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Abstract

This study aimed to calibrate and validate a capacitive-sensor bleeding detector, originally
designed for flat applicators, with beveled applicators (tlPMMA), which are among the most
commonly used applicators in intraoperative radiotherapy with electron mobile linacs. The
detector will help prevent dose misadministration during irradiation in the event of fluid
accumulation in the applicator, thus allowing for appropriate intervention. The handicap with
employing this detector for bPMMA stems from the fact that the level of accumulated fluid
depends on both the tilting angle and orientation of the applicator. Furthermore, the fluid
remains accumulated at the bottom corner of the applicator, reducing the sensitivity of the
sensor. A 5-strip capacitive sensor has been used, attached to a 4 cm diameter 30° beveled
applicator with a tilting angle range from 0° to 30°. The sensor is read out using dedicated
electronics, including a Wheatstone bridge circuit, amplifier, filter stages, and microcontroller.
To calculate the sensitivity of the sensor, a prior calibration of the circuit has been carried out in
order to obtain the relationship between the output voltage of the conditioning circuit and the
height of the fluid present in the applicator for different inclinations. Using the average
sensitivity over the inclination range of interest can provide accurate measurements of the
estimated fluid height up to 12 mm, with a maximum deviation of approximately 2.0 mm and
less than 1.0 mm for the 5 mm clinic threshold. The use of the mean sensitivity is a practical
approach for detecting bleeding in beveled applicators because it simplifies the measurement
process by avoiding the need to obtain detector sensitivity for each inclination and orientation of
the applicator, which would be complex if not impractical in clinical use.

Keywords: intraoperative radiotherapy, mobile linac, beveled applicator,
capacitive-based bleeding detector
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1. Introduction

Intraoperative electron radiotherapy (IOERT) is a technique
that is gaining popularity because of advancements in port-
able electron linear accelerators with sufficient self-shielding
capabilities [1]. This allows IOERT to be used in conventional
operating rooms, which make it a convenient option for
patients. IOERT can be used to treat a variety of diseases,
either as a standalone therapy or in combination with external
radiotherapy. This versatility makes IOERT a relevant and
cutting-edge option in the field of radiotherapy [2-7]. The
recent developments in electron therapy and IOERT, in par-
ticular, have generated significant excitement in the radi-
ation therapy community due to the imminent availability
of portable electron devices that can perform FLASH-type
treatments [8].

Treatments can be delivered using flat fPMMA) or beveled
(bPMMA) applicators [9]. These applicators are used not only
in conventional operating rooms without special wall shield-
ing, but also in situations where it is crucial to neutralize the
required roll and pitch angle of the beam by bringing it closer
to the vertical direction. In these situations, BPMMA applicat-
ors are better adapted to inclined surfaces and ensure that the
tumor or tumor bed is in full contact with the applicator tip,
leading to a more homogeneous dose distribution. In addition,
the bevel is essential to adapt to the surgical bed and ensure
optimal contact with the access tissue, especially in the case of
deep targets, thus avoiding any gaps in the treatment. Its use is
also motivated by the need for the linac gantry to be as close
as possible to the vertical for reasons of radiological protec-
tion. In particular, the beam must always be directed towards
the floor, where the beam stopper is located (the beam stop-
per ensures protection of the rooms below the operating room,
where the irradiation takes place). Figure 1 shows the use of a
bPMMA applicator in clinical practice.

Useful inclinations in clinical practice include the range
between 0° and 30°, measured with respect to the vertical
plane. According to data collected at Hospital La Fe in
Valencia, Spain, 77% of the treatments for the 103 patients
treated required the use of bevels, specifically 15° (33%), 30°
(25%), and 45° (19%).

One of the potential risks that can cause dose misadmin-
istration during irradiation is the potential bleeding in the
tumor bed [3]. This is especially problematic in highly vas-
cularized situations or when organic fluids are presents [9].
This unwanted clinical circumstance currently has no solu-
tion, which implies a potential deviation from the ideal clinical
treatment. In practice, an attempt is made to avoid this circum-
stance by orienting the applicator favoring its evacuation or
very frequent suctions. This procedure clearly does not guar-
antee the absolute security of this disturbance.

