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A B S T R A C T

This paper presents a versatile and cost-effective system for the monitoring of X-ray exposure during dental cone
beam computed tomography procedures based on silicon PIN photodiode detectors. The system, developed and
implemented at the University of Pisa’s School of Engineering, underwent characterization under a range of
operational conditions focusing on full field-of-view 3D protocols used in adult patient examinations. This study
was facilitated by the Azienda Ospedaliero Universitaria Pisana, which provided access to a Planmeca ProMax 3D
Classic scanner for the research. During the investigation, photodiodes were placed both on the surface and
inside an Alderson RANDO phantom head to assess the dose delivered to regions near radiation-sensitive areas
such as the salivary glands, thyroid, eye lens, and laryngopharynx. The evaluation process spanned a spectrum of
tube voltages, ranging from 60 to 90 kVp, and tube currents, extending up to 16 mA, to ensure a broad and
thorough analysis. Furthermore, to reinforce the effectiveness of the silicon photodiodes’ measurement capa-
bilities, calibrated GR-200 A-type thermoluminescent dosimeters were positioned within the phantom head in-
serts to serve as a reference point. Complementing this setup, PCXMC Rotation 2.0 simulations were conducted to
further the efficacy of the monitoring system, particularly tailored to the specific dental CBCT protocols being
investigated. In conclusion, while the research revealed a generally consistent correlation across PCXMC simu-
lations, photodiode readings, and thermoluminescent dosimeter measurements, it is important to note that a
direct comparison was not exactly possible due to limitations in the size and positioning of the systems. Vari-
ations up to 20–35% were observed, primarily due to the different positioning of the dosimeters and the unique
physical and operational traits of the different measurement methods employed. Nevertheless, the development
of an affordable, easily deployable, and scalable dosimetry monitoring system may provide a substantial
contribution to enhancing patient safety in dental radiology and aid in the optimization of diagnostic X-ray
protocols.

1. Introduction

Cone-Beam Computed Tomography (CBCT) has become increasingly
prevalent in dental practices, due to its ability to offer high-resolution
3D imaging while exposing patients to lower radiation levels. This
aspect, combined with the reduced operational costs associated with
CBCT, makes it a preferable choice in many dental applications such as
the management of maxillofacial trauma, monitoring of developmental
anomalies, the diagnosis and treatment planning of oral and salivary
gland pathologies, and dental implant planning (Scarfe et al., 2006;
Quereshy et al., 2008; Tyndall and Rathore, 2008; Kaasalainen et al.,

2021).
Although CBCT is a less radiation-intensive option compared to

conventional CT, it still imparts a higher dose than standard dental
radiography (Roberts et al., 2009; Horner et al., 2013; Pauwels et al.,
2012). Such aspect is relevant given the frequent use of radiographic
techniques in dentistry and the sensitive nature of the areas often
imaged, such as the head and neck including sensitive regions such as
the lenses of the eyes, salivary glands, and the thyroid gland.

In dental CBCT dosimetry, thermoluminescent dosimeters (TLDs)
used alongside anthropomorphic phantoms have become a standard
approach for dose measurements(Qu et al., 2010; Ludlow and Ivanovic,

* Corresponding author.
E-mail address: andrea.chierici@ing.unipi.it (A. Chierici).

Contents lists available at ScienceDirect

Radiation Measurements

journal homepage: www.elsevier.com/locate/radmeas

https://doi.org/10.1016/j.radmeas.2024.107258
Received 28 February 2024; Received in revised form 22 July 2024; Accepted 24 July 2024

Radiation Measurements 177 (2024) 107258 

Available online 25 July 2024 
1350-4487/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:andrea.chierici@ing.unipi.it
www.sciencedirect.com/science/journal/13504487
https://www.elsevier.com/locate/radmeas
https://doi.org/10.1016/j.radmeas.2024.107258
https://doi.org/10.1016/j.radmeas.2024.107258
https://doi.org/10.1016/j.radmeas.2024.107258
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radmeas.2024.107258&domain=pdf
http://creativecommons.org/licenses/by/4.0/


2008). Despite its prevalent use and reliability, the TLD method is noted
for its complexity and the extensive time required, particularly due to
the necessity of replacing the TLDs after each exposure.

This has led researchers to investigate alternative methods, such as
using ion chambers with specific conversion factors (Deman et al., 2014)
or using metal-oxide-semiconductor field-effect transistor (MOSFET)
dosimeters (Koivisto et al., 2012) to simplify the process and reduce the
operational burden. This shift towards more streamlined methods in-
dicates an ongoing effort to balance accuracy and practicality in radia-
tion dose assessment.

Software simulations based on the Monte Carlo method are another
approach to assess the organ dose delivered during dental CBCT pro-
cedures. PCXMC software, developed by the Radiation and Nuclear
Safety Authority in Helsinki, STUK, Finland (Tapiovaara and Siiskonen,
2008), has been gaining traction as a viable alternative in various con-
texts, including C-arm CT procedures, chest radiography, dental CBCT,
oblique lateral, and bitewing radiography, as well as panoramic radi-
ography (Vassileva and Stoyanov, 2010; Podnieks and Negus, 2012).

Indeed, a considerable variation has been reported in doses for
thyroid and parotid gland exposures in dental CBCT, with values ranging
from several hundred μSv to a few mSv (Almuqrin et al., 2020). Addi-
tionally, considering the crystalline lens exposure, the last guidelines
suggest a lower threshold (500 mSv) for the onset of lens opacity and
cataract induction than previously estimated (2000 mSv) (ICRP, 2012),
highlighting the need for accurate dose assessments in these regions.

