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Il'y a des mots qui font vivre

Et ce sont des mots innocents
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Et certains noms de fleurs et
certains noms de fruits

Le mot courage et le mot découvrir
Et le mot frére et le mot camarade
Et certains noms de pays de villages
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Abstract

Certain improvements in patient management are reflected in an increase in the use of X-ray
imaging, something which significantly contributes to a regular increase in the average annual
effective dose per inhabitant. Although early on, medical imaging was used for purely
diagnostic purposes, it is now more and more used to guide therapeutic procedures. This poses
two problems: on the one hand is patient exposure, in which tissue reactions may appear due to
exposure to ionizing radiation, depending on the complexity of the procedure, and on the other
hand is staff exposure, who are close to patients and also involved in numerous procedures over
the course of the year. To address this, radiation protection for both patients and staff has been
the subject of numerous advances, both from a technological and a behavioural point of view.

To limit exposure of a patient's skin, a hardening of the primary radiation is now systematically
proposed for interventional radiology or cardiology procedures. While this measure is very
effective, it makes it more difficult to predict the primary X-ray spectrum, which is moreover
delivered in the form of short pulses.

When interacting with the patient, X-rays diffuse within the tissues and generate secondary
radiation (or scattered radiation) which is responsible for exposure to the medical staff.
Although the spectral content of the scattered radiation is well documented when using standard
radiology spectra (50 - 100 kV; total filtration 2.5 mm Eqg. Al), this is much less so for the
spectra resulting from the use of highly hardened beams like those used in interventional
radiology or cardiology. This situation is particularly critical when we want to accurately
estimate the exposure of medical staff during fluoroscopically-guided procedures. While such
procedures tend to become more and more complex, they allow replace surgical interventions
which might carry more serious patient risks.

Among medical personnel, the majority of people professionally exposed to ionizing radiation
receive very low doses which are far below the legal limits. For this category of people, it is
entirely acceptable to estimate the radiation exposures with a tolerance which can be wide. This
means that current dosimetry resources ensure optimal management of their radiological risk.
However, a certain percentage of the personnel is exposed to a dose which approaches or may
even exceed current dose limits. This is especially the case for certain operators who may
exceed the dose limit for the eye lens if they do not take special precautions. In such a context,
it is imperative to have a dosimetric arsenal to improve the estimation of doses. The objective
of this work is part of this dynamic.

At first it seemed important to us to better understand the context of clinical exposure situations.
To do this, a study was conducted to obtain measures of occupational exposure in hospitals and
to compare them with data from the literature. The results of these measurements confirm the



need to better characterise the spectral content of the scattered radiation produced around the
patient during fluoroscopy-guided interventions.

The spectral characterisation of the radiation produced by X-ray tubes, especially when they
are emitted in the form of short pulses, remains very difficult for several reasons. First, instant
fluence generally exceeds the characteristics of commercially available instruments. In
addition, it is often necessary to cool the dosimeters with liquid nitrogen to obtain satisfactory
spectral resolution.

The innovative aspect of this work is to use a spectral detector to better characterise the scattered
radiation spectra produced in the catheterisation room. This detector was originally developed
at CERN for tracking particles in the large hadron collider and has also been used to obtain
images from prototype spectral CT installations. However, its performance in detecting
scattered radiation fields for dosimetry purposes had yet to be assessed. To do this, a complete
characterisation of the detector was necessary. This work constitutes the heart of this thesis. It
has been the subject of several scientific presentations and one publication. Finally, once the
detector was characterized, a study was done to better understand the spatial spectral variation
of the radiation produced by the patient during an interventional radiology procedure. The
ultimate objective of this work is to be able to improve the dosimetry of the eye lens of operators
using fluoroscopy by introducing calibration factors representative of practical situations.

Keywords: energy spectrum, scattered radiation, interventional radiology, hybrid pixel
detector, Timepix3, dose.



Résumé

L’amélioration de la prise en charge des patients se traduit par une augmentation de I’utilisation
de I’imagerie utilisant les rayons X qui contribue, de maniére non négligeable, a une
augmentation réguliére de la dose efficace annuelle moyenne par habitant. Si au début de son
utilisation, I’imagerie médicale était employée a des fins purement diagnostiques, elle est
maintenant de plus en plus utilisée pour guider des procédures thérapeutiques ce qui pose deux
problémes : d’une part I’exposition du patient ou, selon la complexité de la procédure, des
réactions tissulaires liées a I’exposition aux rayonnements ionisants peuvent apparaitre et
d’autre part I’exposition du personnel qui se trouve a proximité du patient et qui prend en charge
de nombreuses procédures durant I’année.

Pour faire face a cette situation, la radioprotection tant du patient que du personnel a fait I’objet
de nombreux progres tant d’un point de vue technologique que d’un point de vue
comportemental.

Pour limiter I’exposition de la peau du patient, un durcissement du rayonnement primaire est
maintenant systématiquement proposé pour les procédures de radiologie ou cardiologie
interventionnelles. Si cette mesure s’avére tres efficace, elle rend cependant plus difficile la
prédiction du spectre de rayons X primaires qui est en outre délivré sous forme de courtes
impulsions.

En interagissant avec le patient les rayons X diffusent au sein des tissus et générent un
rayonnement secondaire (ou rayonnement diffuse) responsable de I’exposition du personnel. Si
le contenu spectral du rayonnement diffusé est bien documenté lors de I’utilisation de spectres
standards de radiologie (50 — 100 kV ; filtration totale 2.5 mm Eq. Al), ils le sont beaucoup
moins pour les spectres issus de I’utilisation des qualités de faisceau fortement durcis comme
ceux utilisés en radiologie ou cardiologie interventionnelles. Cette situation s’avéere
particuliérement critique lorsque I’on veut estimer avec précision I’exposition du personnel lors
de I’exécution de procédures qui tendent a devenir de plus en plus complexes mais qui se
substituent a des actes chirurgicaux dont les risques seraient plus importants.

Parmi le personnel soignant, la majorité des personnes professionnellement exposées aux
rayonnements ionisants recoit des doses trés faibles qui sont largement en-dessous des limites
Iégales. Pour cette catégorie de personnes il est tout a fait acceptable d’estimer les expositions
avec une tolérance qui peut étre large. Ainsi, les moyens de dosimétrie actuellement utilisés
assurent une prise en charge optimale de leur risque radiologique. En revanche, une fraction de
personnel est exposée a des niveaux de doses proches, ou qui peuvent méme dépasser les limites
de dose actuelles. C’est le cas en particulier de certains opérateurs qui sans précaution
particuliére peuvent voir la limite de dose au cristallin largement dépassée. Dans un tel contexte
il est impératif de se doter d’un arsenal dosimeétrique permettant d’ameéliorer I’estimation des
doses. L’objectif de ce travail s’inscrit dans cette dynamique.



Dans un premier temps, il nous a semblé important de mieux connaitre le contexte des situations
d’exposition cliniques. Pour ce faire, une étude a été menée afin d’obtenir des mesures
d’exposition professionnelle en milieu hospitalier et de les comparer aux données de la
littérature. Le bilan de ces mesures confirme la nécessité de mieux caractériser le contenu
spectral du rayonnement diffusé produit autour du patient lors d’actes guidés par fluoroscopie.
La caractérisation spectrale du rayonnement produit par les tubes a rayons X, surtout lorsque
ceux-ci sont émis sous la forme de courtes impulsions, reste tres difficile pour plusieurs raisons.
En premier lieu, la fluence instantanée dépasse genéralement les caractéristiques des
instruments commercialement disponibles. En outre, il est souvent nécessaire de refroidir les
dosimetres a I’azote liquide pour obtenir une résolution spectrale satisfaisante.

L aspect novateur de ce travail est d’utiliser un détecteur spectral développé au CERN pour le
suivi des particules dans le grand collisionneur de hadrons, et qui est aussi utilisé pour
I’obtention d’images provenant d’installations prototypes CT spectral, pour mieux caractériser
les spectres de rayonnement diffusé produits en salle de cathétérisme. Pour ce faire, une
caractérisation compléte du détecteur a eté nécessaire. Ce travail constitue le cceur de cette
these. Il a fait I’objet de plusieurs présentations scientifiques ainsi que d’une publication. Enfin,
une fois le détecteur caractérisé, une étude visant @ mieux comprendre la variation spectrale
dans I’espace du rayonnement produit par le patient lors d’un examen standard de radiologie
interventionnelle a été entrepris. L’objectif ultime de ce travail étant de pouvoir améliorer la
dosimétrie du cristallin des opérateurs utilisant les installations de radioscopie par
I’introduction de facteurs d’étalonnage représentatifs des situations pratiques.

Mots clefs : spectre en énergie, rayonnement diffusé, radiologie interventionnelle, détecteur a
pixels hybrides, Timepix3, dose.



Résumé vulgarisé

La découverte en 1896 des rayonnements ionisants a permis, notamment grace a I’utilisation
des rayons X, d’imager les structures anatomiques du corps humain. Cette avancée
technologique permet au radiologue ou au cardiologue non seulement d’obtenir des images
pour poser un diagnostic mais aussi de le guider pour effectuer des procédures chirurgicales
minimalement-invasives évitant ainsi le recours a la chirurgie ouverte.

Cependant, cette technique avantageuse conduit inéluctablement le patient et le personnel
médical & une exposition aux rayonnements ionisants. Lors de chaque examen, le tube a rayons
X émet un faisceau primaire, constitué de photons, qui en interagissant avec les structures
anatomiques du patient crée une image radiologique. L’interaction des rayons X qui traversent
le patient génére, en chemin, un champ de radiations secondaires de rayons X (le rayonnement
diffusé) qui est émis dans toutes les directions. Ce rayonnement produit par le patient s’étend
dans la salle d’examen et peut ainsi exposer le personnel médical a des doses relativement
élevées, surtout lorsque celui participe de maniére répétée a des opeérations relativement
complexes. Pour étre en mesure de quantifier de maniére précise la quantité de rayonnement
auquel le personnel est exposé, il est nécessaire de pouvoir évaluer la distribution des rayons X
en fonction de leur énergie : leurs « spectres » d’énergie.

Si ces spectres d’énergie sont bien connus pour les installations standards de radiologie ce n’est
pas le cas pour les installations modernes qui exploitent les propriétés des rayons X pour réduire
au minimum I’exposition du patient. La détermination des spectres d’énergie s’avéere toujours
difficile et ce méme avec I’arsenal dosimétrique disponible actuellement. Les instruments de
mesures utilises jusqu’alors nécessitent I’ utilisation de forts systemes de refroidissement, et des
mesures dans des conditions tres restrictives (grandes distances, collimation du faisceau), ne
permettant pas ainsi de connaitre précisément I’énergie et le nombre de photons émis. L’objectif
de ce travail visait a caractériser de maniere extensive un nouveau type de détecteur, développé
au CERN, afin d’investiguer son potentiel d’utilisation pour améliorer la dosimétrie du
personnel médical.

En effet, la grande majorité du personnel médical recoit des doses tres largement en-dessous
des limites légales. Dans ce contexte leur dosimétrie n’exige pas d’efforts particuliers pour
connaitre précisément la dose recue. Néanmoins, pour une petite fraction des radiologues ou
cardiologues, il est nécessaire d’estimer leur exposition de maniére plus précise puisqu’ils
risquent d’atteindre des niveaux d’exposition proches des limites légales qui assurent leur
protection radiologique.