Due to the high gradient of direct electron fields after their
therapeutic range (Rt), the existence of unexpected fluid alter-
ing the planned depth may result in underdose of the treatment
volume.

The prescription depth is usually set close to the Rt of the
electrons, which corresponds to the 90% depth of the percent

Figure 1. Arm sarcoma intervention using a 6 cm diameter 30°
beveled applicator.

depth curve. This depth varies with the energy of the elec-
trons but is also influenced by the bevel angle of the applic-
ator. Beyond Rt, the dose decreases appreciably in a gradient
that increases with decreasing energy. Most treatments are per-
formed on surgical beds primarily for prophylactic purposes.
Therefore, the smallest available prescription depth, typically
ranging between 1 and 1.5 cm, is often used. Occasionally,
irregularities or protrusions in the tissue being treated may
necessitate adjustments to the prescription depth. As a safety
precaution, an increase in the prescription depth of at least
5 mm is usually considered in clinical practice.

The use of a bleeding detector can help prevent dose mis-
administration during irradiation by detecting the presence of
bleeding and allowing for appropriate intervention if a fluid
threshold is exceeded in the applicator. The potential bleeding
to be controlled with the proposed detector occurs from the
moment the applicator is fully attached (hard-docking) until
irradiation.

The use of detectors to measure the presence of fluid in a
recipient is common in fields such as in industrial, medical
or environmental monitoring applications [10-13]. Although
bleeding detectors for medical applications can be found in the
literature [14—17], the problem of real-time bleeding detection
in IOERT treatments has only been found in [18-20]. Bleeding
detectors described in [14—17] basically perform the detection
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through image processing [14—16] or augmented reality and
processing through artificial intelligence [17]. However, none
of these works specify the accumulated fluid height that is
required in this application.

Designing a fluid level detector for IOERT indeed poses
a challenge due to stringent regulatory standards mandat-
ing the avoidance of direct contact between the detector
and the patient. This requires placing the detector outside
the applicator, which results in a 5 mm gap between the
sensor and the fluid, equivalent to the thickness of the
applicator.

Detecting liquid levels as low as 5 mm under such restrict-
ive conditions is a technical novelty that presents several chal-
lenges, including: (1) Sensitivity, the detector must be highly
sensitive to detect small changes in capacitance associated
with fluid level variations within the very narrow 5 mm range;
(2) Accuracy, the detector must provide accurate measure-
ments despite the limited separation distance, ensuring that
even extremely low variations in fluid level are reliably detec-
ted; (3) Interference reduction, external factors such as ambi-
ent noise or electromagnetic interference can affect detector
performance, requiring the use of shielding and noise reduc-
tion techniques; (4) Calibration, the detector must be calib-
rated very accurately to account for factors such as variations
introduced by external placement of the sensor as well as
other restrictive conditions associated with its clinical use; (5)
Safety, it is essential to ensure that the operation of the detector
does not pose any risk to the patient, which requires consid-
erations such as electrical safety and compatibility with the
IOERT procedure.

A bleeding detector for flat translucent polymethyl methac-
rylate applicators (PMMA) has been proposed by Sanchis et al
[18, 19], and Garcia-Gil et al [20, 21], where a threshold
for fluid detection of 5 mm was considered according to
Gunderson et al [1]. The dosimetric effects of adding 5 mm
to the Rt depend on both the energy and the bevel used. The
significance of this effect decreases when increasing electron
energies. Another reason for choosing this value of 5 mm is
because it is the minimum safety increment used to add to the
prescription depth in our hospital.

In these papers, the feasibility of bleeding detector for
fPMMA applicators has been thoroughly explored. The
detector consists of a capacitive sensor, its associated readout
electronics and a wireless power supply. It is embedded in
the fPMMA applicator so that there is no contact with the
patient and eliminates any dependence on the accelerator.
The detector incorporates a mobile application that allows the
surgical team to verify the presence of accumulated fluid in
the applicator both before and during the irradiation process.
The solution proposed by Garcia-Gil et al [20] for fPMMA
applicators meets all clinical requirements: 5 mm detection
capability, high visibility, no patient contact, linac independ-
ence, no interference with the irradiation beam and easy-to-
use. Nevertheless, the bleeding detection solution for bPMMA
applicators has not yet been solved, despite these being the
most widely used clinically.

