SMD cover layer
Polyurethane  Epoxy

01 mm ~0.025 mm

150 x 150 mm  ~size SMD + 0.05 mm
150 x 150 mm

01 mm

1.0 mm (0.9 mm sensor + 01 mm
sheet)

20 x 20 mm
25 - 100 (combination 1 - 4 sheets)
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Abbreviations: SPCB= stretchable printed circuit board, NTC= negative temperature coefficient,
SMD= surface mounted device, H= height, W=width, L= length, ID= inner diameter, OD= outer

diameter.
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Figure 1. The prototype of the thermocouple matrix (Medlogix, Rome, Italy). Dimensions of the
silicone sheet were 0.3 - 0.8 x 166 x 212.5 mm. The sheet had a 20 x 25 mm grid of 56 sensors.

The second sheet consists of a stretchable printed circuit board (SPCB) with a 20 x 20 mm
grid of thermistors (QPI group, Helmond, the Netherlands) (Figure 2). It is a modular
system, where multiple sheets can be combined, resulting in 25 - 100 sensors (Table 1).
Stretchability and flexibility were obtained by shaping the copper tracks (width 100 um,
height 15 um) as horseshoe shaped meanders. As a basis two 50 pm polyurethane sheets
were used to embed the tracks and the components thus serving as a circuit carrier [26, 27].
At the positions of the thermistors, a laser cuts out the top polyurethane layer and multiple
100 kQ surface mounted device (SMD) negative temperature coefficient (NTC) thermistors
(NTCS0805E3104*MT, Vishay Intertechnology, Malvern, Pennsylvania) were soldered on the
copper pads using low melting temperature solder SnBi (melting temperature 138 °C;
CR11, EDSYN, London, United Kingdom). Afterwards a layer of epoxy was used to seal off
the thermistor from air. [27] In general, the SPCB is 0.1 mm thick, at the position of the
thermistor the sheet is 1.0 mm thick.
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-

Figure 2. The design of the electrical circuit of the stretchable printed circuit board and magnified
sections of the sheet (QPI group, Helmond, the Netherlands). The sheet had a 20 x 20 mm grid of
25 thermistors, the dimensions were 0.1 - 1.0 x 150 x 150 mm.
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METHODS

Both sheets consist of multiple sensors, connecting tracks and supporting material. The
accuracy, temperature resolution and stability of the electrical circuit were analyzed
and its thermal conduction errors were investigated. Furthermore, we analyzed whether
the supporting material was sufficiently stretchable and flexible to follow patient body
contours. Finally, we investigated whether there was perturbation of the temperature
readings due to microwave interference with the electrical circuits.

Electrical circuit

Accuracy

The accuracy of a seven sensor copper-constantan thermocouple probe (ELLA-CS, Hradec
Kralové, Czech Republic) and a 100 kQ NTC thermistor (NTCSO805E3104*MT, Vishay
Intertechnology, Malvern, Pennsylvania, USA) were determined based on intercomparison
to a calibrated resistive temperature device; the Pt100 (temperature resolution 0.001 °C,
accuracy < 0.02 °C; Model 935-14-61, Isotech, Southport, UK). The intercomparisons were
performed over a 25 - 50 °C temperature range in a temperature controlled circulating
water bath (LAUDA-Brinkmann, Delran, NJ, USA). After achieving stable temperature, the
maximum temperature fluctuation of the water bath never exceeded 0.04 °C. The acceptable
accuracy was + 0.2 °C [17]. The thermocouple was calibrated between 25 and 45 °C and
read out via the Utrecht thermometry system (UMCU, Utrecht, the Netherlands), which was
in clinical use at our institute. The thermistor was read out via a digital multimeter (GW
Instek, GDM-8341, Taipei, Taiwan), the measured resistance was transformed to temperature
using the online available curve-computation list for the SMD0805 thermistor [28]. The
Pt100 connects directly to the computer. A software program was developed to read out
all three probes simultaneously with sample frequency 1 Hz for the thermocouple and
Pt100, and 0.5 Hz for the thermistor (java, version 1.8). For each temperature increment,
after achieving a stable temperature, the accuracy and its standard deviation during 60
seconds were reported.