Le travail effectué dans le cadre de cette thése comporte deux volets : d’une part I’étude et
I’optimisation des conditions d’utilisation d’un détecteur spectral pour la caractérisation de
spectres produits a proximité du patient en radiologie ou cardiologie interventionnelles, et
d’autre part I’utilisation de ce détecteur en situation clinique pour évaluer la variabilité du
contenu spectral en salle de radiologie interventionnelle. Ce travail devrait servir de base au
développement d’un dosimetre adapté a une utilisation en routine clinique.
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1 Introduction

1.1 Clinical context

Image-guided procedures with X-ray offer a strong alternative compared to invasive surgical
procedures, with a lower risk of infection and faster recovery times, i.e. shorter hospitalisation
times. Most of these procedures are often outpatient. The number of interventional radiology
(IR) procedures has thus been constantly on the rise over the recent years. Image-guided
procedures are used for both diagnostic and therapeutic purposes and cover a wide range of
specialties such as IR, angiology, interventional cardiology (IC), interventional neuroradiology
and urology.

The benefits of image-guided procedures for patients are accompanied, however, to exposure
to ionizing radiations. In 2010, a report from the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) showed that medical imaging procedures using
ionizing radiation is the greatest radiation exposure to humans through artificial sources [1].

During image-guided procedures the medical staff in the IR suite is exposed to the scattered
radiation field generated within the patient. Many procedures require that part of the staff
remains close to both the patient, and the X-ray tube. The development of more complex and
longer procedures combined with the higher number of patients inevitably leads to an increase
in exposure of hospital staff members. This is confirmed by a national survey presenting the
exposure of the Swiss population to ionizing radiation in medical imaging [2]. One of the
graphics indicates, for example, the dose from medical examinations in IR increased by 14%
in Switzerland between 2008 and 2013. A 2020 report showed that in 50% of audited hospitals,
interventions involving high doses were regularly, even very often, performed [3].

A Federal Office of Public Health (FOPH) mandate to estimate the doses received by
radiologists and cardiologists was conducted by the Institute of Radiation Physics (IRA) of
Lausanne University hospital (CHUV) in 2006 and resulted in a snapshot of the staff exposure
in large hospitals. This study showed in particular that among the radiologist population, 58%
received an annual dose lower than 20 mSv measured with the dosimeter worn above their
protective apron. The average dose (above the apron) was 2.1 mSv/month whereas the
maximum dose reached 10.8 mSv/month. These results are consistent with those published by
Sanchez et al.[4] who conducted a similar study and showed that more than 50% of the
monitored radiologists exceeded a dose of 20 mSv over the protective apron in a year.
Concerning the cohort of cardiologists, only 15% of them received an annual dose lower than
20 mSv measured with the dosimeter worn above their protective apron. The average dose
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(above the apron) was 0.8 mSv/month, whereas the maximum dose reached 7 mSv/month. It is
clear that even if some of these values are high, they seldom exceed the annual limit on personal
effective dose limit. Considering the dose measured above the protective apron was
representative of the exposure of the unprotected area of the body, and of the equivalent dose
for the eye lens. These results showed that the former annual equivalent dose limit of 150 mSv
was not exceeded and that no special measures had to be taken at the time.

Epidemiological studies support the fact that there is a significant increase in the rate of
diagnosed cases of partial or total opacity of the eye lens in the setting of chronic radiation
exposure [5-8]. The International Commission on Radiological Protection (ICRP) lowered the
annual equivalent dose limit for the eye lens (from 150 to 20 mSv) in 2011 [9], resulting in
changes to the legal limits in Europe and Switzerland. This was of particular relevance in IR
where it is well established that staff doses can be significant.

With the entry into force on January 1%, 2018 of the new radiation protection ordinance [10],
and the ordinance on personal dosimetry [11], people in the immediate vicinity of a source of
ionizing radiation during IR procedures must wear a second dosimeter above the protective
apron. In order to guide the services in implementing this ordinance, a pilot study was carried
out in 2019 at the CHUV and Geneva University Hospital (HUG). Results indicate that 25%
and 14.3% of the values measured above the apron exceed 20 mSv per year for spinal and
vascular surgeons in the operating room at CHUV, respectively. Similar findings were observed
in 12.5% of radiologists and 15.8% of cardiologists at the HUG. These values, however, are
extrapolated and do not integrate the possible use of individual radiation protection gear like
leaded glasses or visors, which may reduce eye lens exposure.

This study lead to the identification of two categories of staff in operating rooms. The first
population, representing the majority of the workers, have dosimetry records well below the
limits and even below the reporting thresholds per monitoring period. A second population,
often working closer to the patient and the X-ray tube or performing complex procedures,
represent a small percentage of the staff and have dosimetry records close to or exceeding the
limits. Risk management for the latter population must therefore be more precise and more
suitable to correctly monitor the eye lens exposure. When worker dose records approach or
exceed the annual limits, knowledge of the radiation fields to which they are exposed is
necessary in order to accurately determine their exposure. Characterising the radiation fields
allows not only to optimise the protection of the patient, but also to adapt the protective gear of
the staff.
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1.2 State of the art of X-ray beam spectral characterisation

The use of X-rays has led the scientific community to characterise the radiation beams both at
the exit of the tube (primary beam) and near the patient (secondary or scattered beam).
Knowledge of the spectral characteristics of the primary beam where it enters the patient makes
it possible to better control skin exposure while maintaining an adequate clinical image quality
level. At the same time, a better characterisation of the spectral component of the scattered
radiation should enable the use of more optimised radiation protection gear and a better risk
management with improved staff dose assessments.

The first spectral measurements of primary radiation were reported at the beginning of the 20
century [12,13], and were based on measurements of attenuation curves. Forty years later, the
first Monte-Carlo (MC) simulations were proposed [14-16], accompanied by the first
measurements using spectrometric detectors based on Nal or Germanium (Ge) crystals [17-
19]. Today, similar measurements have been performed by many groups with High Purity
Germanium (HPGe) or Silicium (Si) [18,20,21], Nal [22], Cadmium Telluride (CdTe) [23,24]
or photodiode [25] detectors. The characterisation of the primary beam is nowadays of limited
use as the X-ray tubes that are used in clinical devices provide standard beam qualities with
inherent filtrations ranging from 0.50 to 2.55 mm Al equivalent. Figure 1 presents the energy
spectra for the primary beam of a standard diagnostic X-ray tube of 80 kVp. Moreover, the
HPGe, Si, and Nal detectors necessitate the use of a highly collimated beam and large distances
from the source to manage their limitations in terms of instantaneous fluences. These detectors
require significant cooling systems based on the use of liquid nitrogen. In terms of detectors
operated at room temperature, semiconductor technology may suffer from pile up effects due
to data acquisition saturation effects that then result in spectral distortions. It is interesting to
note that Terini et al. [25] presented measurements based on the use of a photodiode to provide
spectra at room temperature despite a limited detection efficiency. For all detector types doing
measurements of the primary beam, complex corrections are needed such as detector efficiency,
Compton scattering effect, escape effect...
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Figure 1 - Energy spectra of the primary beam for a typical 80 kVp diagnostic X-ray [21].

1.3 Example of spectral characterisation

As mentioned in the previous section, energy spectra measured with standard beam qualities
used in the field of radiology are available in the literature. The article by T. Fewell et al. [21]
compared spectra at the entrance and exit of the patient (Figure 2), as well as in the scattered
radiation, which is of particular interest for the evaluation of the staff exposure.

These measurements were performed with an HPGe which enables the acquisition of good
quality X-ray spectra but requires restrictive conditions of use. In order to avoid excessive
spectral distortion, the team set up a small beam opening as well as a large distance from the
source. The spectra were established by measuring only the Compton scattering photons. For
this, the primary beam must be strongly collimated and interact with a material dense enough
to create the Compton effect. The spectra obtained are then corrected for the photoelectric
effect. As expected, the interaction within the body of the patient modifies the shape of the
energy spectrum. Indeed, the average energy moves from 44 keV in the primary beam to 49
keV for the scattered field at 20° upwards from the patient, and to 58 keV at the exit of the
patient (in contact with the body) (field that is collected by the detector and is used for imaging).
The personnel are exposed to a lower fluence than that at tube exit, but to a higher photon
energy.
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Figure 2 - Energy spectra, from left to right, of incident, exit, and scattered X-ray spectra [21].

Available data on the characterisation of the primary beams is sparse, and a survey of the
literature indicates even fewer publications on direct measurements for the scattered radiation
field. The first measurements of the scattered radiation field were made in 1923 by A. Compton
[26] in order to prove its existence. The theory proposed by A. Compton was that scattered
radiation exists since each quantum of X-ray interaction in a material is scattered by an
individual electron [27]. Scattered radiations were obtained by recording the interactions of the
primary radiation with a crystal. These measurements, carried out with an ionisation chamber,
required a strong collimation of the beams and allowed spectra to be obtained without indication
of fluence, as relative measurements.

Subsequently, several studies have presented an assessment of the energy spectra of scattered
radiation around an X-ray tube using MC simulations [14-16]. This method is widely used to
model ionising radiation interactions in matter, the calculations of the scattered spectrum does
require a heavy computational power and often long calculation times to get enough statistics.
In addition, the filtering inherent in the tube is no longer a known parameter, making MC
simulations very delicate. However, the results of Zagorska et al. [28] make it possible to
compare spectra measured in primary radiation and spectrum estimated for scattered radiation,
for an inherent filtration of 3 and 4.5 mm of aluminium. McCaffrey et al. [29] investigated the
alteration of the spectrum of the scattered radiation through the protective gear worn by medical
staff. The study showed that the photon number is attenuated by 95% with 0.5 mm Pb equivalent
but with an alteration of the spectrum. It also presents a comparison of the spectra of the primary
and scattered radiation with results that are in good agreement with those presented by Zagorska
et al.
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Experimental verification of spectra simulated by MC code is a burdensome task, and few
articles provide details on the measurement constraints and challenges to be faced. In 1957
Cormack et al. [30] measured the spectra in the scattered radiation beam using a scintillation
spectrometer. The experimental setup required collimation of the detector directly connected to
the cylinder water phantom in order to measure the radiation scattered at very precise angles.
A very fine opening and a tin collimator were necessary. The fluence was reduced to the
minimum in order not to saturate the detector. Marshall et al. [31] measured energy spectra
using an HPGe detector for different positions of the tube; results are presented in Figure 3. In
addition to a lead collimation of the beam, and a large distance to the source, the detector
required cooling with liquid nitrogen. Photons can only enter the detector through a pinhole, in
order to ensure the reduction of the fluence to match the detector response and avoid spectrum
distortion due to saturation. Collimation allows only scattered measurements at very precise
solid angles, so an overall measurement of scattered radiation requires a very large number of
measurements for a given position. Bhat et al. [32] explained that the HPGe detectors must be
limited to 1500 counts/s in order to avoid pile up. Those measurements provide information
that help validate the shape of the spectra obtained through MC simulations but cannot provide
information on the fluence.

Figure 3 - Scattered X-ray spectra measured by Marshall et al. [31] with the X-ray tube under couch, for two different
geometries. — and --- represent, respectively, the spectra where the detector made an angle of 90° and 135 ° with the primary
beam.