In the case of the bPMMA applicators under study, the
complexity of the problem increases due to the particular
geometry of the capacitive sensor-applicator assembly. This
specific geometry implies that the capacitance variations for
bPMMA applicators must be detected at levels well below
the 0.1 pF typically measured for fPMMA applicators with
the previously designed detector. This indicates a high level
of sensitivity and accuracy needed to detect capacitance vari-
ations in bPMMA applicators.

The aim of this work is to investigate the feasibility and per-
form the characterization of a capacitive sensor-based bleed-
ing detector, previously developed for flat applicators [18-21],
for use with beveled applicators. The challenge regarding the
use of this detector for beveled applicators lies in the fact that:
(1) the height of the accumulated fluid depends not only on
the tilting angle of the applicator but also on its orientation;
(2) there is no analytical expression to obtain the height of the
accumulated fluid in the applicator based on its volume, con-
sidering both the tilting angle and orientation; (3) the sensitiv-
ity of the sensor also depends on the tilting angle and orienta-
tion of the applicator; (4) the fluid remains accumulated at the
corner of the applicator, reducing the sensitivity of the sensor.
The final orientation of the plane at the end of the applicator
is determined by both the rotation of the arm of the acceler-
ator and the orientation of the bevel. Therefore, the level of
the fluid with respect to the end of the applicator is highly vari-
able, between a layer parallel to it to a local accumulation at
its extreme tip.

We highlight the relevance of the present work in a meas-
urement context in the following issues: (1) The design of the
sensor surrounding a circular bPMMA applicator with min-
imal visual impact, while maintaining adequate sensing capab-
ility; (2) The procedure to obtain the accumulated fluid height
in a bPMMA applicator for different orientations and inclin-
ations, based on simulations using AutoCAD; (3) The study
of the sensor sensitivity and its associated error for different
orientations and inclinations of bPMMA applicators.

This paper is organized as follows. section 2.1 presents the
mobile linac and the beveled applicator (-PMMA) on which
the bleeding detector (capacitive sensor and conditioning cir-
cuit) is embedded. The electronics of the bleeding detector is
described in sections 2.2 and 2.3 shows the setup used to obtain
the calibration curves (voltage vs fluid height) of the bleeding
detector for different inclinations. Inclinations (0°-30° from
the vertical plane) are generated by rotating the orientation
of the bevel plane a 90° quadrant. A previous study of the
relationship between the volume of fluid added to the applic-
ator and its corresponding height measured on the wall of the
applicator, needed for calibration, is carried out through sim-
ulation with AutoCAD and extrapolation to different orient-
ations. Section 3 outlines the experimental results, including
the measurement of sensor sensitivity in mm V! for differ-
ent orientations and the deviation in the fluid height estimated
that occurs when considering a constant sensitivity for all ori-
entations. In section 4 a brief discussion takes place, while in
section 5 conclusions are drawn.
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2. Materials and methods

2.1. Mobile linac and beveled applicator

The LIAC HWL Mobile linac [20, 22] offers electron ener-
gies at 6, 8, 10, and 12 MeV. To enable direct visualization
of the tumor bed, PMMA applicators are used. The diameters
of these applicators range from 3 cm to 12 cm with terminal
bevel angles ranging from 0° to 45°. Typically comprising
two pieces, the upper part is affixed to the linac head and the
lower piece is in contact with the patient. The hard-docking
mechanism employs toggle latches that firmly connect these
two pieces. The typical radiation treatment lasts less than two
minutes and delivers doses of up to 20 Gy. The dose per pulse
with a 10 cm diameter applicator can range from approxim-
ately 1-8 cGy p~!, and the corresponding dose rate can be set
from 10 to 30 Gy min~!, depending on the energy used. These
parameters provide a flexible and efficient system for deliver-
ing targeted radiation therapy during surgery [22].