This study introduces a system for X-ray exposure monitoring for
dental CBCT protocols, utilizing cost-effective silicon PIN photodiode
detectors (BPW34, Vishay). While several systems based on silicon PIN
photodiodes for X-ray detection in diagnostic X-ray equipment (Aoyama
et al., 2002; Batista et al., 2005; Kawaura et al., 2006; Kawasaki et al.,
2013; Romei et al., 2015; Nazififard et al., 2016) and in radiotherapy
(Khoury et al., 2007; Kumar et al., 2014; Jursinic, 2019) have been
presented in the literature, most of these are based on expensive, not
easily scalable platforms and data acquisition systems.

Here, we present a platform based on inexpensive and open-source
tools, easily scalable for multiple detectors. Unlike previous systems
that rely on expensive, non-customizable data conditioning and acqui-
sition units, our approach leverages accessible electronics, enhanced
computing power, and high-performance ADCs. Additionally, our plat-
form supports firmware integration, enabling standalone operation
without a personal computer. It is portable, battery-powered, and cus-
tomizable with additional sensing technologies that may allow a more
comprehensive data collection and analysis, easing the process of
automatically correcting detector responses after extensive character-
ization in diagnostic X-ray equipment.

While the system was designed to assess the dose delivered to tissues
and organs, especially those with heightened sensitivity to radiation, the
size of the conditioning electronics on the photodiode probe prevented
the system from being installed directly at the exact location of the organ
of interest as a passive dosimeter. Therefore, the photodiodes were
placed in nearby regions that could still be representative. As will be
shown, following calibration with a reference detector, the photodiodes
were positioned on an Alderson RANDO anthropomorphic phantom
head at locations near radiosensitive organs such as the eye lens, salivary
glands, thyroid, and internal structures. Miniaturization is our next step,
aiming to significantly reduce the size of the system to allow precise
placement directly at the location of the tissue of interest.

To corroborate the efficacy of our monitoring system, crystal TLDs
were also placed within the phantom to serve as a semi-quantitative
cross-reference for assessing the performance of the photodiode-based
system. Finally, to supplement our empirical measurements and pro-
vide a more comprehensive dose assessment, PCXMC simulations were
conducted to confirm the effectiveness of our monitoring system in the
context of dental CBCT protocols.

2. Materials and methods

2.1. Anthropomorphic phantom

For the dose measurement experiments, we utilized an anthropo-
morphic Alderson RANDO male phantom head. This phantom is
designed to simulate the human head’s anatomical and radiological
properties. The core of the phantom comprises a human skull, which is
embedded within a material closely mimicking the attenuation and
scattering characteristics of human soft tissues and airways. This
composition ensures a realistic approximation of bone, soft tissue, and
airway interaction with radiation. The phantom is structured into 10
distinct layers, each being 25.4 mm thick. These layers, featuring a grid
of holes for dosimeters, are sequentially numbered from 0 to 9, starting
from the calvaria (top of the skull) and extending down to the neck area.

2.2. Cone beam computed tomography scanner and Reference detector

The experiments were conducted using a Planmeca ProMax 3D
Classic CBCT scanner. The scanner features a selectable tube voltage
between 60 and 90 kVp, an adjustable tube current between 1 and 16
mA, and an effective exposure time ranging from 6 to 37 s. For our ex-
periments, the total filtration was set to 2.5 mm of Al and 0.5 mm of Cu.
The X-ray beam is pulsed, with a pulse duration of 10–30 ms and a
period between pulses ranging from 10 to 150 ms. In this context, the
effective exposure time indicates the actual time when the X-ray beam is
active, while the total exposure time may be longer depending on the
settings. For a single 3D acquisition, the scanner’s C-arm completes a
200-degree rotation, collecting projections over a flat panel detector
measuring 13 × 13 cm. The standard full FOV 3D protocol for adult
patients generates a single cylindrical volume of 80 mm diameter by 80
mm height with an effective exposure time of 12 s and a total exposure
between 20 and 22 s. While several protocols are available, our study
specifically investigated the standard full FOV 3D protocol as it is
commonly employed in clinical settings.

To characterize the X-ray beams and the response of the silicon PIN
diode, a commercially calibrated solid-state X-ray radiation sensor
(Model Piranha MULTI, RTI) was employed as the reference detector
(RTI Piranha Family Brochure, 2024). Piranha detectors, optimized for
response to X-rays within an energy range of up to 150 keV, allow the
measurement of a comprehensive range of parameters essential for
characterizing X-ray beams, including kVp, exposure time, dose and
dose rate, half-value layer, total filtration, dose per pulse, tube current,
mAs, waveforms, and more, across various diagnostic X-ray equipment.
Among the accessories provided, a compact Piranha probe was used to
measure punctual air kerma for calibrating the diode response, while a
Piranha DAP chamber was used to assess the dose-area product (DAP)
necessary to perform the PCXMC simulations discussed later.

2.3. Silicon PIN Photodiode and electronics readout

The commercial silicon PIN photodiode BPW34 was selected as a
potential solid-state dosimeter due to its cost-effectiveness and versa-
tility. Although photodiodes are typically utilized for visible or infrared
light detection, their capability extends to direct conversion ionizing
radiation detectors (Aoyama et al., 2002; Künzel et al., 2004; Nazififard
et al., 2016). To ensure specificity to ionizing radiation, the photodiodes
were shielded from environmental visible light using black tape. Addi-
tionally, a thin conductive copper coating (100 μm thick) was applied to
the diode’s exposed surface to mitigate electromagnetic interference.