Temperature resolution
The temperature resolution of the SPCB was calculated for the scenario when the SPCB
was connected to a 10 bits (b) analog digital converter and the temperature range of
interest 20 - 50 °C. The temperature difference (AT) can be divided by 2° to determine the
temperature resolution.

) AT
Resolution (°C) = 2
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Stability

The clinically relevant stability was determined as the variation of thermometer response
over the clinical treatment time of up to 2 hours in a fixed temperature water bath at
42 °C (LAUDA-Brinkmann, Delran, NJ, USA). A maximum change of 01 °C h™ was considered
acceptable in this time period.

Thermal conduction errors

In sensors with metal leads such as thermocouples and thermistors, thermal conduction
along the leads causes axial smearing [20, 29]. We experimentally investigated the thermal
conduction errors of both sensors. A thermal conduction error of 10 mm along the leads
was considered acceptable, since the spacing of the sensors on the thermocouple probe
was 25 mm.

To establish the conduction error a set up with compartments at different temperatures
was used in which a temperature step of approximately 10 °C was applied to both a
seven sensor copper-constantan thermocouple probe with 20 mm spacing and one 100
kQ thermistor. For this experiment the thermistor was soldered to two 25 pm copper leads,
where one lead was U-shaped (length U-shape 75 mm:; Figure 3¢). The sensors were pulled
through a small hole in a 50 um membrane (40 x 40 mm) from a cold insulated inner region
(cube of 20 x 20 x 20 cm) to a warm outer region (Figure 3). The water temperatures were
kept constant using three heaters with a pump function (LAUDA-Brinkmann, Delran, NJ,
USA) and one cooler (ETK50, LAUDA-Brinkmann, Delran, NJ, USA). The step response was
measured by moving the sensors automatically with an in-house built positioning system
(resolution 0.1 mm; XYZ robot assembled from parts from Igus, Cologne, Germany) in 0.5 mm
steps over a distance of 150 mm. Each sensor will cross the division, enabling us to study
smear as a function of the number of tracks. The step response function was quantified
by determining the width of the 10 % to 90 % temperature step [20].

Body conformity

The conformity to body contours of each sheet was investigated in three patients,
with locoregional recurrent breast cancer, who all signed an informed consent (IRB
AUMC: XT4-148). In our center, a standard CT-scan was made to verify the position
of the additional invasive catheter that was placed for temperature measurements
during hyperthermia treatment. During the CT-scan, the sheets were positioned on
the contralateral chest wall with a 180 x 200 mm water bolus (part from the Beta
applicator; Medlogix, Rome, Italy) on top. The amount of air between the water bolus
(17 x 28 cm) and the skin of the patient was delineated in Velocity version 4.0 (Varian,
Crawley, UK) for all six patients. The surface area of air with respect to the surface area
of the water bolus was analyzed. Air bubbles between the water bolus and skin surface
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may influence the specific absorbed ratio (SAR) distribution pattern of the applicator.
Therefore we set a conservative limit of 1 % for an individual air bubble and 5 % for
all air with respect to the surface area of the water bolus.

XYZ robot

Warm region (~35 °C)

Cold region
(~25°C)

Figure 3. (a) The experimental set-up to measure thermal conduction errors of the thermocouple probe
and the thermistor. The sensors were mechanically pulled with a XYZ robot from a cold insulated
region (approximately 25 °C) to a warm region (approximately 35 °C). (b) Photograph of the thermistor
that passes the 50 um membrane. (c) To pass the membrane, one copper lead of the thermistor was
U-shaped.