The portable electron linear accelerator used in IOERT has
been designed to minimize parasitic radiation (stray radiation,
SR) so that it can be used in a conventional operating room
without additional shielding. This is achieved by using an
optical system that reduces the interaction between the accel-
erated electron beam and any metallic element, resulting in a
minimal global SR of 0.2 uSv Gy~ in the patient plane at
a distance of 3 m from the target [22]. This reduction in SR
allows for maximum utilization of the equipment. A previous
study [20] showed that there were no variations in SR measure-
ments made with both standard and instrumented applicators
(equipped with an embedded bleeding detector), thus main-
taining the excellent SR performance of the linac.

A 4 cm diameter 30° beveled translucent polymethyl
methacrylate applicator (bPMMA) from Sordina IORT
Technologies [22] has been considered in this work. This
applicator diameter is critical from the point of view of bleed-
ing detection among those highly used in the clinic. The 30°
bevel bPMMA is the mostly used in clinical practice.

2.2. Sensor and read-out electronics

The bleeding detector used in this paper is based on a capa-
citive sensor as described by Garcia-Gil et al [19]and on an
electronic conditioning circuit that utilizes an AC-Wheatstone
bridge as described by Garcia-Gil et al [21] .

The capacitive sensor was modified to adapt to the BPMMA
applicator by designing it to follow the perimeter of the ellips-
oidal end of the applicator, as shown in figure 2. The sensor
is composed of two capacitive plates (top and bottom), each
made up of a set of sandwiched strips that are 15 mm in
height. A 5-strip capacitive sensor was used, which achieves
an increased visual field of 10% compared to the 6-strip
sensor used in previous publications [18-20], but at the cost
of reduced sensor sensitivity.

The presence of fluid in the applicator modifies the dielec-
tric constant and, therefore, the value of its equivalent capacity
C, (figure 3). This capacitance variation is measured by the

Bottom

Figure 2. View of the capacitive sensor deployed to be adapted to
the bPMMA applicator. The sensor geometry follows the perimeter
of the ellipsoidal end of the applicator.

AC-Bridge, where the AC source is generated by a Wien oscil-
lator with an oscillation frequency of 20 kHz. The AC-Bridge
is composed of the capacitor sensor (C,), a potentiometer (R,)
for bridge balancing and a reference resistor—capacitance (R,—
C,). C, eliminates the bias source introduced by both the capa-
citance of the bifilar cable and the sensor capacitance when
there is no fluid in the applicator (zero condition). R, has been
taken to fix a cut-off frequency of the R,—C, voltage divider
below the 20 kHz working frequency. The resulting AC signal
(vq) is amplified by an instrumentation amplifier (IA) integ-
rated circuit (figure 3). Since the capacitance changes to be
measured are very small (less than 0.1 pF) significant amp-
lification is required (gain of 50). The output signal (V,) is
obtained after being rectified, filtered and finally digitized by
a microcontroller. This voltage is proportional to the level of
fluid inside the applicator. From calibration it is possible estab-
lish the correlation between the voltage provided by the con-
ditioning circuit (V,) and the fluid height within the applic-
ator. The calibration procedure is shown in section 3, where
the sensitivity of the sensor to be programmed in the micro-
controller is obtained. The microcontroller is equipped with an
accelerometer, which measures the angle of inclination of the
applicator. This feature is useful for verifying that the applic-
ator is within the operating range of 0°~30°, measured respect
to the vertical plane. Data is finally sent via USB port to a PC
and graphically represented by a developed LabVIEW-based
graphical interface.

The proposed bleeding detector is conceived to operate
independently of the accelerator, but could potentially be
integrated into it to improve safety and efficiency during radi-
ation therapy treatments.

2.3. Setup for measuring the detector sensitivity and
calibration

Tests have been conducted using water as the equivalent of
blood or any organic fluid present in the applicator. Water has
been introduced into the bPMMA applicator by using the com-
mercial 7PV1000 pipettor (min. 200 pl, 5 pl resolution) from
Bibby Sterilin Ltd. Figure 4 shows the bPMMA applicator and
the read-out electronics. To obtain the detector sensitivity, it is
necessary to previously establish the relationship between the
volume of fluid added to the applicator and its corresponding
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Figure 4. Setup for measuring the detector sensitivity and
calibration. (a) Effective inclination of 0° (0° orientation), (b)
effective inclination of 30° (90° orientation).

height measured on the wall of the applicator. In contrast to
flat applicators, in the case of beveled applicators this relation-
ship can be challenging to determine, depending on the angle
formed by the base of the applicator with the horizontal plane
(which varies with the inclinations of the applicator).