The BPW34 photodiode possesses a sensitive surface area of 7.5 mm2

and is protected by a plastic layer approximately 0.5 mm thick. To es-
timate the dose absorbed by the crystalline lens, a simulacrum of a
human cornea was also designed, and 3D printed in polylactic acid
(PLA). The cornea has a height of 3 mm in its central part to perform a
comparison between the estimated dose and the Hp (3) dose equivalent
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standards for human lenses (Fig. 1).
Due to the high photon fluxes, the detector was operated in current

mode, with an output current signal ideally proportional to the X-rays’
energy absorbed over time by the detector itself. While significant, the
signal derived from the superimposed interactions still necessitates large
electronic preamplification to be measurable (up to 108 and 109). Such
electronic gain introduces a challenge in preserving signal integrity
while minimizing noise contributions and electromagnetic interference.

To mitigate errors associated with fluctuations in dark current, the
photodiode was operated in photovoltaic mode, meaning no bias was
applied across the cathode and anode, and coupled with a high common-
mode rejection ratio (CMRR) trans-impedance amplifier to decrease
electrostatic noise interference. The preamplification circuit, depicted in
Fig. 2, incorporates a first-stage operational amplifier (OPA354, TI)
configured as a standard trans-impedance amplifier with a feedback
resistor of 10 MΩ for gain and a cut-off frequency of 1.6 kHz. An addi-
tional resistor of equivalent value was connected between the non-
inverting input and ground to exploit the op-amp’s CMRR capabilities,
thereby effectively mitigating low-frequency common-mode interfer-
ence, such as the 50–60 Hz hum from the signal. The second amplifi-
cation stage determines the final gain while avoiding the bandwidth
limitations imposed by a single, high-value resistor.

Although using two stages does consume more power and can
marginally decrease the signal-to-noise ratio (SNR), this configuration
allows for a broader bandwidth than would be possible with a single-
stage design. While T-resistor feedback networks can be used to ach-
ieve similar ends, they generally introduce higher noise levels. This
configuration achieves a CMRR of approximately 40 dB at DC, contin-
gent upon the precise matching of the two resistors. One limitation of
this approach is that the bandwidth on the non-inverting side is con-
strained by the op-amp’s input common-mode capacitance.

For data acquisition, the requirements of the ADC were relatively
modest, mainly due to the limited bandwidth of the front-end system.
Nevertheless, a data acquisition system was developed centered around
a Teensy 4.1 board, which incorporates a high-performance NXP i.MX
RT1062 microcontroller (32-bit, 600 MHz). The system’s two ADCs
were configured to sequentially scan two channels each, thus handling a
total of four channels with a conversion rate of 100 ksps. Moreover, a
digital low-pass IIR filter, specifically a 2nd-order Butterworth filter,
was implemented to reduce high-frequency noise after conversion. The
data from the ADCs were processed in real-time by integrating the signal
to derive a cumulative value every 100 ms, followed by decimation to
achieve a resolution of 16 bits (Fig. 3). In terms of noise performance,
the system demonstrated a noise level in the absence of X-ray signals
roughly equal to 2 LSB rms over a full-scale ADC range of 3.3 V.

2.4. Thermoluminescence dosimeters

The TLDs utilized in this study are crystalline in form and designated
to be placed inside the housings of the RANDO phantom for dose esti-
mation in specific tissues and organs during the CBCT imaging proced-
ures. For our measurements, a calibrated set of GR-200 A-type TLDs

made of LiF:Mg,Cu,P was selected, which have been recognized for their
high sensitivity and low detection threshold, approximately equal to 20
μSv (Bos, 2006; Horowitz and Moscovitch, 2013). Key characteristics of
the GR-200 A TLDs include a fast reset cycle, good reproducibility, linear
response over a wide dose range (up to 10 Gy), uniform response
(±15%) across a broad energy spectrum (from 15 keV to 12 MeV), and

Fig. 1. BPW34 photodiode probe and cornea simulacrum for eye lens dose assessment.

Fig. 2. Trans-impedance amplifier configuration used to mitigate common-
mode interference and preserve signal integrity.

Fig. 3. Data acquisition system centered around a Teensy 4.1 board, which
incorporates a high-performance NXP i.MX RT1062 microcontroller.
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an effective atomic number of 8.2, closely mirroring that of biological
tissues (Fang et al., 1990; Chandra et al., 1982).

The annealing cycle for these dosimeters was conducted at a tem-
perature of 240 ◦C for 35 min, while the readout procedure was divided
into two distinct phases: a preheating phase, lasting 20 s at 160 ◦C,
followed by an acquisition phase, also lasting 20 s but at a higher tem-
perature of 240 ◦C, during which the TL glow curve was recorded. The
calibration of the TLDs was performed using Co-60 radiation sources.

For this study, TLDs were placed within the inserts of specific slices
of the phantom head, functioning as reference dosimeters. This place-
ment had two main purposes: firstly, to provide at least a qualitative
evaluation of the accuracy and reliability of the measurements obtained
from the silicon photodiodes, and secondly, to serve as a comparative
benchmark against the results of the PCXMC simulations.