1.4 Risk management tool

The risk management is driven by the knowledge of the effects of ionising radiation on the
human body and the environment. A keen understanding of the interaction mechanisms is
essential for assessing the risks associated with exposure to ionising radiation.
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Research programs in radiobiology and epidemiology surveys have contributed to the
development of models for evaluating the radiation-induced risks and establishing protective
measures. The aim of the models is to decrease the probability of stochastic effects to levels
deemed acceptable. The models that are used to define such limits have been developed on
available data sets. The main cohort is composed of the Hiroshima and Nagasaki population
[33,34]. Additional data comes from the epidemiology studies of astronauts exposed to cosmic
radiation, of workers and the population affected by the Chernobyl accident, or the radium girls
who were exposed via radioactive substance intake when painting the dials and hands for the
watch industry [35-37]. The limits are constantly re-evaluated to adapt protection in accordance
with any knowledge of possible health effects. A better understanding of the effects of ionising
radiation on the organism and organs led the ICRP to revise the dose limits both for the general
public and for workers on several occasions [38]. These limits have been regularly lowered
both for the effective dose and for organs that were previously thought to be less sensitive to
radiation, as was the case recently for the eye lens [39].

The occurrence of opacities in the eye lens have been investigated in several domains [5-8,40-
42]. Based on these results, the ICRP decided to lower the dose limit for the eye lens in 2011,
making it equal to the annual dose limit for the whole body [39]. The new limit value raised
many practical questions along with new challenges for dosimetry. Indeed, before this change,
dosimetry management of eye lens exposure was not directly measured. As the former limit of
150 mSv was well above the limit of 20 mSv for the whole body exposure, there was a general
consensus that respecting the effective dose limit using a routine personal dosimeter worn on
the chest would implicitly result in respecting the dose limit to the eye lens.

For the few workers who came close or exceeded the 20mSv value measured with their personal
dosimeter worn at chest level over the apron, this change led to several questions: Is it possible
to use current personal dosimeters that are calibrated to measure deep and shallow dose
equivalent and extrapolate those values to estimate eye lens exposure? Is it necessary to create
a new operational quantity to monitor eye lens exposure? In the specific case of the medical
staff working in an IR suite and exposed to a heterogeneous radiation field [43], is it possible
to estimate the eye lens dose with a single dosimeter worn on the chest? Working groups have
been created in Switzerland and across Europe to investigate these questions and propose
strategies. Furthermore, the impact of the use individual protection gear such as protective
glasses should be taken into account for the appropriate estimation of the eye lens dose and an
additional dedicated correction factor for goggles needs to be defined.

Risk management and identifying who are at risk of exceeding the annual limits require an

accurate dose measurement. The dosimetry management should evolve along with the new
recommendations and tools for dose assessment should be adapted to face these new challenges.
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The next section presents an analysis of the different type of detectors currently used by
dosimetry services.

1.4.1 Dosimeters

Two types of dosimeter technologies with complementary characteristics are commonly used
to monitor worker exposure: passive and active dosimeters. Passive dosimeters measure the
radiation dose integrated over a time interval. The dose is then determined by an approved
personal dosimetry service, i.e. the dose cannot be read directly from the dosimeter itself. In
many countries, the dose value from the passive dosimeter is considered the official or legal
dose that is counted for the period during which it was worn. Active dosimeters allow real-time
measurements with a direct display of the dose (or both the dose and dose rate) value. In
Switzerland, all requirements for establishing a dosimetry management program and
performing individual monitoring for external exposure are defined in the ordinances and
guidelines published by the authorities [44].

1.4.1.1 Passive Dosimeters

Among the different types of passive dosimeters that are used by the seven dosimetry services
in Switzerland [45], most of the systems are based on Thermoluminescent Dosimeters (TLDs)
representing the majority of the 97°000 workers whose exposure is monitored professionally
[46]. The operating principle is based on the fact that electronic excited states are created in
crystalline materials when exposed to ionising radiation. The electrons that are trapped in the
crystal lattice, are releasing their energy in the form of photons (light) when the material is
heated at a given temperature and heating ramp. The amount of photoluminescence is directly
proportional to the amount of radiation, that can be accounted as the dose. The principle is
illustrated on Figure 4.

Figure 4 - Diagram of the working principle of TLD dosimetry.

The material that is often used is Lithium fluoride doped with magnesium and titanium
(LiF:Mg,Ti) as it offers a good compromise for dosimetry, especially being tissue equivalent
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and easy to produce in a large scale at a low cost. The use of different types of Lithium ions
(Li6 and Li7) provides an additional interesting feature for dosimetry as it enables determining
the dose from neutron exposure.

The crystals are produced in small chips that can be placed under filters of different thicknesses
in order to obtain a rough spectral evaluation (depending on the number of chips and filters). A
specific algorithm is developed for each type of dosimeter design to process the collected data
from each chip and to calculate the operational dosimetry quantities Hp(10) (deep dose) and
Hp(0.07) (skin dose).

During the heating phase, the information store in the TLD chip is erased, and it can be used
again. The chip is considered as annealed after the first reading in personal dosimetry
applications. There is no possibility of a second reading.

TLDs measure photon energies from 20 to 10* keV. Although their energy response curve is
energy dependent up to 200 keV, an over response rate of 20% is recorded at 80 keV [47]. For
this reason, their calibration is carried out at higher energies (often with Co-60 or Cs-137),
where the response curve of the detector is stable. Recent work shows that the angle with which
the photons reach the dosimeters is important and its action cannot be neglected. Most radiology
rooms are equipped with an X-ray tube located under the table. The incidence angle of the
incoming photons would then be greater than 75 ° for different positions of the workers in the
room. In some cases, the photons would then not enter the badge dosimeters through the
windows provided for this purpose but through the lower part and the measured dose could be
wrong. Radio photo luminescent dosimeter can also be found, they are based on a silver doped
glass dosimeter, with non-destructive reading.

Table 1 — Advantages and disadvantages of passive dosimeters

Advantages Disadvantages
Easy to obtain dose Dose erased after reading (TLD)
Tissue equivalent Energy corrections
Reusable Angular correction
Cost effective No real-time reading
Handling

1.4.1.2 Active dosimeters

Active Personal Dosimeters (APD) (sometimes called operational dosimeters or EPD which
stands for Electronic Personal Dosimeters) provide a direct display of the cumulative dose
and/or dose rate and in most cases can be programmed with alarms. These features offer
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significant advantages compared to passive dosimetry. The user is aware of his exposure and
cumulative dose in real time. These devices can help local radiation protection experts better
analyse these parameters and optimize the work procedures in order to minimise the dose. In
the case of IR, they allow staff to adapt their work in real time, for example by readjusting the
radiation protection gear that may have moved during the procedure. Some of these dosimeters,
such as Dose Aware (Philips, Amsterdam, Netherlands), are used for pedagogical purposes to
train the staff and improve radiation protection awareness. The Dose Aware toolKkit is composed
of a base station and small Bluetooth connected badges. The staff can visualise the colour coded
(green, orange, red) real time information about the wearer's exposure on a control screen
visible by the whole team. Workers using this technology will immediately see the effects on
the dose rate and cumulative dose by using a protective screen or by positioning themselves
differently in the room. The information provided by the system may not be used as a legal dose
recording.

Whole body active dosimeters are commonly worn on the chest and give a dose or dose rate
information in terms of Hp(10) and Hp(0.07). They often integrate vibrating alarms, with audible
and visual signals. Active dosimeters can also be worn on the fingers to monitor extremity doses
in real time in order to minimise the dose to this part of the body, which is the most exposed
for an interventional radiologist. A novel example is the ED3 extremity dosimeter (John Caunt
Scientific Ltd, Lancashire, England) for eye lens dosimetry that is currently only monitored
passively with TLD’s.

These dosimeters are often based on diode semiconductor technology (see Part 1.6) and unlike
TLDs, this technology is not tissue equivalent and is more expensive. Because of its screen and
alarms, this type of dosimeter is a larger device compared to a passive dosimeter. Depending
on the model, data saved in the internal dosimeter’s memory makes it possible to analyse the
wearer's exposure time by time. Unlike TLDs, data are not deleted each time the dosimeter is
read.

These dosimeters are sensitive to a wide range of energy, from 15 keV to 7 MeV for example
for the DMC 3000, with a dose increment of 1 uSv [48]. They can therefore be used for a large
number of applications. However, some restrictions should be taken into account as the
literature has highlighted the rapid saturation and inaccuracy of some of these detectors when
used in pulsed fields [49]. Hupe's article supports this point by studying the influence of pulsed
radiation fields on measurements made with various active dosimeters; most of them present
an insufficient dead time correction [50]. Additionally, like for passive dosimeters, corrective
factors as well as angular corrections must be applied if they are used in conditions which differ
from the way and energies at which they have been calibrated.
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Table 2 - Advantages and disadvantages of active dosimeters

Advantages Disadvantages

Dose display in real time Energy corrections
Can be programmed with Alarms (sound or ~ Angular correction
vibrating)

Dose range from uSv to tens of Sv Expensive

Models with dose rate information Pulsed field dependant

Models with dose history over time

1.4.2 Operational quantities

The concept of risk management is based on the principles of radiation protection: Justification
of practice, Optimization of protection and safety, and Limitation of the dose. The annual limits
concerning the exposure of the public or workers with occupational exposure is given in terms
of effective dose for the (whole) body and personal equivalent dose for specific parts of the
body (extremities, skin, and eye lens) (Annex1). The effective dose was first introduced by the
ICRP to set limits for radiation protection purposes. It is a derived quantity or mathematical
construct and not a physical, measurable quantity. The formula for calculating effective dose to
a reference model incorporates terms to account for all radiation type [51,52]. Operational
quantities for individual dosimetry were introduced to relate the primary quantities (i.e.
effective dose and equivalent dose) to the quantities measured in practice with conventional
radiation protection instrumentation. They represent the equivalent dose in a tissue at a given
depth. The dose equivalent is determined for three depths: at 0.07 mm deep for skin, 3 mm deep
for the eye lens, and at 10 mm deep for internal organs and considered to be representative for
the whole-body dose.

The doses measured with active or passive dosimeters are counted in terms of operational
quantities Hp(d) which must then be linked to primary dosimetry quantities. As defined in
section 1.11.2 of the Swiss Ordinance on Radiation Protection (ORaP) "The personal dose
equivalent Hp(10) is used as an estimate of the effective dose. The personal dose
equivalent Hp(0.07) is used as an estimate of the dose to the skin and to the lens of the eye.
Alternatively, the personal dose equivalent Hp(3) may be used as an estimate of the dose to the
lens of the eye.” [10]

This simplified approach is valid when the recorded values remain below the legal dose limits.
When limits are exceeded, further investigations must be carried out. This is specified in
Section 2.4 of the ORaP “If the dose values determined [...] are above the relevant limits, then
the effective dose or equivalent doses for the person concerned must be individually determined
by a radiation protection expert, in cooperation with the supervisory authority, using calculation
methods and dose coefficients in accordance with the current state of science and technology.
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The value thus determined is decisive in establishing whether or not a dose limit has been
exceeded”. [10]

The current operational quantities defined on the International Commission on Radiation Units
and measurements (ICRU) 4-element soft tissue sphere offer a pragmatic and reasonable
approach to estimate the values of the operational quantities. However, they overestimate the
effective dose for external exposure to photons below 100 keV, by up to a factor of 5, as
illustrated in Figure 5 [53-56].

Figure 5 - Comparison of conversion coefficient hp(10) for photons [53-56].

A joint report from the ICRU and the ICRP on operational quantities for external radiation
exposure was released in 2017 [53]. This report suggests new operational quantities that would
provide a better estimate of the actual dose delivered to the body and therefore an enhanced
tool to manage the risk of stochastic effects. The proposed quantities are derived directly from
the characteristics of the radiation field using conversion factors, between the radiation fluence
and the effective dose. These factors have been calculated with Monte Carlo (MC) simulations
and mathematical phantoms. The proposed new operational quantities will have an impact on
staff exposure as there is a strong impact on the low energy photon range which is of interest
for medical applications (< 100 keV) [57]. The new effective dose value could be up to a factor
four lower that the present Hp(10) value. This new approach, which is still currently under
discussion, will affect routine radiation measurement practices in the medical field, and will
undoubtedly trigger the development of a new generation of instruments.
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1.5 Dosimetry surveillance

Dosimetry surveillance programs are regulated at the national level. Each country has its own
legal structure and laws in this area. The radiation exposure must be determined individually
over a given period for individuals with occupational exposure and this is the responsibility of
any contractor with professionally exposed employees. In the Swiss system, the ordinance on
personal dosimetry [11] specifies that the dosimeter should be worn at the chest level (or at the
abdomen level during pregnancy).