Electromagnetic compatibility

The electromagnetic compatibility (EMC) of both sheets in 434 and 915 MHz EM fields was
investigated. The EM fields were generated with either a gamma applicator (Medlogix, Rome,
Italy) [30, 31] connected to a 434 MHz ALBA Double ON-4000 system (Medlogix, Rome, Italy) or
with a MA-100 applicator (Pyrexar Medical, Salt Lake City, USA) [32-34] connected to a 915 MHz
generator (Elrad S.a.s, Milan, Italy). The influence of the angle of the tracks (0 - 90 °) with respect
to the main direction of the EM field was investigated, while the sensors were positioned at
the center of the applicators. For the first EMC experiment, a 100 kQ NTC thermistor was
soldered to two standard 25 um copper leads. Both the thermistor and the thermocouple
were placed centrally between two water boluses circulating at 40 °C (Figure 4). A muscle-
equivalent phantom was placed beneath the second bolus. After achieving a stable water
temperature of 40 °C at both water bolus inlets, power was turned on for three minutes at 50 W.
Afterwards the temperature decay was measured for three minutes. The sample frequency
of the thermocouple probe was 1 Hz vs. 0.5 Hz for the thermistor. The amount of self-heating
of the sensor was quantified by the temperature decay at time T, where T was the thermal
time constant (i.e. 63.2 % of the final value) of the temperature decay after turning the power
off. Every measurement was repeated at least twice. Different time-dependent behavior may
be expected for thermocouples and thermistors due to differences in size and mass. The
thermal time constant (1) and the temperature decay at time T were reported, the last being an
indication of self-heating. A maximum thermal time constant of five seconds was acceptable,
while self-heating was considered acceptable when < 01 °C.
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Applicator ~ Sensor
e g
¥ -
40°C Water bolus

Water bolus 40 °C

Muscle-equivalent phantom

Muscle-equivalent phantom

Figure 4. The experimental set-up to test the electromagnetic (EM) compatibility of a thermocouple
and a thermistor to 434 and 915 MHz; (a) side view, (b) top view. The sensor was positioned between
two water boluses circulating at 40 °C, with a muscle-equivalent phantom below.

For the SPCB, the influence of the horseshoe shaped meandering copper tracks was
investigated in the same experimental set-up, where the traces were positioned
perpendicular to the main direction of the EM field (Figure 2). The distance of the
horseshoe shaped copper meandering tracks positioned inside the EM field was varied

from 25 - 105 mm.
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RESULTS

Electrical circuit

Accuracy

The accuracy in the temperature range from 25 to 50 °C was 0.06 + 0.07 °C versus
0.03 + 0.02 °C for the thermocouple and the thermistor, respectively (Figure 5, Table 2). At
temperatures outside the calibration range (> 45 °C) the thermocouple was less accurate,
with @ maximum deviation of -0.18 °C at 50 °C. The maximum deviation of the thermistor
was -0.05 °C at 28 °C. Both sheets satisfied the + 0.2 °C accuracy criterion [17] at all
temperature levels between 25 - 50 °C.

021

® Thermocouple
Thermistor

o
PN

Accuracy (°C)
L Py
F&i ()
i

S
.

-0.2
25 30 35 40 45 50

Temperature (°C)

Figure 5. The mean accuracy + standard deviation in the temperature range 25 to 50 °C of the first
sensor of a multisensor copper-constantan thermocouple probe (ELLA-CS, Hradec Kralové, Czech
Republic) and one 100 kQ negative temperature coefficient thermistor (NTCSO805E3104*MT, Vishay
Intertechnology, Malvern, Pennsylvania).

Temperature resolution

When the 10 bits ADC was limited from 20 to 50 °C for temperature measurement, the
temperature resolution of the thermistor was 0.0293 °C (Table 2). The SPCB satisfied the
temperature resolution criterion of 01 °C [17].

Stability
Both the thermocouple probe and the thermistor remained stable for the duration of
a hyperthermia treatment (Figure 6). The deviation was less than 0.01 °C h” for both
the copper-constantan thermocouple probe and the 100 kQ NTC thermistor, respectively
(Table 2).
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— Thermocouple
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Figure 6. The two hour stability of the first sensor of a multisensory copper-constantan thermocouple
probe (ELLA-CS, Hradec Kralové, Czech Republic), and one 100 kQ negative temperature coefficient
thermistor (NTCS0805E3104*MT, Vishay Intertechnology, Malvern, Pennsylvania).

Thermal conduction errors

Temperature data measured by the seven sensors of the thermocouple probe and one
thermistor crossing the division between two water baths at approximately 25 °C and
approximately 35 °C were shown in Figure 7. The thermocouple probe shows more axial
smearing than the thermistor. The width of the 10 % to 90 % temperature step was
8.74 + 218 mm (mean + SD) for the thermocouple probe versus 2.15 mm for the thermistor,
respectively (Table 2). The axial smearing increases with the number of wires inside the
thermocouple probe, where sensor A in the tip had less smearing than the last sensor G,
5.25vs. 11.25 mm, respectively.