The positions of the TLDs within the phantom, including the slice
numbers and specific insert locations, are as follows: the left and right
eyes in slice 4, the left and right salivary glands and the uvula in slice 5,
and the lips in slice 6.

Regarding the missed insertion of TLDs into the thyroid region, we
acknowledge that the thyroid is a radiosensitive organ. However, the
phantom head provided to us had a limitation: several inserts were
previously filled with a tissue-equivalent material that we could not
remove. This restricted our ability to place TLDs in those specific areas.

2.5. PCXMC rotation Monte Carlo simulation software

PCXMC is a Monte Carlo-based simulation program extensively uti-
lized in the field of radiological safety and medical physics. This soft-
ware can calculate doses absorbed by several tissues and effective doses
in various diagnostic X-ray examinations, utilizing measurable quanti-
ties such as the DAP or incident air kerma (Tapiovaara and Siiskonen,
2008).

The core functionality of PCXMC revolves around the use of a
modified anatomic phantom based on a mathematical hermaphrodite
model, originally described by Cristy and Eckerman (1987). Moreover,
in the calculation of the effective dose, PCXMC incorporates the tissue
weighting factors from both the International Commission on Radio-
logical Protection (ICRP) Publications 103 and 60 (ICRP 1991; ICRP
2007).

The most recent version of PCXMC Rotation, version 2.0, introduces
enhanced functionality, including the ability to run multiple projection
simulations in batch mode. This feature streamlines the process of
simulating various exposure scenarios and is particularly useful in both
nondental and dental CBCT examination studies.

In PCXMC Rotation, a specific coordinate system is established to

model the exposure geometry of X-ray examinations with the origin of
this coordinate system located at the center of the base of the phantom
trunk.

The orientation of the coordinate axes features the positive Z-axis
extending upward and aligning vertically with the phantom’s stature;
the X-axis is directed towards the left-hand side of the phantom, and the
Y-axis points towards the back of the phantom. Within this coordinate
framework, the incidence angle and the reference point (denoted as Xref,
Yref, Zref) are used to define the centerline of the X-ray beam. The inci-
dence angle, particularly the cranio-caudal angle, specifies the tilt of the
beam concerning the horizontal X–Y plane, modeling how the X-ray
beam enters the phantom for each projection angle (Fig. 4).

PCXMC Rotation simulations were carried out to provide an addi-
tional layer of verification and support to dose assessment. To simulate
the doses received during dental CBCT, the Zref coordinate was set at 82
cm for targeting the oral region of interest within the phantom. The
incidence angle (cranio-caudal angle) was set to 0◦ according to the
specification given by radiology technicians. Moreover, the rotation axis
for the simulations was adjusted to intersect the X–Y plane in the point
(Xref = 0, Yref = − 5 cm) to ensure coverage of the oral cavity volume.
Other key parameters for the simulations were set based on the speci-
fications of the Planmeca ProMax 3D Classic system (Fig. 5).

• The Focus-to-Image Distance (FID) was set at 53.0 cm.
• The Focus-to-Reference Point (FRD) distance was established at 33.8
cm.

• The beam size at the reference point was calculated to be 8.29 ×

8.29 cm, using the tools provided by the PCXMC Rotation 2.0
software.

Fig. 4. Coordinate framework used in PCXMC rotation 2.0, where the incidence angle and reference point are used to define the centerline of the X-ray beam (top
view, on the left, and side view, on the right). An X-ray beam entering the phantom with a 270-degree projection angle, a reference point placed in (0, 0, 0), and an
incidence angle greater than 0◦ is shown as an example.

Fig. 5. Geometry employed to carry out PCXMC Rotation 2.0 simulations.
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Simulations were executed in batch mode, dividing each protocol
into 20 exposures, each spanning 10◦, to cover a total rotation of 200◦
(from 170 to 10◦, anticlockwise according to the reference system shown
in Fig. 4). This approach allowed for a comprehensive analysis of the
dose throughout the entire rotation cycle of the CBCT scan.

Tube voltages of 60, 70, 80, and 90 kVp were simulated, using the
corresponding DAP divided by the number of projections used as the
input parameter for each simulation. Filtration was configured to match
the actual scanner settings (2.5 mm Al and 0.5 mm Cu). The simulations
provided direct calculations of the doses to the salivary glands and
thyroid, which served as a comparison of the results obtained with
photodiodes and TLDs and offered a realistic perspective on the radia-
tion exposure to these specific organs. Additionally, the simulations also
included the extrathoracic (ET) airways, the oesophagus, and the oral
mucosa, areas which may be particularly relevant for qualitatively
assessing the dose distribution from the oral cavity down toward the
oesophagus, providing insights into how doses vary along this path.
Furthermore, the effective dose according to the ICRP Publication 103
was calculated and reported since it offers a potential tool for compar-
ison with other studies, enabling a broader context for evaluating the
dental CBCT protocols.

2.6. Silicon PIN Photodiode calibration setup

To perform the air kerma calibration of the silicon photodiode, the
detector’s sensitive surface was positioned between the CBCT’s X-ray
source and its flat panel detectors and aligned along the central axis of
the X-ray beam, with the front of the diode facing the X-ray beam and
the rear facing the flat panel detectors. The detector was fixed to a 15.2
cm high, low back-scattering support mounted on top of the flat panel
detector assembly to mitigate the back-scattered X-rays’ effect and
maintain the photodiode in a fixed orientation relative to the X-ray
source during the scan. The effective distance between the detector and
the X-ray source was 37.8 cm, with a beam size of 9.27 × 9.27 cm at the
detector’s location.