If the dose measured by the routine dosimeter is not representative of the effective dose of the
operator, i.e. in case of an inhomogeneous radiation field, the supervisory authority may request
the worker wear additional dosimeters. Similarly, hospital staff, who are working in the
immediate proximity of X-ray generators in IR theatres and wearing a protective apron, are
required to wear a second dosimeter. In Switzerland, the concept of so-called double dosimetry
was introduced in 2001 [58].

Currently, the equivalent dose to the eye lens is considered equivalent to the skin dose measured
by the dosimeter worn on the chest above the protective apron even though we know that this
equivalence has limitations [43]. Another possibility is to measure the dose directly with a
dosimeter carried as close as possible to the eye lens. A correction factor will be taken into
account if the workers are wearing protective glasses.

In terms of recommendations for the position of the dosimeter, or even for the type of dosimeter
to be used, the legislation is not harmonized between European countries [59]. Each country
has different practices. In Switzerland, the FOPH recommends wearing the personal dosimeter
on the chest, and imposes a double dosimetry for staff close to the patient, while France requires
staff to wear an additional active dosimeter in controlled areas (art R 4451 - 111 of the working
code [60]), and Germany requires staff to wear a single dosimeter under the apron. As for eye
lens dosimetry, Spain, Belgium and a majority of European countries recommend wearing a
thyroid dosimeter while double dosimetry is used in Switzerland [61].

A survey conducted by the European Radiation Dosimetry Group network (EURADOS) [49]
highlights a large disparity of practices in terms of where active dosimeters are worn by hospital
medical staff. The majority of hospital workers (53%) wear it above the apron at the chest level,
11% wear it at the neck level, 11% on the waist, and 16% wear it under the apron.

Depending on the country, the doses measured with APD are counted in national dosimetry
registries or not. In France, this is declared together with passive doses in their national registry
called SISERI [62]. Whereas in Switzerland, actives doses are considered only as an indication
for the worker and used for optimisation, the dose records are not transferred into the National
Swiss dosimetry database. Moreover, there is no European consensus on the algorithm to be
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used to calculate the effective dose when using a double dosimetry system. At CERN, the active
dosimeter is mandatory to access to controlled area.

These differences in guidelines for dosimetry surveillance were further accentuated with the
appearance of new limits for the eye lens. There is currently no strict guidance on how to
address the challenges of efficiently measuring the dose to the eye lens. In Switzerland, the
equivalent dose to the eye lens is assumed to be the equivalent of the individual surface dose
Hp(0.07) measured by the whole-body dosimeter worn at the chest level (combined values of
the under and above dosimeter in case of double dosimetry). In the case of inhomogeneous
radiation fields when the dosimeter on the chest is not representative of the eye lens dose, the
supervisory authority may require staff to wear a dedicated dosimeter at the eye level on a case-
by-case basis. For France, a dedicated eye lens Hp(3) dosimeter had to be worn for each worker
of category A [63].

The evolution of dosimetric monitoring requires medical personnel to wear several dosimeters.
This is a daily challenge and a constraint for the staff. To avoid having medical staff wear
multiple dosimeters and address the uncertainties which arise from different dosimeter
positions, the PODIUM (Personal Online Dosimetry Using computational Methods) project
was launched within the framework of CONCERT: the European Joint Programme for the
Integration of Radiation Protection Research. The project investigates new ways to assess the
radiation exposure of medical staff using MC calculation based on motion detection and staff
tracking in the IR theatres.

Currently available commercial active dosimeters like the DMC3000 provide a dose and a dose
rate but the value displayed does not take into account the spectral information of the incoming
radiation. Those instruments will have to be resigned to comply with the recommendations of
the ICRU and ICRP and provide a dose calculated from the fluence and photon energy. Current
active and passive dosimetry are missing important information as they measure a dose which
does not integrate the energy spectrum. The need for a dosimeter able to measure both fluence
and energy is becoming more and more crucial now that the shortcomings of our current
dosimetry have been highlighted.

1.6 Hybrid pixel detector

To address the problems related to current dosimetry practices, this thesis focuses on a new
type of dosimeter based on the technology of a hybrid pixel detector (HPD). This type of
detector can record the following data for different particles: time of detection, spatial
distribution, energy information. Developed in 1980 at the CERN, it was used for particle
tracking in high energy physics experiments at the Large Hadron Collider (LHC) [64-66]. An
HPD is composed of two separate layers: the sensor and the electronic readout system. Each of
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these layers are produced and can be optimized separately. Each single pixel of the
semiconductor layer is connected to its own readout chip, the Application Specific Integrated
Circuit (ASIC), developed at CERN [67], and are assembled with a bump-bonding process.
When this project began, this stage of the Timepix chips was very delicate. This was not a mass
produced, commercially available system. Any error in this process and defect on the wafer
would automatically lead to a noisy or dead pixel that would have to be discarded from the
matrix.

The sensor layer can be made of different materials such as silicon (Si), Ge, gallium arsenic
(GaAs), Cadmium Zinc Telluride (CZT), CdTe, or diamond, depending on the application field
of interest.

Semiconductors require only a small amount of energy to create an electron hole pair (in Si 3.6
eV) which means that even a small energy photon can be detected [68]. The diagram of a
semiconductor is presented in Figure 6. When a particle crosses the sensor and deposits energy,
an electron-hole pair is created. The number of electron-hole pairs is dependent on the particle
and its energy, but also on the ionization energy specific to the sensor material. The current
applied through the sensor, called the bias current, allows the movement of electrons from a
lower potential to a higher one and creates an electric field. The signal obtained is proportional
to the number of electron-hole pairs and thus to the energy and the type of incident particles.

Figure 6 - Theoretical scheme of a semiconductor. Valence and conduction band are represented.

Each pixel of the diode structure bump bonds to a corresponding pixel on the readout chip [69].
Figure 7 represents a view of the architecture of a HPD, and a photo of bump-bonds.
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Figure 7 - Schematic view [70] of an HPD on the left, semi-conductor sensor connected to the readout electronic (ASIC) by
bump bonds. A picture of the bump-bonds is presented on the right.

When a particle crosses several neighboring pixels, a signal is generated in one and each of
them, creating a cluster of pixels. The charge sharing among the pixel boundaries must be
corrected (see Section 2.4.2). In order to record only the interactions due to radiation, the
threshold chosen must be high enough compared to background noise. This will be explained
in Section 2.1.

1.6.1 Timepix3

The Medipix collaboration was created in 1997 to explore the possibility of photon counting
X-ray imaging. Since then, four international collaborations have emerged, resulting in the
development of specific ASIC designs and detectors for a growing number of applications in
high energy physics, medical imaging, space dosimetry, material analysis, and education [71-
74]. This work focused on the use of the most recent chip developed at the time by the Medipix
framework at CERN [64], the Timepix3 chip with an embed general-purpose ASIC that can be
operated in several acquisition modes depending on the application.

This chip is composed of a pixel matrix of 256 x 256 square pixels of 55 um side; a large
number of small pixels enable a better tracking precision as well as high flux capabilities. This
HPD can be used both in Time of arrival (TOA) or Time-over-Threshold (TOT) mode. In TOA
mode, the arrival time of each particle is measured compared to the closing of the shutter. The
TOT mode makes it possible to estimate the energy deposition by measuring the time during
which the signal is above a given threshold. This mode will be further developed in Part 2.1.
Timepix3 is a driven readout, which means that rather than reading the entire image once the
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acquisition is completed, a data set that includes pixel coordinates, TOT and TOA is created
for each hit, and is sent directly out of the chip. This reduces the reading time and therefore the
dead times, meaning the chip remains active for a long period of measurement. The pixel dead
time due to pulse processing and packet transfer is 475 ns, with the signal collected in 10 ns
[68], leading to a maximum count rate of 85.3 Mhits/s/chip, with a minimum time resolution
of 1.56 ns.

Timepix3 works with the Pixet Software (Advacam, Prague, Czech Republic) which makes it
possible to modify the intrinsic parameters of the detector (threshold, Ikrum, etc) but also to
hide noisy pixels. The software has a real-time display of the measured spectra, and extracts
the data according to the chosen mode (TOT, TOA ...). As indicated in Part 1.6., HPD can be
equipped with different materials for the sensor. Timepix3 sensors are most often in Si, or
CdTe.

Figure 8 - Picture of the Timepix3 detector.

1.6.2 Advantages and disadvantages

The technology of HPDs are convenient for providing information on photon energy spectrum
and fluence. This tool is interesting for dosimetry and yet unmatched by any other detectors.

This technology offers a strong benefit compared to the current passive and active systems. An
additional interesting feature resides in the fact that the detection limits of HPDs can be very
low, down to 0.5 keV [75], compared to current dosimeters with an energy range starting, for
the best instruments, at 15 keV [48].
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Compared to other spectral detectors [17-24], the Timepix3 has the advantage of not requiring
beam collimation with heavy pinhole shielding. It can be used at any distance from the radiation
source in the scattered field and the spectra are obtained from the first seconds of measurement.

Besides these obvious advantages, the cost of the detector used in this study is quite significant
and it remains fragile. The Timepix3 is still undergoing R&D and the current model needs to
be cooled using a small portable fan. Its size, associated with the cooling system, and a high
voltage power supply currently prevent its routine use in a clinical environment. Collaboration
with the Medipix team, however, allows us to work on the detector in order to miniaturize it.

Table 3 - Advantages and disadvantages of Timepix3 HPD

Advantages Disadvantages
Fluence and energy spectra information No water equivalent
Real time reading Cost

Large dose range measurements Fragile

No calibration on phantoms Cooling system

Power supply

1.6.3 From spectra to dose

Dosimetry with spectral information obtained with the Timepix3 will take on its full extent with
the appearance of the new ICRU / ICRP factors based on fluence.

The measured fluence and energy spectrum are used to calculate the associated dose. The
measured spectrum is segmented into energy bins of 0.5 keV, then corrected for absorption
efficiency and for the pixel sharing effect (see part 2.4). Each corrected energy bin is multiplied
by the factors available in the literature [53].
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1.7 Goal of the PhD thesis

The results of the first article completed in the context of this work confirm that some of the
medical staff members are strongly exposed when performing image-guided medical
procedures. The experiment itself facilitated a better understanding of the challenges of
radiation protection in situations where other vital risk management has to be considered.

The second article included in this manuscript highlights the limits of current dosimetry and led
us to adapt a HPD developed by CERN for high-energy radiation fields (TeV to MeV) into a
spectral dosimeter for the medical community using fluoroscopy units where radiation energy
ranges from 30 to 120 keV.

The Timepix3 chip with a Si sensor layer was the best suitable available device at the start of
this work. After adapting this chip to the requirements previously mentioned (work in operating
room with fluoroscopy units) together with the team in charge of the development, the chip had
to be fully characterised. It was first calibrated with radioactive sources and fluorescence of
various metallic foils covering the energy range of interest for medical applications.
Measurements were carried out to compare the spectra obtained with those from the literature
or simulated by MC code. The proper functioning of the detector made it possible to validate
the proof of concept. The second part of the work focused on calculating correction factors
inherent to the detector or due to the variation of environmental parameters. Thus, the
absorption efficiency as well as the correction for pixel sharing were estimated. The effect of
changes in temperature, angle and detector illumination were also assessed.