Body conformity

Each sheet could follow the body contours of three patients (Figure 8, Table 3). Small air
bubbles could be noticed between the matrix or SPCB and the patients. These air bubbles
were often located in the close vicinity of the thermocouple probes and thermistors. Air
bubbles had an average thickness of 0.2 cm. The air surface with respect to the water bolus
surface was 4.6 + 0.5 % (n =3) and 2.8 + 0.6 % (n = 3) for the matrix and SPCB, respectively
(Table 2). The largest air bubble comprised 0.9 % of the surface area of the applicator
(Table 3).
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Thermocouple probe Thermistor
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Figure 7. Step response of (a) a copper-constantan thermocouple probe (ELLA-CS, Hradec Kraloveé,
Czech Republic) and (b) a 100 kQ negative temperature coefficient thermistor (NTCSO805E3104*MT,
Vishay Intertechnology, Malvern, Pennsylvania). The thermocouple probe had seven sensors where

the sensor in the tip was A, and the final sensor was G.

Figure 8. CT-scans show the conformity of (a) the thermocouple matrix and (b) the stretchable
printed circuit board (SPCB) to the bodies of two different patients with locoregional recurrent

breast cancer. The white arrows indicate the location of small air bubbles.

Electromagnetic compatibility
The EMC was quantified for the first sensor of the thermocouple probe and the thermistor.

At 434 MHz no self-heating was observed when the straight leads were positioned
perpendicular to the EM fields (90 °; Figure 9a, ¢). The angles of the leads to the EM field
showed a linear relationship with self-heating, which was represented by the temperature
decay at time T. Both sensors showed self-heating when the leads were not positioned
perpendicular to the EM fields. With thermal time constants of 3.2 + 0.8 svs. 64 + 09 s
for the thermocouple vs. the thermistor in a 434 MHz EM field (Table 2). In a 915 MHz EM
field the thermal time constants were 1.4 + 04 s vs. 41 + 0.5 s for the thermocouple and

thermistor, respectively (Table 2).
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Self-heating of the thermistor was comparable in both 434 MHz and 915 MHz EM fields.
Whereas the thermocouple showed less self-heating than a thermistor in a 434 MHz EM
field, but more self-heating compared to a thermistor in a 915 MHz EM field, 0.09 to 0.31°C
vs. 0.07 to 2.4 °C, respectively (Figure 9c¢, d).

Shaping the copper traces in horseshoe shaped meanders induced self-heating when
the general direction of the traces were positioned perpendicular to the EM field, both in
434 MHz and 915 MHz EM fields (Figure 10). For 434 MHz, there seems to be a cut-off point
between 85 and 105 mm where self-heating rapidly increases from an average of 0.2 °C to
1.56 °C. The thermal time constant of the thermistor was 3.3 + 1.2 svs. 3.3 + 1.3 s for 434 MHz
vs. 915 MHz respectively (Table 2).

434 MHz 915 MHz

> 10 10
& a ® Thermocouple b O Thermocouple
< Thermistor 8 Q Thermistor
g 6 ‘ ¢ 6
S ¢ $ ¢ g
GE) A 4 [ 8 @
i * 8 . 0 ¢
©
E 2 ° e g g 8
@ (o] (o]
=

0 0

0 22.5 45 67.5 90 0 22.5 45 67.5 90
025 2.
% C d
1 2 2
£
S 15 1.5
- 8 o
3 ¢ o
go5 ¢ 05 0o
R ¢ 8

0 225 45 67.5 90 0 225 45 67.5 90

Angle wrt EM field (°) Angle wrt EM field (°)

Figure 9. The measured response of a copper-constantan thermocouple probe (ELLA-CS, Hradec
Kralové, Czech Republic) and a 100 kQ thermistor (NTCS0805E3104*MT, Vishay Intertechnology, Malvern,
Pennsylvania) after three minutes of 50 W at 434 MHz and 915 MHz. The sensors were positioned between
two water boluses circulating at 40 °C. The thermal time constant T of the temperature decay after
turning the power off (a, b) and the temperature decay at time =T (c, d), i.e. self-heating, at 434 MHz (a,
¢) and 915 MHz (b, d).
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Table 3. The amount of air due to the sheets with respect to the surface area of the water
bolus in six patients with locoregional recurrent breast cancer.