The photodiode’s response to the X-ray exposure was recorded
during CBCT procedures employing the standard 3D full FOV imaging
protocol of the scanner described in subsection 2.2. The Piranha RTI
detector probe was used as a reference detector in the same configura-
tion as the photodiode to correlate the photodiode’s response with the
air kerma.

To perform the measurements, tube voltages of the CBCT scanner
were set at 60, 70, 80, and 90 kVp. For the 60, 70, and 80 kVp settings,
the tube currents were configured to 4, 8, and 16 mA. At the 90 kVp
setting, the tube current was limited to a maximum of 14 mA, resulting
in the current settings being adjusted to 4, 8, and 14 mA for the cali-
bration process.

The angular dependence of the diode’s response (between 170 and
10◦, anticlockwise) was also investigated by placing the diode vertically
at the center of rotation of the CBCT scanner. The diode’s front face was
positioned using the scanner’s integrated laser positioning system to
face the 270-degree mark (anterior-posterior direction, AP) of the
reference system used for the phantom. This ensured that when the X-
ray beam directly faced the diode, the active area’s incidence angle
(cranio-caudal) was 0◦. Measurements were performed at maximum
tube current for the previously mentioned tube voltages and protocols to
analyze the diode’s response at different angles as the beam rotated
around it. Given the limited rotation angle of the C-arm of the scanner,
the measurements were repeated by swapping the front and rear faces of
the diode.

2.7. Dose assessment setup

After air kerma calibration, four photodiodes were employed to
assess the dose delivered to specific areas of interest during dental CBCT
imaging procedures. For this purpose, the diodes were placed both on

the surface and inside a RANDO phantom head, according to the
arrangement depicted in Fig. 6.

One detector was placed on the neck, proximate to the thyroid region
(position A, slice 9). A second photodiode, equipped with the corneal
tissue-equivalent overlay, was situated at the left eye location (position
B, slice 3). This necessitated the removal of a portion of the phantom
material to emulate the eye socket more accurately. A third sensor was
positioned on the left cheek to evaluate the dose imparted to the parotid
gland area (position C, slice 5). Lastly, another diode was inserted
through the oesophagus, aligning it with the laryngopharyngeal level to
assess the dose to this internal structure (position D, slice 7). The
scanner’s integrated laser positioning system guaranteed the correct
positioning of the phantom head.

The evaluated dental CBCT imaging protocols were the same used for
calibrating the photodiode. These procedures were conducted at four
tube voltages: 60, 70, 80, and 90 kVp. The maximum allowable tube
current for the 90 kVp setting was 14 mA, while it was set to 16 mA for
the other voltages. Each imaging session maintained an effective expo-
sure time of 12 s and a total exposure time between 20 and 22 s.

The protocols and settings used in the study are presented in Table 1,
along with the nominal and measured DAP values. Nominal values were
reported directly from the scanner user interface; however, due to a
stated uncertainty of up to 40%, these values were verified using the
Piranha DAP chamber. The DAP chamber was positioned in the same
geometry used to characterize the photodiode, specifically on the 15.2
cm low back-scattering support mounted on top of the flat panel detector
and along the X-ray beam centerline. This setup ensured that the DAP
chamber remained in the beam path throughout the entire rotation of
the CBCT scan. Since the beam size was computed to be 9.27 × 9.27 cm
at the chamber’s location, the entire X-ray field was within the 14.7 ×

14.7 cm2 area of the chamber, ensuring complete DAP measurement. An
uncertainty of ±10% was considered for the DAP chamber, as reported
by the manufacturer.

Considering the limited average X-ray energies employed in the
dental CBCT procedures and the 0.5 mm plastic layer on top of the
photodiode, a charged particle equilibrium (CPE) condition was
assumed, equalling air kerma to dose in air.

To extrapolate from the dose in air to the dose absorbed by the eye
lens and other soft tissues, the specific mass absorption coefficients at
different energies for air and tissues were considered, and to correctly

Fig. 6. Arrangement of the four photodiodes used to assess the dose delivered
to regions of interest during dental CBCT procedures.
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evaluate the dosimetry for the CBCT’s specific energy spectrum, Spek-
Calc software was used to generate X-ray spectra representative of the
dental CBCT X-ray generator output (Poludniowski and Evans, 2007;
Poludniowski, 2007; Poludniowski et al., 2009), shown in Fig. 7. From
these spectra, a weighted mass absorption coefficient was derived using
data from NIST (NIST, 2023). These factors have been to estimate the
dose in tissues by multiplying them with the previously obtained dose in
air. This weighted coefficient accounts for the varying energy contri-
butions within the spectrum by taking the mass absorption coefficients
at various energies and calculating a weighted mean based on the energy
distribution of the X-ray spectra (Table 2).

3. Results and discussion

In this section, we present the findings from the calibration process of
the silicon photodiode as well as the dose assessment conducted during
the relevant dental CBCT protocols. To enhance the credibility and ac-
curacy of our measurements, and to gain a more comprehensive view of
the dose distribution, TLDs placed within the phantom head were also
used as a cross-reference, aiding in the comparison of the measurements
obtained from the diode probe. In addition to the empirical data, PCXMC
Rotation simulations were carried out to provide an additional layer of
verification and support the overall assessment of dose distributions.