The experimental setup shown in figure 4 tilts the applic-
ator 30° from the horizontal plane. The most frequent tilting
angles (0°-30° from the vertical plane) are generated by rotat-
ing the orientation of the bevel plane a 90° quadrant. The pos-
ition of the beveled applicator in which the major axis of the
ellipse coincides with the inclined plane generates 0° inclin-
ation (vertical, figure 4(a)), while rotating the orientation of
the bevel plane from this position to a 90° quadrant gener-
ates effective tilts of the applicator axis to 30° from vertical
(figure 4(b)). To summarize, when the bPMMA applicator is
tilted 30° from the horizontal plane, the effective inclination of
0° is obtained for an orientation of 0° (as shown in figure 4(a))
and an effective inclination of 30° is obtained for an orienta-
tion of 90° (as shown in figure 4(b)), both with respect to the
major axis of the ellipse. This study has only considered 0°

and 90° orientations due to their clinical relevance (i.e. they
generate 0° and 30° effective tilting angles, respectively), but
it could be extended to include other values if necessary.

A total of 60 calibrations were carried out, with 10 calibra-
tions for 6 different orientations between 0° and 90° (0°, 10°,
35°,50°, 80°, 90°). At least 12 points were acquired for each
calibration process, with each point corresponding to the aver-
age of 10 measurements. Data was collected using a custom
LabVIEW-based monitoring application that was previously
developed [19, 21].

The 30° angle formed by the base of the applicator with
respect to the horizontal plane complicates establishing a dir-
ect relationship between the volume (V in ml) and height of
the fluid (2 in mm), as the fluid will accumulate in one corner
of the applicator, and this relationship depends on the orient-
ation of the applicator. To obtain this relationship for differ-
ent orientations, simulation with AutoCAD software was used.
Figure 5(a) shows AutoCAD results for 0° orientation (i.e. 0°
applicator tilting angle), in which the major axis of the ellipse
coincides with the area of maximum fluid accumulation, and
figure 5(b) the AutoCAD results for 90° orientation. In gen-
eral, for any orientation, points can be fitted to a potential
equation,

h=A-V* )

where A and B are orientation-dependent parameters. Figure 6
shows the variation of these parameters for different orienta-
tions (6 in equation (2)).

As shown in figure 6, parameter A can be fitted to a linear
expression, while parameter B can be considered approxim-
ately constant,

A=—0.035-0+11.495
B =0.407. 2)

3. Results

Figure 7 shows the dependence of the detector sensitivity with
the orientation angle, which was derived from analyzing a set
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of calibration measurements (V,, vs h). The sensitivity of the
detector to estimate the fluid height was determined by aver-
aging the sensitivities obtained in the 6 orientations considered
in the experimental study (from 0° to 90°), resulting in a value
of 24.3 mm V~!.

Figure 8 shows the complete set of data obtained for fluid
height estimates for each of the 6 orientations previously ana-
lyzed, and for actual fluid heights up to 12 mm. Each point

in the graph represents the mean value of estimated fluid
height for each actual height and orientation considered, and
the error bars represent its associated uncertainty. Knowing
the volume of fluid introduced into the applicator, the current
height has been calculated using equations (1) and (2). For
the height estimation made by the system, a fixed sensitivity
of 24.3 mm V~! has been considered. The maximum devi-
ation from the bisecting line, considered as the ideal detector
response, is approximately 2.0 mm for the entire 12 mm height
range and less than 1.0 mm for the 5 mm threshold (figure 8).
The greatest uncertainty occurs for an orientation near 90°,
which corresponds to an effective tilting angle of 30° (less
common in clinical practice than an effective tilting angle of
0°). The variability in the mean uncertainty values is caused by
the differences in uncertainties for different orientations when
a mean sensitivity value is used instead of the actual value.