The final part of this work focuses on the measurements carried out in a hospital environment
that enabled us to characterise the radiation field (fluence and energy spectra) at various
positions where hospital staff members stand around a patient during routine fluoroscopy
guided procedures guided. We created a fluence mapping in an IR room. In addition, we were
able to link the energy spectra measured with the detector to a dose.

This thesis lays the foundations for further developments of a novel dosimeter that would
provide a better characterisation of the radiation fields to which the medical team is exposed in
interventional radiology and cardiology. The outcome of this work could provide a way to
respond to dosimetric monitoring in line with the proposed new dosimetry operational
quantities. The results paved the road towards an active dosimeter using the HPD technology.
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2 Materials and method

As mentioned in the introduction section, the detectors of the Medipix family are designed and
developed from a wide range of applications. From LHC measurements to the space station as
well as medical imaging [64-66,72,74].

The relevant parameterisation and calibration of the detector is the responsibility of the user.
Discussions with the Medipix team at CERN resulted in the selection of the Timepix3 detector
as the best option for single-photon spectroscopy with relevant energy resolution for the
medical field (0-100 keV). One of the goals of this work was to assess the performance of that
detector in scattered radiation beams where radiation directionality is absent in comparison to
its use as an image detector. The Timepix3 ASIC was mounted on a 300 um thick Si layer and
was operated in a TOT mode.

The next sections detail those features, as well as the choice of the sensor material, and its
calibration, or the correction factors used for measurements.

2.1 TOT mode

The spectroscopic features of the Timepix3 detector rely on measuring the time the signal
remains above a given threshold. The higher the dose, the longer the TOT. Indeed, the
amplitude and the time width of the pulse produced by the interaction of X-rays with the Si
layer are proportional to the energy of the incoming photon. For each incident photon, a cascade
of electron-hole pairs (see Part 1.6) is created in the sensor layer. The applied electric field on
the sensor allows a fast drift of the cascade and a fast collection of the signal with low spatial
spread. During detector equalization, which occurs to avoid threshold dispersion, and affects
both the noise and the energy resolution of the full chip, a threshold is determined. The threshold
is set to eliminate background noise and takes only the photons originating from radiation
events into account.

In the TOT mode, the energy deposited is estimated by measuring the time during which the
signal is above a selected threshold. The counter of each pixel is incremented by one each time
the pulse exceeds the defined threshold and the amplitude of the signal is proportional to the
energy of the incident particle (Figure 9).

The TOT feature depends on the radiation fluence, as the probability of several incoming
photons on a single pixel increases, the pile-up probability increases as well. This phenomenon
can lead to an overestimation of the TOT. The signal of two particles can be summed if they
arrive in a too short lapse of time on the same pixel and the signal of the first particle had not
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yet decreased enough to fall below the set threshold (Figure 9). Timepix3 saturation is over 40
Mhits/s/cm?. The optimal response of the detector in a primary radiation beam, such as the one
encountered in the primary beam of radiological units, is then no longer guaranteed and will
require special data processing and corrections.

Figure 9 - Blue lines represent two signals with different amplitudes and their related TOT.

2.2 Sensor material

The selection of material for the sensor is a compromise between several factors, such as the
cross section, mechanical properties, availability, and price. This part will explain our choice
for a Si sensor.

The scattered energy in clinical conditions ranges from 20 to 100 keV. As seen Annex 2, Figure
29, for an energy of 50 keV, the photoelectric effect will be 10 times greater than the Compton
effect. However, around 100 keV, these two effects will start to compete with each other, with
a slight predominance of the photoelectric effect. This behaviour is illustrated Annex 2, Figure
35 for Si material. The importance of the predominant effect will enable an understanding of
the interactions within the detector to adapt the correction factors when necessary.

The predominance of the photoelectric effect compared to the Compton effect allows us to
know that if the particle interacts with the detector, its energy will be deposited at the position
of interaction. Even if an electron is created in the medium, this electron deposits its energy
locally, unlike the Compton effect where part of the energy can escape the detector medium
under the form of a scattered photon. This phenomenon leads to an underestimation of the
particle energy. This scattered photon can also remain within the detector medium but can also
interact in another pixel. The resulting information will be that the interaction of two photons
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of different energies have interacted with the sensors. This can be observed in the spectrum and
is called “Compton edge”.

One of the factors impacting the response of the detector is the probability of particle interaction
within the sensor. Figure 10 shows the absorption efficiency curves as a function of the photon
energy for different interacting thicknesses and materials. This graphic shows that the
absorption efficiency for Si drops drastically compared to Ge, GaAs or CdTe. Moreover, the
probability of fluorescence reactions depends on the chosen materials. Those fluorescence
photons can interact at other pixel positions than that of the incident photon. Spatial but also
energy information of the incident photon are then modified. Despite its low energy absorption,
the response of the Si detectors is quite stable since only 4% of the photons will lead to
fluorescence processes compared to 50% for GdAs or 80 to 87% for CdTe. In addition, the
average free path of a fluorescence photon is 10 um with Si compared to 110 um with CdTe,
leading to large spatial errors.

Figure 10 - Absorption efficiency of different materials (Si, GaAs and CdTe) for different thickness [76].

The graphics below (Figure 11) present a MC simulation using Geant4 of an ideal detector, for
Si or CdTe sensor of 500 um thickness. The simulation was carried out for 10° photons of 40
keV. On Figure 11 the Compton edge can be easily identified for the Si, and not on the CdTe,
where the visible peaks at low energy correspond to the fluorescence peaks of Cadmium and
Tellurium. In these ideal detectors, the energy resolutions are respectively 0.28 keV and 0.31
keV for Si and CdTe. In an actual detector this small difference would be masked by other
factors like the electronic noise of the detector or the charge sharing. However, a difference in
amplitude of the peaks can be noticed. This difference is due to the absorption efficiency of the
materials.
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a) Si b) CdTe

Figure 11 - Energy spectrum simulations with Geant4 for an ideal detector with Si (left) or CdTe (right) sensor.

Finally, Si was also chosen for the sensor because of its stability, in terms of production chain
and over time, which confers a high reproducibility of the measurements. Si sensors avoid
repetitive calibration and do require a detector restart before each data acquisition. In addition,
silicon is advantageous because it’s less expensive than cadmium or diamond. The Timepix3
detector used in this work was made with a 500 um layer of Si sensor. As developed in the next
section, the calibration of the detector includes the use of correction factors for absorption
efficiency and pixel sharing (see part 2.4).

2.3 Calibration

For this specific work, the calibration of the detector was done for beam energies ranging from
20 to 100 keV to match the scattered radiation characteristics found in hospital theatres where
fluoroscopy units are used.

At the time of our study, the Timepix3 chip was not commercially available. This means that
each chip may differ from one to another. Thus, before calibration, the proper functioning of
the chip had to be checked. Some chips might have been damaged due to previous uses or have
been improperly assembled. Some chips might also suffer from bonding defects, resulting in
noisy pixels that must be masked. However, if this problem is recurrent on the chip, the detector
becomes unusable. In such a case, even after a new calibration, the uncertainty on the
measurements remains significant. A chip can also present a break that is invisible to the naked
eye and induce an error on the measured spectrum. Manipulation error can lead to deteriorate
the chip in an a priori nonvisible way. Unfortunately, it sometimes happens that a defective chip
is not discovered until after the calibration measurements are completed. The calibration
process is thus time-consuming and the repetition of the calibration measurements, as well as
data analysis from three detectors was necessary before finding a functional one. However,
unless there is a major incident, once the calibration has been carried out, the detector usually
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remains stable. Fortunately, this can easily be checked thanks to the use of a known energy
radiation source.

The calibration process makes it possible to determine the response function of the TOT with
energy and thus convert the TOT values into energy. As each pixel has its own associated
electronics and behaves as a single detector, calibration must be performed individually for
each of the 65,536 detector pixels. Calibration is carried out with reference radioactive sources
or by measuring the fluorescence peaks of different materials. The energy spectrum that is
measured for the eight references listed in Table 4 by each single pixel was fitted with a
Gaussian function. Automatic data processing was made using Python codes. The median value
of the Gaussian distributions corresponds to the TOT of each material for a given pixel. Each
of these TOT values is then linked to the gamma energy lines of the radioactive source and to
the fluorescence energies of the reference materials.

Table 4 — Sources and metallic foils used for calibration and their corresponding energy:

Element Energy [keV]
Sources Pers o
Am-241 09.54
Ti 451
o Mo 17.45
Metallic foil Sn 25.20
Zr 15.75
Ar 22.16

Figure 12 shows the energy spectrum measured with an Americium source with a given single
pixel (at position 100,100 on the detector matrix). This spectrum provides the number of
detected photons as a function of TOT. The analysis of the Gaussian function gives a TOT
value of 51.6 A.U (arbitrary unit). This value will be related to the energy of Am-241 emission
that is at 59.5 keV. Figure 13 shows the calibration curve for the same pixel; the eight values
of TOT measured and related to energy. The curve responds to Equation 1. For each of the
65,536 pixels, the values a, b, c and d are extracted. Figure 14 represents Am-241 energy
spectrum once the calibration is performed, without sharing pixels or detection efficiency
corrections.
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Figure 12 - TOT spectrum for photon emissions of Americium-241 decay for pixel 100, 100. The TOT value of 51.6 AU
corresponds to 59.5 keV.

Figure 13 - Calibration curve.
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Figure 14 - In blue, energy spectrum measured for the photon of the Americium 241 decay. In red, simulated spectrum of the
Americium source. Light blue or light red curves represent the uncertainty.

f(x)=ax+b— dc

Equation 1 - Calibration function.

2.4 Data corrections

Data acquisition by the Timepix3 equipped with a Si sensor requires corrections for pixel
sharing and absorption efficiency.

2.4.1 Correction for pixel sharing

When a photon hits the detector, it can, in the simplest case, interact with one pixel and deposit
its energy there, or arrive at the border between several pixels (Figure 15). It is then necessary
to determine on which pixel the photon arrived and to recalculate its energy, which was divided
between several pixels. For this, it is necessary to take into account a very precise spatial and
temporal window, in order not to confuse the different events occurring on the sensor.

During calibration, only single pixel events were taken into account. In order to avoid
measurement errors and to remain in the same conditions as during calibration, all the data
collected during this work were in single pixel mode. A correction factor was calculated to
compensate for missing data. The “Pixet” software integrates algorithms capable of
representing TOT spectra, for photon hitting 2, 3, 4, ... pixels. This correction factor was
calculated directly by analysing these spectra and the single pixel spectra. The correction factors
are shown in Figure 16.
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2.4.2 Correction for absorption efficiency.

As seen in Annex 2 on Figure 35, the silicon absorption efficiency curve decreases rapidly with
the energy increase. Correction factors specific to the geometry of the Timepix3 have been
calculated by MC code for photons with energies ranging from 0 to 90 keV and are shown in
Figure 16.

A corrected and calibrated spectrum is presented Figure 17.

Figure 15 - On the left, a photon hit one pixel. On the right a photon hit four pixels, this led to a pixel sharing.
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Figure 16 - Correction factors for detection efficiency in blue, and pixel sharing in red.
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Figure 17 - Americium spectrum calibrated and corrected for pixel sharing and detection efficiency.