3.1. Silicon PIN Photodiode calibration

According to the setup presented in subsection 2.6, the photodiode’s
signals recorded at maximum tube current are shown in Fig. 8. In
contrast, data obtained from the integration of the photodiode’s signal
and the air kerma from the Piranha RTI probe are summarized in
Table 3.

During these measurements, an integration gating period of 100 ms

was employed for data visualization, as detailed in subsection 2.3. This
integration period is suitable for accurately capturing the cumulative
dose value over each time interval. However, it introduces a visual
artifact known as aliasing when the waveform of the signal is displayed.

Aliasing is a well-understood phenomenon in signal processing that
occurs when a signal is sampled at a rate insufficient to capture its high-
frequency components accurately. In our case, the high-frequency pul-
sations of the X-ray beam exceed the sampling rate dictated by the 100-
ms integration period. As a result, these pulsations are underrepresented
in the visualized waveform, leading to an apparent lower-frequency
oscillation pattern in the displayed signal. This pattern is not an accu-
rate representation of the actual high-frequency nature of the X-ray
beam but rather a byproduct of the sampling method. It is important to
emphasize that this aliasing effect is strictly a visualization issue and
does not impact the integrity or accuracy of the integrated dose mea-
surements. The system effectively captures and integrates the total dose
over every 100 ms, and the visual aliasing only affects how the

Table 1
Dental CBCT protocols and settings used in the study.

Protocol
ID

Tube
Voltage
(kVp)

Tube
Current
(mA)

Effective
Exposure
Time (s)

Nominal
DAP (mGy
• cm2)

Measured
DAP (mGy •

cm2)

1 60 16 12 253 236.3
(±10%)

2 70 16 12 553 524.4
(±10%)

3 80 16 12 995 955.2
(±10%)

4 90 14 12 1381 1332.1
(±10%)

Fig. 7. X-ray spectra generated with SpecCalk software used to compute the
conversion factors from dose in air to dose in tissues.

Table 2
X-ray spectra weighted factors for the conversion from dose in air to dose in
tissues.

Tube Voltage
(kVp)

Effective Energy
(keV)

(μen/ρ)T/(μen/
ρ)A

(μen/ρ)E/(μen/
ρ)A

60 44.3 1.060 0.952
70 48.4 1.063 0.962
80 51.7 1.064 0.966
90 55.4 1.066 0.975

Notes: T = Soft Tissue; E = Eye Lens; A = Air.

Fig. 8. Waveforms recorded with the photodiode during the calibration process
for full FOV 3D protocols of the Planmeca ProMax 3D Classic CBCT scanner.

Table 3
Summary of the photodiode’s integrated response and air kerma returned by the
Piranha reference detector.

Tube
Voltage
(kVp)

Tube
Current
(mA)

Air kerma
(mGy)

Diode Output
(counts)

Sensitivity
(counts/mGy)

60 4 0.7112 18,885 26,512
60 8 1.383 36,226 26,194
60 16 2.660 70,127 26,364
70 4 1.523 38,365 25,190
70 8 2.990 75,413 25,222
70 16 5.813 147,198 25,322
80 4 2.773 66,734 24,066
80 8 5.470 133,522 24,410
80 16 10.70 259,817 24,282
90 4 4.472 104,359 23,336
90 8 8.844 202,012 22,842
90 14 15.29 352,708 23,068
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waveform appears when graphically represented.
After data collection, the linearity of the photodiode’s response

across a range of tube currents was assessed for the specified tube
voltages (Fig. 9). Subsequently, the cumulative signal obtained from
multiple iterations was compared to the air kerma (mGy) values
measured by the Piranha probe. An error of ±5%, as reported by the
manufacturer of the Piranha dose probe, and the error associated with
the counting statistics were considered to compute the sensitivity
defined as the ratio of cumulative counts to air kerma. Upon analysis, for
a given tube voltage, it was determined that the sensitivity did not
exhibit a statistically significant variation across different tube current
settings when keeping the tube voltage fixed. Consequently, a single
mean sensitivity was ascertained to be representative of each tube
voltage, for a total of four sensitivity values. This approach simplified
the calibration process supporting the use of a constant sensitivity factor
when interpreting measurements from the silicon photodiode for a
single tube voltage during dosimetric evaluations (Fig. 10).

To address energy dependence, a solutionmay involve using filters to
compensate for higher response at low energies, while minimizing de-
tector volume by relocating the conditioning electronics. Additionally, a
library of correction factors may be implemented after extensive char-
acterization, allowing users to select diagnostic X-ray equipment, tube
voltage, filtration, and other parameters for response compensation.

The angular dependence of the response of the diode (between 170
and 10◦, anticlockwise) was investigated by integrating the signal from
the diode every second during the continuous rotation of the X-ray
source, and the results were then normalized to the maximum response
(Fig. 11). The diode was positioned according to the setup for investi-
gating the angular dependence described in subsection 2.6. This pro-
cedure was repeated for four different tube voltages to observe the
variation in angular dependence for different energy levels of the X-ray
beam, and by reversing the front and rear faces of the diode to account
for the limited rotation angle of the C-arm.

The normalized angular dependency of the response shows reduced
sensitivity when the X-ray beam approaches the diode at 0 and 180◦ (i.
e., from the sides), likely due to the reduced effective active area
exposed to the X-ray beam. Moreover, the response of the rear face of the
diode is also reduced, probably due to the presence of the FR4 substrate
used for the PCB where the diode is installed. This phenomenon also
exhibits energy dependence: for higher energies, the angular depen-
dence of the response features less variation, probably thanks to the
more penetrating nature of higher-energy X-rays.