Sheet Patient ID  Ratio largest air bubble/ Ratio air/ water bolus
water bolus surface (%) surface (%)

Thermocouple matrix 1 0.2 41

2 0.4 51

3 0.2 4.5
SPCB 4 0.1 2.5

5 0.9 3.5

6 0.1 2.5

Abbreviations: SPCB= stretchable printed circuit board

10 25
2 |a ¢ 434 MHz < |b
L O 915 MHz <
"
3 2 ¢
5 6 o 515 ¢
@ O =
1=
s 4 o § ¢ :) $ 31
£ o £ ¢
= $ €05 1%
£ ¢ 2 o
O E ¢ ¢ ¢ 8
0 25 45 65 8 105 0 25 45 65 85 105
Distance tracks in EM field (mm) Distance tracks in EM field (mm)

Figure 10. The horseshoe shape of the copper traces induced self-heating of the thermistor when
positioned perpendicular to the main direction of a 434 MHz EM field. (a) The thermal time constant
T of the temperature decay, and (b) the temperature decay at time T.
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Table 2. The major requirements of the high-resolution thermal monitoring sheets for the
skin surface during superficial microwave hyperthermia. The results of the thermocouple
matrix and the SPCB were presented.

164

Device tested

Required Matrix SPCB
Electrical circuit
Spatial resolution 40 x 40 mm [22] 20 x 25 mm 20 x 20 mm
Mean accuracy over 25 - 50 °C +02°C[17] 0.06 + 0.07 °C 0.03 £ 0.02°C
Maximum accuracy over 25 - 50 °C +02°C[17] 018 °C 0.05°C
Temperature resolution <01°C17] 0.0156 °C 0.0293 °C
Stability over 2 h <071°Ch7[17] <0.01°Ch”’ <0.01°Ch”"
Thermal conduction errors <10 mm 8.74 +218 mm 215 mm

(range

5.25 - 1115 mm)

Supporting material

Ability to follow patient contours Yes Yes Yes

Air between skin and water bolus <5% 46+05% 28+0.6%
Largest air bubble <1% 04 % 09 %



Table 2. Continued

Two high-resolution thermal monitoring sheets for superficial HT

Required

Device tested

Matrix

SPCB

Electrical circuit in an EM field

434 MHz

0° wrt EM field (-)
90 ° wrt EM field (1)

Thermal time constant

90 ° wrt EM field (1) 20 mm length
90 ° wrt EM field (1) 105 mm length
Thermal time constant

915 MHz

0° wrt EM field (-)
90 ° wrt EM field (1)

Thermal time constant

90 ° wrt EM field (4) 20 mm length
90 ° wrt EM field (1) 105 mm length

Thermal time constant

Not required
<01°C

<5 seconds

<01°C
<01°C

< 5 seconds

Not required
<01°C

< 5 seconds

<01°C
<01°C

< 5 seconds

029 £ 0.02 °C
0°C
32+08s

238 £0.08 °C
0.08 + 0.01°C
14 +04s

Straight copper
leads

0.78 + 0.03 °C
0°C
64%+09s

Horseshoe
shaped

0.05°C
1.56 £ 0.16 °C
33+£12s

Straight copper
leads

0.99 + 0.06 °C
0.20 £ 0.03 °C
41+05s

Horseshoe
shaped

0.13 £ 0.04 °C
0.41%0.16 °C
33+13s

Abbreviations: SPCB= stretchable printed circuit board, EM= electromagnetic, wrt= with

respect to.

Results were presented with mean + SD when applicable. Results displayed in bold font

were considered inadequate.
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DISCUSSION