3 Results

3.1 Scientific publication 1: Eye lens monitoring programme for medical staff
involved in fluoroscopy guided interventional procedures in Switzerland

Paper I - Published in Physica Medica (January 2019)

The purpose of this study was to verify the monitoring method for eye lens dosimetry
established by the Swiss authorities. In 2011, the annual dose limit for the eye lens was lowered
from 150 mSv to 20 mSv. In order to control this new limit, Swiss authorities proposed to take
the dose using the operational dosimetric quantity Hp(0.07) measured at the chest level above
the lead apron as the value of the equivalent dose to the eye lens.

In order to verify this method, measurements were taken using an anthropomorphic phantom
under controlled conditions as well as measurements with volunteer surgeons from several
departments of CHUV, equipped with their routine dosimeters and with an additional specific
eye lens dosimeter.

The aim of the measurements under controlled conditions was to calculate several geometric
factors under specific position configurations, for given specialties. To this end, routine
dosimetry badges as well as individual TLD pellets were placed on an anthropomorphic
phantom representing the practitioner. A solid water slabs phantom was used to mimic an adult
patient who, when exposed to X-ray, generates a field of scattered radiation in the room. The
position of the tube and protective gear as well as the position of the practitioner were chosen
to be representative of the IR, surgery, and urology rooms.

The aim of the measurements in clinical conditions was to compare the values of the dose
received by the eye lens in terms of Hp(3) and the dose received on the chest in term of Hp(0.07).
The study of the ratio of these two quantities made it possible to check whether the compliance
with Hp(0.07) occupational exposure limits on the chest would systematically imply compliance
with the eye lens dose limit.

Results under controlled conditions showed an exposure gradient from the left to the right side
of the head at the front head level depending on the clinical specialty. The maximum dose was
identified on the left temple for diagnostic and IR and above the left eye for surgery and urology.
Measurements under controlled conditions showed that most of the doses measured on the
dosimeters worn at the chest level were higher than those measured at the eye lens level. This
is however not the case for urology, due to the specific X-ray tube position, which is, for
obvious reasons, above the patient’s couch. The measured eye lens dose may, in some cases,
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exceed the measured Hp(0.07) value at the chest level where the official badge dosimeter has
to be worn.

Measurements under controlled conditions showed that the body is exposed in an
inhomogeneous manner, and that the measurements between the different dosimeters give very
heterogeneous geometric factors. Measurements under clinical conditions showed that, except
in special cases, compliance with the dose limit in Hp(0.07) on the chest represents compliance
with the dose limit for the eye lens. However, if the dose is exceeded on the badge, there is no
way to estimate the dose received by the eye lens. Establishing an accurate correction factor for
a given person is highly complex and depends on many uncontrolled parameters. Thus, a
particular effort has to be done to lower as much as possible the eye lens dose using specific
protections.

The article highlights that the eye lens dosimetry is a great challenge. This article investigates
the limits of the current practice of staff dosimetry. Moreover, it gave us improved knowledge
about the scattered radiation field produced in operating theatres, thus providing ways to
improve exposure monitoring.
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3.2 Unpublished results: First energy spectra measurements with a Timepix3 chip for
clinical x-ray beam qualities.

After calibrating the detector, and in order to ensure the proper functioning of the chip in
conditions to be met in a clinical environment, measurements were carried out under controlled
conditions with a Toshiba KX0O-80G X-ray generator in the irradiation facility at the Institute
of Radiation Physics (CHUV), Lausanne.

3.2.1 Materials and methods

The scattered radiation field was generated by a water phantom placed on the irradiation bench,
5 m away from the X-ray tube. Several set-up conditions were used to provide reference beams
of interest for medical applications conforming to the International Electrotechnical
Commission standard from 60 to 120 kVp, and 10 to 160 mA, during 6000 ms. A first series of
measurements was performed with the Timepix3 chip placed on the water phantom, facing the
primary beam to test the detector response and pile-up effect influence in high flux conditions.
A second series of measurements was performed with the Timepix3 chip placed next to the
bench, 30 cm away from the water phantom at a 90° to the primary beam to test the response
of the detector in the scattered radiation field.

3.2.2 Results

Figures 18 and 19 represent the fluence as a function of the TOT at 60 and 120 kVp, and
different tube currents, respectively in the primary and scattered radiation. At this stage of the
study, the detector was not calibrated in energy. Figures 19 and 20 show the theoretical fluence
calculated at the level of the front face of the detector (red bars on Figure 19) and the measured
fluence with the Timepix3 chip (blue bar bars on Figure 20), respectively for the primary beam
and scattered radiations.

Figure 18 - Counts function of the TOT in the primary beam. Left graphic is for a peak voltage of 60 kVp and right graphic
for 120 kVp.
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Figure 19 - Counts function of the TOT in the scattered radiation field. Left graphic is for a peak voltage of 60 kVp and right
graphic for 120 kVp.

Figure 20 - Fluence of the primary beam measured (blue bar), and theoretical (red line), normalized for 10 mA. Left graphic
is for 60 kVp and right for 120 kVp.

Figure 21 - Fluence of the scattered radiation measured (blue bar), and theoretical (red line), normalized for 10 mA. Left
graphic is for 60 kVp and right for 120 kVp.
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3.2.3 Discussion

The spectra of Figures 18 and 20 show a first peak at 8 keV which corresponds to the
fluorescence peak of copper contained in the detector. The second peak corresponds to the
average TOT of the beam. In the primary beam spectra are similar to those for the beam quality
reference, RQR 5 [77].

It can be seen that the average TOT increases between the primary beam and the scattered
radiation. This is explained by a beam hardening in the water phantom. The TOT maximum
increases with kVp. Figures 19 and 21 reveal a lack of data in the primary radiation explainable
by the saturation of the detector over 40 Mhits/cm?/s. This problem does not appear in the
scattered radiation field where fluence is 100 to 1000 times lower compared to the primary
beam.

For this work, the detector was used in the scattered radiation field, thereby overcoming the
problems encountered in primary beams

3.2.4 Conclusion

Detector saturation in the primary beam induces a loss of fluence although the spectra shape is
preserved. Its use as a spectrometer would lead to an underestimation of the dose and a use as
such is not recommended. Its use in the scattered radiation field should thus be preferred. This
limitation does not apply when the detector is used as an image detector in an interventional
radiology use where dose levels are quite low from the fact that most of the primary beam is
absorbed within the patient. Using the detector for an X-ray tube voltage of 120 kVp with a
continuous tube current 10 mA at 5 m of the source in the scattered beam shows a data loss of
about 20%. To lower such a loss the detector was used with tube voltages around 80 kVp and
a continuous tube current of 12 mA. Such conditions ensure a data loss lower than 5%. The first
series of measurements did not show any pile-up effect, and the detector responded, as
expected, proportionally to the tube current. These first measurements validated the proof of
concept and confirmed the possible use of the detector to characterize scattered radiation fields
in hospital theatres.
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3.3  Scientific publication 2: Characterisation of the impacts of the environmental
variables on Timepix3 Si sensor hybrid pixel detector performance

Paper Il - Published in Nuclear Instruments and Methods in Physics Research
(November 2020)

Our aim was to characterise the response of the Timepix3 chip to various parameters of interest
for measurements in hospital theatres. The calibration and full characterisation of the detector
were carried out.

The calibration procedure was performed with reference radioactive sources and X-ray
fluorescence lines emitted by exposing several metallic foils to radiation.

The angular response of the detector was investigated over the range of -60° to +90° for the
horizontal and vertical axis using a source of Am-241 and Fe-55 sources. The temperature and
humidity responses were also investigated in a test chamber to control condensation in the
ASICS between 0° and 36°. Finally, the light response was investigated under different
intensities of continuous as well as pulsed light.

Measurements showed an angular dependence. The fluence provided by the detector is affected
in amplitude without noticeable modification of the shape of the spectrum. Angular dependence
is greater at low energy. The variation of the temperature modifies the measurement of the
fluence and causes a shift in energy on the spectrum. This energy shift implies a dependence of
the detector on the calibration temperature. In fact, an overly large temperature variation will
cause measurement errors on the spectrum. This error increases with energy.

On the other hand, the measurements have shown that for continuous light, the response of the
detector is not dependent on the luminance. In addition, the fluence is increased by 10% if the
light strobes. It is interesting to notice that the spectrum retains its shape but becomes noisier
and has a peaky appearance.

This study allowed to characterise the detector response to different physical parameter
variations and to determined corrective factors. Our results show that precautions must be taken
with regard to temperature fluctuations, but angular or light intensity variations are easily
corrected if light does not strobe.
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3.4 Scientific publication 3: Characterisation and mapping of scattered radiation
fields in interventional radiology theatres

Paper 111 - Published in Scientific Reports (October 2020)

This article presents the energy spectra measurements of the scattered radiation field for
different positions of IR staff members within the theatre, as well as a photon fluence map
across the theatre.

All measurements were performed using standard protocol set-up of the C-arm fluoroscopy unit
and at representative positions of each staff member during regular procedures. An
anthropomorphic phantom was used to mimic the patient who generates a scattered radiation.
A first series of measurements was performed on a volunteer person with the collective
radiation protection gear (such as mobile shielded panels and shielded table apron) used by the
staff. A second series of measurements was performed without any specific radiation protection
gear in 57 positions within the theatre with the detector set on a metal rod at four different
heights corresponding to the eye lens, the chest, the belt, and the knee of a 1.7 m reference
person.

As expected, due to their position around the couch, the radiologist is the most exposed person,
while the least exposed is the person standing at the patient’s feet. The radiologist is exposed
to a noticeable inhomogeneous exposure. The eyes are the least exposed and well protected
behind the ceiling-suspended lead glass screens. The rest of the staff experiences a more
homogeneous exposure. As expected with an X-ray tube under the couch, the strongest
radiation field is at the level of the knees.

The energy spectra at the four chosen heights are presented, showing a shift in mean energy
from head to toe for the staff standing close to the patient. To summarize the results, we created
a cartography of the photon fluence around the X-ray tube.

This article presents the fluence and energy spectra of the scattered radiation field at several
heights related to the position of medical staff within an IR theatre. This research also indicated
that the HPD would be an interesting pedagogical tool for training medical staff in real time,
and to better protect them. The results highlighted the non-homogenised radiation field on the
human body and therefore raised the question of the reliability of staff dosimetry when
dosimeters are worn at chest level.
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3.5 Unpublished results: Dose obtained from energy spectra

The aim of these measurements was to link the measured spectra to a dose, and to control
these results with existing detectors. The idea was to see the behavior of the Timepix3 HPD
as a dosimeter based on spectral information.

3.5.1 Materials and methods

A Toshiba KX0-80G (Toshiba, Tokyo, Japan) X-ray generator was used to expose a water
phantom placed on the irradiation bench, 2 m away from the X-ray tube. Several set-up
conditions were used to provide standardized reference beams (ISO 4037) of interest for
medical applications from 40 to 140 kVp, and 50 to 500 mA, for 500 to 1000 ms in order to get
about 0.5 mSv (Hp(10)) on each dosimeter.

Detectors were placed each in turn on anthropomorphic phantom, facing the water phantom
with a distance of 37 cm, perpendicularly to the primary beam. TLD, LiF: Mg, Ti were used in
the form of bands of four as well as a DMC3000 (Mirion, Montigny-le-Bretonneux, France)
and a DoseAware (Philips, Amsterdam, Netherlands) dosemeters. A Timepix3 (Medipix,
Geneva, Switzerland) HPD was also placed on the anthropomorphic phantom as well as a
Falcon 5000 (Mirion, Montigny-le-Bretonneux, France) to get spectral measurements. In
parallel, the raw spectra obtained with the Timepix3 detector were simulated by Geant4 MC
simulation.