We did not consider the angular dependence of the detectors in this
study, acknowledging it as a limitation. To mitigate this, filters of
varying thicknesses to harden the beam around the diode could be used
to equalize the response across 360◦, ensuring a more uniform detector

response.

3.2. Dose assessment: silicon Photodiode probe

The signals captured by the photodiodes in positions A to D are
shown respectively in Figs. 12–15.

After being integrated over time, the cumulative values were con-
verted to dose in air, and finally in organ doses using the conversion
factors presented in subsection 2.7. A summary of the computed doses
for the different protocols is shown in Table 4. For the organ doses, an
uncertainty of ±5% was used for all doses according to the error prop-
agation in the dose conversion process.

The sensor in position C (near the parotid gland), being directly in
the path of the X-ray beam during dental CBCT procedures, received the
highest dose among all the exposed detectors. In contrast, sensors in
positions A and B (near the thyroid and eye lens respectively), were not
situated directly within the beam’s path and were subjected to consid-
erably lower doses - typically no more than a few hundred μGy. For the
internal detector in position D placed at the level of the laryngopharynx,
the measured dose was also significant and should not be overlooked.
Furthermore, we anticipate that the regions forming the oral cavity
might receive even higher doses due to their proximity to the center of
rotation of the radiation source.

3.3. Dose assessment: thermoluminescence dosimeters

According to the setup described in subsection 2.4, the TLDs were
exposed during the dental CBCT protocols at maximum current with the
four different tube voltage settings and readout post-exposure. The po-
sitions of the TLDs within the phantom, together with the measured dose
for the different protocols, are summarized in Table 5.

Three TLDs from the same batch were used sequentially in the same
position. The repeatability error observed was well below the ±10%
error stated by the manufacturer. Therefore, the conservative ±10%
error was used in our calculations.

TLDs located near the salivary glands indicated a dose that closely
matched the readings from the photodiode. However, it was noted that
the photodiode consistently measured doses that were slightly high-
er—between 25 and 30%more across all protocols. This discrepancy can
be attributed primarily to the positioning of the diode. Unlike the TLDs,
which were placed in locations mimicking the internal positioning of the
salivary glands, the diode was affixed to the surface of the skin, which
likely led to the photodiode capturing a higher dose due to direct and
closer exposure to the X-ray beam. On the other hand, TLDs placed in
proximity to the uvula and inside the lip area indicated a relatively high
level of radiation exposure, suggesting a non-neglectable dose absorp-
tion by tissues part of the oral cavity.

Fig. 9. Linearity of the photodiode’s integrated response across a range of tube
currents and tube voltages.

Fig. 10. Sensitivity of the photodiode at different tube voltages and currents.
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Concerning the TLDs designated for the eyes, they registered a dose
approximately five times higher than the dose recorded by the diode.
This substantial difference can be largely attributed to the specific

positioning of the TLDs within the phantom. In our setup, the TLDs for
the eye area were placed in slice 4 of the phantom, which is anatomically
lower than the actual position of the eyes and more directly in the path

Fig. 11. Polar plots of the normalized response of the photodiode’s signal during full FOV 3D protocols. On the left the response with the front face of the diode
facing the 270-degree mark (a). On the right, the response with the rear face facing the 270-degree mark (b).

Fig. 12. Signals captured by the photodiode in position A near the thyroid area
on the RANDO phantom head.

Fig. 13. Signals captured by the photodiode in position B on the left eye area of
the RANDO phantom head.

Fig. 14. Signals captured by the photodiode in position C near the parotid area
on the RANDO phantom head.

Fig. 15. Signals captured by the photodiode in position D, internally at the
laryngopharynx level into the RANDO phantom head.
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of the X-ray beam. Indeed, after verifying that slight changes in the FOV
settings or the positioning of the phantom (as little as 1 cm) resulted in
the eye lens photodiode recording a dose comparable to the TLD, the
phantom’s positioning was accurately managed to ensure the eyes were
not directly exposed to the X-ray beam. These measurements highlight
the importance of accurate positioning in dosimetry studies, especially
when assessing areas like the eyes, which are typically situated
peripherally to the primary beam in dental CBCT scans.

3.4. Dose assessment: PCXMC rotation simulations

The results of the PCXMXC Rotation simulations conducted accord-
ing to the settings described in 2.5 and using as input the DAP values
measured with the DAP chamber are provided in Table 6. Dose un-
certainties, expressed as percentages, have been provided in
parentheses.