In this paper, two potential high-resolution thermal monitoring sheets were investigated
to improve the spatial resolution for optimal temperature monitoring of the skin surface
during hyperthermia treatments; the thermocouple matrix and the SPCB. The electrical
circuit, supporting material and electromagnetic compatibility were investigated.
The accuracy in the temperature range 25 - 50 °C was within 018 °C and 0.05 °C for
the thermocouple and the thermistor, respectively. For both sheets, the temperature
resolution was < 0.03 °C, and the drift < 0.01 °C h™ during two hours (Table 2). The
accuracy of the thermocouple probe might be improved even further when the probe
was calibrated in the clinically relevant temperature ranges, e.g. between 35 °C and
45 °C. Whereas the temperature resolution of the thermistor will improve by using a
ADC with more bits or limiting the temperature range. Thermal conduction errors of the
thermocouple probe ranged from 5.25 to 1115 mm vs. 2.15 mm for the thermistor (Table 2).
The thermal conduction error of the thermistor was equal to the length of the thermistor,
thus there was no noticeable smearing across the copper leads of the thermistor. The
thermal conduction errors for the thermocouple probe were higher compared to values
from the literature for a five sensor copper-constantan thermocouple probe; varying from
4 -7 mm [20] vs. 5.25 - 9.85 mm for the first five sensors of our thermocouple. A possible
explanation for this small difference was that Dickinson [20] used thermocouple leads
with different diameters: one @ 50 pm constantan and five ¢ 60 pm copper leads, while
we used one @ 70 pm constantan and seven @ 40 pm copper leads. To reduce thermal
conduction errors in a thermocouple probe, copper can be replaced by manganin
which has a 17 times lower thermal conductivity than copper [20, 29]. This was done by
Dickinson [20] who reported much smaller conduction errors for five sensor manganin-
constantan thermocouple probes; 1.9 - 2.7 mm.

The supporting materials could excellently follow body contours, where an acceptable
amount of air (< 51 %) was present between the water bolus and the skin due to the matrix
and SPCB (Table 2). The amount of air will likely be even lower in the clinical situation
where the water bolus of the applicator is firmly kept in position by the hyperthermia
devices (ALBA ON 4000, Medlogix, Italy; BSD-500, Pyrexar, Salt Lake City, UT, USA) or Velcro
tape.

The perturbation of temperature readings due to microwave interference in electronic
circuits was quantified in both 434 and 915 MHz EM fields. Since the sampling frequency
was only 0.5 - 1 Hz, the measurement of self-heating and the thermal time constant might
be underestimated since the exact temperature at the moment when power was switched
off was likely not measured. When the straight leads were positioned perpendicular (90 °)
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to the main direction of the EM field there was no perturbation noticeable. However, when
the leads were positioned not perpendicular, self-heating of the sensors occurred. The
thermistor showed higher thermal time constants than the thermocouple (Table 2), likely
due to the larger size of the thermistor and thus more heat capacity. The thermocouple had
approximately two-fold higher self-heating at 915 MHz than at 434 MHz, while self-heating
of the thermistor was similar (Figure 9). An explanation for this phenomenon could be that
the wavelength at 915 MHz was shorter than 434 MHz, which could potentially increase the
risk on perturbation of the electrical circuit. It has been advised, to prevent perturbation
of temperature readings by metal sensors in an EM field during hyperthermia, to take the
temperature readings after five seconds of power off [18].

The horseshoe shape of the copper traces was responsible for inducing in rare cases
potentially hazardous self-heating of the thermistors when an EM field was applied
(Figure 10). A possible explanation was that due to the horseshoe shape numerous
small sections of the copper trace were aligned in the direction of the EM field, allowing
microwave interference of the electrical circuit. However, the exact reason why this
occurred requires further in-depth investigation. A logical solution to reduce this self-
heating is by using high resistance conductive material for the horseshoe shape tracks
as with Bowman probes [19]. At the moment, carbon, tin indium oxide or other materials
with a high conductivity, cannot be used in the present etching techniques that are used
to produce SPCBs. However, advances in the SPCB field go rapidly and using carbon as the
conductive material remains a viable option in this field of investigation.