The data obtained with the Timepix3 were corrected for sharing pixels and detector efficiency.
Finally, each 0.5 keV energy bin was multiplied by the corresponding correction factor for
photon to dose founded in ICRU and ICRP draft [53]. Each bin was summed up, thus obtaining
a dose.

3.5.2 Results

Figure 22 shows the simulation of the scattered radiation field around the water phantom. The
spectrum at the exit of the X-ray tube was simulated by MC code for an energy of 50 kV (Figure
23). Figure 24 shows the spectra in the scattered radiation field as simulated by MC code on
the Timepix3 detector, and measured by the Timepix3 detector at 100 kV, 500 mAs. Figure 25
represent the spectra measured by the Falcon 5000 and the Timepix3 in the scattered radiation
field at 40 kV, 500 mAs. Figure 26 and Figure 27 represent a comparison of the doses obtained
with the DoseAware, the TLD, the DMC3000 and the Timepix3 detectors, respectively for a
fixed value of the current intensity and then for a fixed value of the tube voltage.
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Figure 22 - Simulation of the scattered radiation filed in the room around the water phantom (in blue). The green cylinder
represents the anthropomorphic phantom.

Figure 23 - Simulation by MC code of the spectrum of the primary beam at the tube exit for 50 kV.
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Figure 24 - Simulation by MC code of the spectra on the Timepix3 detector without pixel sharing or detector efficiency,
correction in red. Spectra measured by Timepix3 in blue for 100 kV — 500 mAs. Light blue or light red curves represent the
uncertainty.

Figure 25 - Measured spectra by Falcon 5000 in red, and Timepix3 in blue for 40 kV, 500 mAs. Light blue or light red curves
represent the uncertainty.
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Figure 26 - Dose comparison between DoseAware (pink), TLD (green), DMC3000 (yellow) and Timepix3 (blue) detectors.
For different tube voltage, 500 mAs.
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Figure 27 - Dose comparison between DoseAware (pink), TLD (green), DMC3000 (yellow) and Timepix3 (blue) detectors.
For different tube current intensities at 100 kV.

3.5.3 Discussion

The simulated spectra of the primary beam was in good agreement with the spectra measured
by Fewell [21]. The measurements made with the Timepix3 were consistent with the MC
simulations and validated the spectrum obtained with the Timepix3 in the scattered radiation
field. The spectrum simulated and measured in the scattered radiation field peaked at 8 keV,
which does not exist in the simulation of the primary beam. This peak is due to the reaction of
the copper present in Timepix3, which creates a fluorescence peak at 8 keV. The spectrum
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measured by the Timepix3 is presented without correction for pixel sharing or detector
efficiency, so as to compare it to the one measured with the Falcon 5000 instrument which was
not calibrated for this purpose. Furthermore, only spectra for a voltage of 40 kV are presented.
Beyond that, measuring the spectrum by the Falcon was impossible due to the saturation of the
detector. As Cormack, Marshall, or Bhat et al. [30-32] a spectral measurement by the Falcon
would require a great collimation of the beam, thus preventing the obtaining of information on
fluence and therefore the impossibility of measuring a dose.

If DoseAware dosimeters are an easy to handle pedagogic tool, the dose measured by these
dosimeters is underestimated on average by a factor of two compared to the TLD. These
dosimeters tend to get in the stand-by mode if the wearers are stationary, and its response in
pulsed fields is incorrect. This is in agreement with the study published by Hope.O et al. [50].
The dose recorded by the Timepix3 is 1% to 35% higher than the one obtained with other
dosimeters. The Timepix3 might overestimate the dose, the dose calculation has to be further
optimise.

3.5.4 Conclusion

The measurements finalize the work of adapting a HPD into a dosimeter. The purpose of these
measurements was to link the spectra obtained with an HPD to a dose, and to make a
comparison with other dosimeters used frequently at hospitals. These measurements were
confirmed via MC simulations of spectra as well as a comparison of spectra obtained with the
Timepix3 and the Falcon used as spectrometers. The Timepix3 HPD seems suitable for
dosimetry purposes. This dosimeter based on spectral information should respond to the ICRP
and the ICRU requirements.
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4  Discussion

This PhD thesis work focused on the adaptation of an HPD to a dosimeter based on fluence and
energy spectra information in hospitals theatres.

The first study for this work was conducted with the support of the FOPH and confirmed that
it is possible, for a large majority of cases, to use the routine dosimeter worn on the chest level
to ensure that the equivalent dose to the eye lens remains below the annual limit. Respecting
the 20 mSv limit with the Hp(0.07) dose measured with double dosimetry does ensure a respect
of the annual eye lens dose limit, but does not provide an accurate dose assessment. The results
also show a large variation between the values measured by the routine badge dosimeter and
the specific dosimeter placed near the eye lens, drawing attention to an inhomogeneous
irradiation of the body. The first part of the article supports the fact that an international
comparison of doses is complicated in view of the disparate legislation between countries [59].

The measurements in clinical conditions show that for IR, angioplasty, surgery and pain
treatment services if compliance with the whole-body dose limit is respected on the badge, then
it will be also respected for the eye lens. On the other hand, the urology practice showed
numerous measures where the dose to the eye lens was greater than the dose to the whole body.
For this specialty, compliance with the dose to the whole body does not ensure compliance with
the dose to the eye lens.

The great disparity in ratios, for a given service or even for a given practitioner, does not make
it a useful tool for estimating the eye lens dose from the badge data. Thus, when the whole body
dose is exceeded, it will not be possible to know the dose received by the eye lens.

The fact that the measured equivalent dose is close to the annual limit for a non-negligible
fraction of staff in IR indicate that there is a need for an additional specific dosimeter. Alongside
this clinical observation, both the ICRU and the ICRP have proposed introducing new
dosimetric quantities based on the radiation fluence. Several working groups emerged across
Europe and are running projects to design new dosimetric monitoring methods.

To address this need for a dedicated dosimeter and the adaptation of the dosimetric quantities,
we propose using an HPD working in the single-photon counting mode.

In order to verify the possibility of using an HPD in a medical environment, the initial phase of

the project was to perform the first measurements with a Timepix3 using reference beam
qualities. Spectra obtained without correction (for detector efficiency or sharing pixel) are in
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agreement with spectra simulated by the MC method before any correction. This study has
shown that the Timepix3 has many advantages compared to commercially available spectral
detectors. HPGe detectors require strong collimation [30-32]. These detectors also require
cooling with liquid nitrogen, and a great distance from the radiation source in order to lower
the fluence on the sensor. The Timepix3 does not require any collimation in the scattered
radiation, that would later affect the measurement of the fluence. This advantage makes it
possible to capture photons having different solid angles and enables us to consider the
Timepix3 as a spectral dosimeter. Measurements in the scattered radiation field show that with
the energies of the medical environment and the fluences present in the IR theatre, the detector
may be fully operated even close to the radiation source, unlike the HPGe detector. Like the
HPGe, the Timepix3 detector requires a cooling system but a small fan is enough to dissipate
the heat created by the chip, and keep it at a stable temperature. The measurements done during
the initial stage validate the proof of concept. The analysis was performed using the TOT
information.

This first series of measurements proves that the Timepix3 allows spectrum measurements in
primary and in scattered radiation fields. However, the primary radiation field brings the
detector to saturation and no longer allows a correct measurement of the fluence even if the
spectra shape is respected. An evolution of the ASIC in order to take into account a greater
number of hits per cm? per second, would allow to use this detector in the primary radiation
field, and to obtain spectral information directly at the exit of the tube for example. In addition,
this detector could be used for pulsed field measurements since its data integration speed is
higher than the pulse used in the IR room.

Moreover, the material used for the sensor could be adapted for a future detector. Indeed, the
choice of Si was made here to guarantee greater stability of the detector and avoid photon escape
by fluorescence. A CdTe sensor would allow an absorption efficiency of 87% at 60 keV against
4% for Si. The choice of the materials will have to be studied since if the choice of a CdTe
sensor had to be made, the algorithm for calculating the reconstruction of the photon energy
will then have to be increased to compensate for the 80 to 87% photon loss by fluorescence
compare to 4% for Si.

The second step of the project was to calibrate the detector to be able to measure the energy
spectrum and to do a full characterisation of the detector to understand the response in terms of
heat, light, energy, and angle. The HPD used in this study is calibrated for an energy range from
2 keV compare to 16 keV for dosimeter actually used in hospital.

The third article of this thesis work demonstrated that HPDs like the Timepix3 allow to
characterise the scattered radiation field in an IR theatre. The first results presented the energy
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spectra of the scattered radiation field at the positions where the medical staff stand in an IR
theatre. The MC simulations of the scattered radiation requires a good knowledge of the primary
X-ray beam and the geometry of the theatre. The type and amount of filtration used in recent
radiological installations are not well documented. Experimental verification of simulations is
therefore crucial. The results that were obtained in the present work confirmed that personnel
exposure is strongly inhomogeneous near the X-ray source and smooths out the further one is
from the source. These results also enabled us to identify a shift in energy from head to toe for
the person standing near the patient.

Our presentation of these results to the medical team reinforced their awareness of radiation
protection. This study included creating an exposure map in the theatre at four heights: at knee,
belt, chest, and eye lens level.

The energy spectra obtained in the room also demonstrated the need for an energy correction
suitable for currently used dosimeters. Using the Timepix3 as a dosimeter would overcome this
type of dependence.

The detector in its current composition can be used to make spectral measurements in theatre.
However, this process is still time consuming. The validation of the concept allows to work
with the Medipix and KT collaboration to develop a new detector, more compact, lighter and
no longer requiring cooling. This future detector could thus be used as a personal dosimeter, or
even be integrated into protective glasses, which is not yet possible at present. The coupling of
the ASIC to a wireless communication system would allow data analysis in real time and guide
the medical team during their procedures for protective purposes.

A team works in parallel on a detector call Dosepix, which is part of the Medipix family [78].
However compared to the Timepix3, this detector has a matrix of only 16 x 16 pixels against
256 x 256 for the Timepix3, and the energy spectrum can only be obtained for 16 energy bins.
As the Dosepix is more compact, the future detector could be adapted according to this model
by keeping a fine matrix to allow an energy spectrum with energy bin of 1 keV.

The last part of the project aimed at calculating the dose from the energy spectra obtained with
the Timepix3 detector. A comparison with other active and passive dosimeters validated the
functioning of the Timepix3 as a dosimeter.

Finally, the Timepix3 HPD meets the needs of the ICRU and the ICRP for fluence-based
dosimetry. We presented the results of this work to EURADQOS’s Working Group 12, which
focuses on fostering initiative and contributing to innovations and improving patient and staff
dosimetry assessment.
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5 Conclusion

In the context of the impact analysis while reassessing the risk factors for cataract induction
during chronic exposure to ionizing radiation, it appeared that the medical situation posed a
problem. The risk management faced new challenges for certain health professionals. Indeed,
although the previous annual eye lens dose limit was unlikely to be exceeded, even for
professionals performing many procedures under fluoroscopic guidance, the new limit was
critical in particular for radiologists or cardiologists performing therapeutic procedures. The
first study carried out as part of this work confirmed this fact and also highlighted that urologists
are at risk as they use a particular geometry with an over-couch X-ray tube during their
endoscopic surgery requiring fluoroscopy.

In this context, academic societies recommend a significant improvement of the dosimetry for
the personnel who must stand close to the patient and the fluoroscopy equipment. This applies
to radiologists, cardiologists as well as all the personnel working in the operating theatre since
many surgical procedures require the use of X-ray equipment.