3.5. Dose assessment: overall comparison and discussion

Analyzing the doses computed by PCXMC Rotation 2.0, it was
observed that the dose received by the salivary glands closely approxi-
mates the dose measured by both the photodiode (position C) and TLDs.
Notably, the photodiode tends to overestimate the dose, likely due to its

positioning on the surface of the skin and the unaccounted angular
dependence. However, this correlation is deemed satisfactory, especially
considering the limitations of the diode setup in the study. For the
thyroid, the dose estimation by the photodiode in position A is compa-
rably close to the PCXMC simulation but slightly lower, showing a de-
viation of about 20–25%. This discrepancy could be attributed to the
photodiode’s positioning, angular dependence, calibration procedure,
and potential differences between the phantom used and the actual
CBCT settings in the simulations. The dose estimated by TLDs at the lips
and uvula aligns well with the PCXMC estimates for ET airways and oral
mucosa. The lower values reported by PCXMC for the oesophagus sug-
gest that the dose estimated by the photodiode in position D, close to the
laryngopharynx should indeed be lower than that in the oral cavity,
reinforcing the notion of a dose gradient along this path. Regarding the
eye lens, which PCXMC does not estimate, the contained differences
(20–30%) observed for the parotid and thyroid areas and the respective
diodes’ positions C and A, suggest that the diode’s estimation is plau-
sible. This is further corroborated by other studies reporting similar eye
lens dose values (Deman et al., 2014; Pauwels et al., 2014). A summary
of the results from photodiodes, TLDs, and PCXMC Rotation for Protocol
4 (maximum tube voltage and current) is shown in Fig. 16, where the
position of the photodiodes has been reported together with the nearby
tissue or organ.

4. Conclusions

This study introduced an inexpensive, versatile, and easily scalable
system based on commercial silicon PIN photodiode detectors and open-
source electronics for assessing radiation exposure during dental CBCT
procedures. The detectors were calibrated against a reference air kerma
Piranha RTI probe and tested under various operational conditions of a
Planmeca ProMax 3D Classic CBCT scanner. The photodiodes, placed on
the surface and internally in an Alderson RANDO phantom head,
measured doses in positions near tissues of interest, such as salivary
glands, thyroid, eye lens, and laryngopharynx, with results cross-
referenced using calibrated GR-200 A-type TLDs and PCXMC Rotation
2.0 simulations.

Although direct comparisons between PCXMC simulations, photo-
diode readings, and TLD measurements are challenging due to differ-
ences in positioning and methodology, general trends were observed.

Table 4
Summary of the computed doses for the different protocols extrapolated from
the photodiodes’ response.

Position Dose (mGy)

Protocol 1 Protocol 2 Protocol 3 Protocol 4 Error (%)

A 0.04 0.14 0.28 0.45 ±5
B 0.03 0.08 0.17 0.34 ±5
C 1.39 2.85 5.21 7.51 ±5
D 0.17 0.51 1.10 1.65 ±5

Table 5
Placement of the TLDs inside the head slice of the RANDO phantom and cor-
responding doses readout post-exposure.

Organ/
Tissue

Dose (mGy)

Slice Protocol
1

Protocol
2

Protocol
3

Protocol
4

Error
(%)

Left Eye 4 0.27 0.59 1.27 1.72 ±10
Right Eye 4 0.24 0.62 1.35 1.80 ±10
Left
Salivary
Gland

5 1.01 2.25 3.64 6.03 ±10

Right
Salivary
Gland

5 1.03 2.53 4.24 5.65 ±10

Uvula 5 0.51 1.39 2.94 3.43 ±10
Lips 6 1.13 2.64 5.16 7.73 ±10

Table 6
Doses and effective dose (ICRP 103) calculated with PCXMC Rotation 2.0.

Organ/Tissue Protocol 1 Protocol 2 Protocol 3 Protocol 4

Salivary Glands
(mGy)

1.35
(±10%)

3.78
(±10%)

7.89
(±10%)

10.67
(±10%)

Thyroid (mGy) 0.07
(±16%)

0.18
(±14%)

0.39
(±14%)

0.62
(±14%)

ET Airways (mGy) 0.56 (±11
%)

1.48
(±11%)

3.07
(±10%)

4.80
(±11%)

Oesophagus (mGy) <0.01
(±39%)

<0.01
(±32%)

0.02
(±27%)

0.03
(±25%)

Oral Mucosa
(mGy)

1.18
(±10%)

2.93
(±10%)

5.79
(±10%)

8.86 (±10
%)

Effective Dose
ICRP 103 (mSv)

0.04 (
±10%)

0.11 (
±10%)

0.22 (
±10%)

0.33 (
±10%)

Fig. 16. Overall comparison of the doses from photodiodes, TLDs, and PCXMC
Rotation following Protocol 4.
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Variations can be attributed to the unique physical and operational
characteristics of each measurement method, as well as inherent com-
plexities in simulating and measuring radiation doses in CBCT proced-
ures, as noted in the literature (Pauwels et al., 2014; da Silva Moura
et al., 2019).

The study noted that photodiodes tended to overestimate doses by
approximately 25–30% compared to TLDs, likely due to surface place-
ment and lack of angular correction. For thyroid doses, photodiode es-
timates aligned more closely with PCXMC simulations, showing a
variation of around 20–25%. TLD measurements at the lips and uvula
were comparable to PCXMC predictions for ET airways and oral mucosa.
The lower oesophagus doses suggested by PCXMC were in line with
photodiode measurements at the laryngopharynx being lower than
those in the oral cavity. Photodiode estimates for the eye lens dose also
appeared reliable based on variations observed in the parotid and thy-
roid areas.

In summary, while some discrepancies were noted, the analysis of
data from PCXMC simulations, photodiode, and TLD measurements
highlighted general trends and patterns. These findings suggest that,
despite variations, the development of an affordable, easily deployable,
and scalable dosimetry monitoring system can significantly contribute
to enhancing patient safety in dental radiology and optimizing diag-
nostic X-ray protocols. Future work should focus on further refinement
of the system, including improving the positioning accuracy and incor-
porating angular corrections, to enhance measurement precision and
reliability.
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