4. Discussion

The use of bPMMA applicators allows a near-vertical ori-
entation of the gantry which allows the efficient use of the
beam-stopper because the floor is the primary barrier, ensur-
ing the safe administration of the radiation dose. Additionally,
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Figure 8. Estimated fluid height vs actual height for different orientations. The dashed line represents the idealized response of the detector,
which is the bisector of the graph. Error bars represent one standard deviation.

the beveled applicator can better adapt in most cases to the
surface of the treatment area, providing a more homogeneous
dose distribution and improving treatment effectiveness.

The study evaluated the ratio between estimated height and
actual height for inclinations of the applicator ranging from 0°
to 30°, measured with respect to the vertical plane, which are
relevant for clinical practice. These inclinations were obtained
with the base of the applicator inclined 30° from the horizontal
plane, rotating its base a 90° quadrant (between 0° and 90°
respectively), as shown in figure 4.

To establish the relationship between fluid volume and
height within the applicator, we conducted simulations using
AutoCAD, obtaining equations (1) and (2). These equations
enable us to extrapolate the results for any orientation of the
applicator.

We have estimated the height of the accumulated fluid in the
applicator up to 12 mm, and a fixed sensitivity of 24.3 mm V!
was assumed for the selected 6 orientations of the applic-
ator (effective tilting angles of the applicator in the range of
0°-30°). Values close to the maximum height of the sensor
(15 mm) showed a poorer response due to the effective dielec-
tric constant of the sensor-air interface and were therefore
discarded, but this did not affect the detection of the 5 mm
threshold.

As can be seen in figure 7, the sensitivity of the sensor is
worse in the case of orientations close to 10° because the liquid
accumulates in the corner of the applicator, as happened with
the bleeding detector for fPMMA presented in [20].

After assuming a constant sensitivity for all orientations,
figure 8 shows how the estimation of the height of the fluid
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made by the system varies with this orientation. The maximum
deviation from ideal response was approximately 2.0 mm for
the entire range and less than 1.0 mm for the 5 mm threshold.
The greatest uncertainty occurred for an orientation of 90°,
which corresponds to an effective tilting angle of 30°, although
this is less common than 0° in clinical practice. Despite the
bPMMA applicator having a greater maximum deviation in the
estimation of the height of the fluid compared to flat PMMA
applicators, it still meets the clinical requirement of detecting
the 5 mm threshold.

The deviations in height estimation could be reduced by
obtaining sensitivity as a function of inclination and orient-
ation, as was done by Garcia-Gil et al [20] for flat applicat-
ors, but this would be a more complex process in the case of
bPMMA applicators and may not be viable. Moreover, such a
complex process is not necessary for clinical purposes, as the
main objective is to detect a fluid level greater than 5 mm.

The limitations of this study include the use of only one
specific applicator (4 cm, 30° bevel) and a limited range of
inclinations (between 0° and 30°), which are mostly used in
the clinic. Therefore, further studies would be necessary to
determine the sensitivity mean value for each geometry of
the bPMMA applicator (i.e. different diameters and bevels) to
generalize the use of the detector in a clinical environment.

In our hospital’s experience, hard-docking usually lasts
between 5 and 10 min, while irradiation lasts between 1 and
2 min (typical doses range between 12 and 21 Gy). In our clin-
ical practice no cases of blood coagulation have been detected
that could hypothetically alter the detector response.

5. Conclusions

This study has confirmed the feasibility of using a capacitive-
based bleeding detector previously designed for flat PMMA
applicators to detect bleeding in bPMMA applicators, most
commonly used in radiotherapy.

The use of the average sensitivity over the range of inclina-
tions of interest (0°-30°, measured from the vertical plane)
can provide accurate measurements of the estimated fluid
height up to 12 mm, with a maximum deviation of approxim-
ately 2.0 mm and less than 1.0 mm for the 5 mm threshold.
Although considering a fixed sensitivity has limitations in
accuracy, it greatly simplifies the measurement process by
avoiding the need to obtain detector sensitivity for each inclin-
ation and orientation of the applicator, which would be com-
plex if not impractical in clinical use.

The deviation in fluid height estimation resulting from the
comparison with the idealized response of the detector allows
for the detection of the required 5.0 mm yes/no threshold in
a clinical setting, validating the use of the bleeding detector
with the beveled applicator.
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