The results of our experiments were obtained with good thermal contact of the sensors to
the water bolus. Higher self-heating values might occur when more air is present between
the water bolus and the patient. Further research should be performed to investigate
the self-heating and time constant in the case of less ideal thermal contact. However, in
clinical practice the pressure exerted by the weight of the applicator plus water bolus will
probably ensure that the water bolus normally deforms to follow the contour of the skin
and sheet, ensuring good thermal contact, certainly at the location of the temperature
sensors where the sheet is slightly thicker resulting in the sensors being pressed even
more vigorously into the skin. Suboptimal contact is thus only likely to occur for skin
surfaces with large irregularities, which rarely occur. Unexpectedly high temperatures
during treatment could indicate self-heating of the sensors. Whether self-heating occurs
can be checked by turning the power off and monitoring the temperature change in the
next seconds. A steep temperature decay indicates self-heating of the sensors. In that
case, the position of these sensors should be adjusted, such that the probes are aligned
perpendicular to the EM-field.
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Implementing a standard method to measure skin surface temperature with a high spatial
resolution can decrease thermal toxicity and improve hyperthermia treatment quality. It
should be noted that even with a high spatial resolution of superficial measurements,
invasive thermometry remains necessary. After all, only the invasively measured thermal
dose has been demonstrated to have a relationship with treatment response, local control
and overall survival [1-10]. Having insufficient invasive temperature data for optimized
power control is a problem that will not be resolved until breakthroughs in hardware
and/or modelling make three-dimensional, non-invasive high-resolution thermometry
possible [35]. Although temperature simulations might increase insight, they are associated
with uncertainties in perfusion and dielectric tissue properties, resulting in inaccurate
predictions of the achieved temperatures [36, 37].

On condition that the sensors should be positioned perpendicular to the main direction of
the EM field, the thermocouple matrix was at this moment closest to clinical application. The
thermocouple matrix had 56 sensors with a resolution of one sensor every five cm? Higher
spatial resolution was not possible, unless the probes were positioned closer together and
multiple thermometry systems were combined (standard 64 channel thermometry system).
The SPCB on the other hand had much potential to increase spatial resolution even further,
and its design was more flexible and could be individualized per patient although this was
time consuming. Since scar tissue was more important for temperature monitoring [11], the
design could be individualized to include more sensors in that particular area. Whereas the
thermocouple matrix does not allow this kind of flexibility, it does allow for an additional
multisensor thermocouple probe for invasive temperature measurements. Furthermore,
placing the sheets on the skin surface was likely easier and quicker, compared to previously
developed methods. The sensors incorporated on the sheets are probably more durable
than individual sensors or probes. The costs for a reusable SPCB is approximately 1500
euros, whereas the reusable thermocouple matrix will be included with the ALBA ON 4000
and individual seven sensor thermocouple probes cost approximately 250 euros each. This
combination of acceptable cost, flexibility and ease of use, makes that these sheets have
a strong potential for general clinical implementation in hyperthermia centers.

Compared to clinically used thermometry systems with a high spatial resolution [21, 23-25],
both sheets were either less fragile, less time-consuming to position or had a higher
spatial resolution. The high resolution methods used in Rotterdam [23] and Amsterdam [24]
employ individual multisensory probes that were time-consuming to position. The thermal
monitoring sheet [21, 25] developed at Duke in 2008 did allow rapid and reproducible
positioning, but it comprises only 16 sensors and has never been taken into production.
The copper-constantan thermocouple probes used in Amsterdam were identical to the
copper constantan thermocouple probes described in this paper. Fiber-optic probes used
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in the other solutions [21, 23, 25] were fragile and expensive but very accurate. Whereas
thermal mapping was limited in temporal monitoring since the time required for a single
map varied from two to nine minutes [38, 39].

Before clinical application of either of the two sheets, thorough investigations are required
on the influence of an additional layer of material between the patient and the water
bolus of the superficial hyperthermia applicator [21, 25]. The magnitude and shape of
the EM field inside the patient could be influenced by adding an additional sheet with a
high density of metal wires between the water bolus and the patient [21]. Additional SAR
measurements are required to evaluate the effect of the sheets on the SAR distribution.
Furthermore, the water bolus of a superficial hyperthermia device has, besides coupling of
the electromagnetic energy to the patient, the important function to reduce hot- and cold
spots on the skin [17]. Adding an extra layer of material could reduce the heat transfer of
the water bolus to the skin [40]. It is important to investigate to which extent the sheets
affect both the coupling and cooling ability of the water bolus before clinical applications
of a new thermal monitoring sheet.
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CONCLUSION

Two possible thermal monitoring sheets to improve the spatial resolution of skin
surface temperature monitoring during superficial hyperthermia were investigated. The
thermocouple matrix (Medlogix, Italy, Rome) was accurate, EM compatible, and could
follow the body contours. The stretchable printed circuit board sheet was accurate and
flexible, but requires further in-depth investigation to analyze the occasional perturbation
of temperature readings due to the EM field. Both sheets show potential, where the
thermocouple matrix was the most promising for clinical application.
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