On the one hand, improving dosimetry requires developing a strategy which enables an
efficient, yet pragmatic, surveillance of the professionals, and on the other hand, improving
how dose is estimated based on physics and the spectral characteristics of the scattered radiation
field. In Switzerland, it was first proposed to estimate eye lens exposure using the values
obtained from values reported by the personal dosimeter worn on the protective apron at chest
level. Our measurements, as well as a review of the literature, show that, in general, this
approach is conservative except for some categories of professionals, such as urologists, where
this evaluation can underestimate the doses received by the eye lens. A working group of the
Swiss Society of Radiobiology and Medical Physics is currently working on the possibility of
introducing correction factors for each category of personnel to improve the estimation of the
dose to the eye lens by the dosimeter worn at chest level. The heart of the work carried out
within the framework of this thesis concerns this part.

Determining X-ray energy spectra remains cumbersome and a true challenge since
commercially available detectors are not adapted for the specific environment and cannot cope
with the instantaneous fluences involved with fluoroscopy equipment. Furthermore, they are
often fragile and must be operated with an associated cooling system, which limits their use in
a medical context... The aim of this work was to investigate whether a HPD detector developed
by the high energy physicist community at the CERN, initially for identifying trajectories of
charged particles and then adapted for photon counting imaging, could be transfered to the
medical field and provide a valuable breakthrough in hospital radiation protection and medical
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physics. The first phase of the work was done in collaboration with the CERN Medipix team to
select the appropriate sensor material for the energy range of interest. The second phase focused
on the full characterisation of the detector's performance when measuring X-ray energy
spectrum for relevant beam qualities. The results obtained show that the detector is suited to
the problem of improving dosimetry surveillance. Finally, in the last phase, the detector was
used in a clinical context to verify that it was compatible with the instantaneous fluence levels
encountered in medical theatres where fluoroscopic-guided interventions are performed. This
last work demonstrated that the shape of the spectra differs slightly from spectra found in the
literature, published many years ago based on MC simulations. The results indicate notable
variations of the energy spectrum and fluence within the theatre depending upon the position
where the measurements are taken.

Thus, the objective of the work, which aimed to better characterize the spectra of scattered
radiation field near a patient exposed during a procedure guided by radioscopy was achieved.
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6 Perspectives

The proof of concept for the use of the Timepix3 to characterise the scattered radiation field
generated by a patient during a fluoroscopy examination has been achieved. The results show
that the detector calibration curve is similar to those published by Burian et al. [79], in spite of
the fact that the relationships are detector specific. One of the advantages of the Timepix3 is its
sensitivity to low energy photons when compared to other options. It can provide data from 2
keV as opposed to 16 keV for other dosimeters, which makes it a promising tool for dosimetry.
During this study, the Timepix3 was also used to assess the effectiveness of the radiation
protection means (leaded screen and leaded table shield) available for the staff in hospital
theatres. As expected, a dose reduction by factors in the range of 100 was obtained, and the
beam hardening effects produced by those protective devices could be clearly observed. The
presentation of the results to the medical team helped raise their awareness and improved their
understanding of the radiation protection options available for ensuring their safety. This means
that the Timepix3 could be used not only to characterize spectra but also as a pedagogical tool.

The last series of measurements enabled us to improve the dose estimation in a representative
radiological scattered radiation field using the energy spectra data collected. Comparisons with
other active and passive dosimeters (such as DMC3000 or TLDs) have shown that the doses
obtained with the Timepix3 led to slightly higher values (in the range of 10%). This result
shows that current dose estimations are reasonably precise and generally do manage to protect
the staff but there are ways to further improve the present situation.

Timepix3 HPD meets the requirements of ICRU and ICRP concerning the fluence-based
dosimetry. Working group 12 from EURADOS is already interested in the measurements made
with this specific dosimeter. One of the next challenges will be adapt the present ICRU and
ICRP converting factors with the actual data provided when taking advantage of the spectral
data provided by such a detector.

During our study, we mainly focused on the eye lens exposure and characterised scattered
radiation around a patient imaged with a fluoroscopy unit aiming at improving the absorbed
dose quantity. Taking into account the clinical context where dose limit can be easily exceeded
this appeared to us quite an important matter. The improvement of the effective dose delivered
to the staff using ambient spectral data when dealing with the dose monitoring over and under
the lead apron with appropriate dosimetry would improve the scientific rational of the staff
monitoring.
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a working group of the European EURADOS network indicates though
that the best position for eye lens routine dosimetry is as close as

LCaill WU 1UTIHULY LI SCLLULD LULILELLCU Uy Qil CAUG UUSLILIELEL, dPTuiiic
for eye lens dosimetry, at the Lausanne University Hospital (CHUV).
This study is based on the measurement of the operational quantity
H,(0.07), measured with the whole body dosimeter. A first series of
measurements was done with phantoms, under controlled geometrical
conditions, (i.e. specific X-Ray tube position, and define radiation pro-
tection gears) choosing the best representative conditions for each
given medical speciality. These measurements are important to esti-
mate the correction factors to be applied between dosimeters worn at
several positions in static conditions. A second set of measurements was
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2. Materials and Methods

2.1.2. Eye lens dosimetry

When using H,(0.07), measured with the dosimeter worn on the
chest over the apron to estimate the eye lens dose, the local radiation
protection expert must determine an individual correction factor if
protective glasses are worn. This correction factor needs the consent of
the supervisory authority and is then communicated to the individual
dosimetry service in order to calculate the dose to the eye lens from the
formula below:
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figures, points represent the atypical values (values greater than 1.5
times the height of the box).

For departments of diagnostic and interventional radiology, angio-
plasty, surgery and pain treatment centre, the median values of k are
under the unity which indicates that the dosimeter placed on the chest
over the lead apron receives a higher dose than the one situated near
the eye lens. The urology department presents a maximal value above
one, whereas the median value is close to one, while remaining lower.

4. Discussion

Results obtained with the strips positioned on the forehead of the
phantom clearly indicate an asymmetric dose gradient with a maximum
on the left side of the skull for diagnostic and interventional radiology,
and a maximum dose above the left eye for surgery and urology. The
dose distribution can be explained for each service by the position of
the phantom towards the X-ray tube and the orientation towards the
patient. This support the work of S. Principi et al. [38]. As shown
Table 4, measurements under controlled conditions indicate that Do-
siris dosimeter underestimated the dose received by the eye lens by a
factor 1.48 in the worst case for surgery.

The doses measured with the TLD pellet show a good correlation
between the dose obtained on the eye, A.2 and A. 3, and the one above
the eye TLD 12 and TLD 8 respectively, on the forehead. This indicates
that a dosimeter worn on the forehead, above the eye, would be ap-
propriate for a measurement of the eye lens dose. This approach how-
ever faces the reluctance of physicians to wear an additional dosimeter
on their forehead on a routine basis. Physicians are yet willing to join
occasionally dedicated specific studies.

The Swiss approach requires no modification of the existing per-
sonal dosimetry system. An alternative option based on the possible use
of an active personal dosimeters requires an adequate training of the
staff and more complex data acquisition systems and data analysis
treatment tools [39,40]. This approach is though an interesting alter-
native and could be used in the future.

The difference of the k value measured on the phantom and the
median k value obtained with the medical staff during clinical proce-
dures is below 20% for both diagnostic and interventional radiology
and surgery services. The difference is less than 23% for the urology
service. This indicates that the local radiation protection team may
estimate the eye lens dose when new procedures are introduced as well
as the efficiency of protective gears with phantom-based measurements.

The ICRP recommended wearing an additional dosimeter at collar
level and above the thyroid protective collar [41]. The recommendation
was also made by the Eurados working group [17]. Our results in
controlled conditions support this recommendation and indicate that
the dose values measured on the thyroid level are closer in absolute
value to those measured by the Dosiris dosimeter than the dose values
measured with the badge placed on the thorax. However, results sum-
marised in Table 4 show a large variation of the ratio collar dose on eye
lens dose. Doses measured at the thyroid may be lower than the eye lens
dose measured by the Dosiris dosimeter. Indeed, a ratio of 3.14 is ob-
served for the diagnostic and interventional radiology. This difference
could be explained by the choice of the different radioprotection gears
in the theatre. This indicates that the measurement on the thyroid
cannot be used on its own to ensure the respect of the dose limit on the
eye lens and requires the determination of a correction factor to cor-
rectly assess the eye lens dose [17,42]. An article of Tom Jupp et al.
[43] goes in this direction, they found a ratio between eye lens dose and
collar dose above one for nurse and radiographer in cardiology. A limit
not to exceed on the collar could be set to ensure compliance with the
dose limit to the eye lens. However, with the Swiss approach, even
though we can’t provide a very accurate value for the eye lens dose, we
make sure that the limit is not exceeded. Doses measured by the stan-
dard routine procedure, i.e. with an additional dosimeter on the chest
level and above the protective apron, may also, albeit seldom, be lower
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than the eye lens dose measured by the Dosiris dosimeter. Besides, this
approach gets the slight advantage that it does not require any change
from the user, as s/he can continue to wear the dosimeter on the chest
as s/he is used to do for the double dosimetry that is now in practice for
many years in CHUV.

The k ratio remains below unity for services of diagnostic and in-
terventional radiology, angioplasty, surgery and the pain treatment
centre, and indicates that a dosimetric surveillance based on the routine
dosimetry can ensure the respect of the eye lens dose limit as long as the
cumulative H,(0.07) is below 20 mSv per year. This observation is
consistent with the Yoshihiro Haga et al. conclusion’s [44], but also
with the results of Alejo et al. [45] who found a factor of 0.33 and 0.40
in paediatric interventional cardiology. Only one practitioner in the
surgery service had a ratio above unity, and this was explained by the
fact that s/he informed that s/he forgot to wear the routine dosimeter.
This shows that in practice the constant wearing of two dosimeters is
problematic and cannot be guaranteed. Moreover, the last ratio Table 4
(left eye/H,(0.07)) always below one, although impossible to test in
clinical condition, support the fact that the routine chest badge would
be an appropriate dosimetry to verify the respect of the eye lens dose
limit.

A large variation of the k factor can be observed between staff
members within a given service. For instance, a ratio of 0.06 is found
for a given surgeon in the diagnostic and interventional radiology ser-
vice, while a ratio fourteen times larger, 0.86, is found for another
surgeon over the same period. This variation can also be seen with the
wide spread of the box plot for some physicians on Fig. 9.

Furthermore, a large variation of the k factor can be observed for a
given physician over the time (Fig. 8). For instance, the k factor cal-
culated for physician number 6 of the diagnostic and interventional
radiology service spans from 0.06 to 0.56 for the four months period of
this study.

The median value of the k factor for the urology service is close to
unity (0.89) while it is below 0.5 for the four other services. This value
is consistent with the dose ratio of 0.9 * 0.4 reported by Medici et al.
[46], and higher than the dose ratio of 0.5 *+ 1.2 reported by Vano
et al. [33]. The higher value of the k factor in urology can be explained
by the specific configuration of the procedures with the position of the
x-ray tube above the patient, witch is also clearly specify for Medici
et al.

The use of lead glasses would help, despite a factor k sometimes
greater than 1 in urology, compliance with the eye lens dose limit.
Indeed, their effectiveness makes it possible to reduce the dose received
to the eye lens by a factor 3 to 7, depending on the model [47,42].
Moreover, Principi et al. [38] showed that depending on the position of
the practitioner, the dose to the eye lens could be reduced. In the same
way, the use of lead screen as ceiling suspended, according to the
ORAMED project [42], can reduce the eye lens dose up to 90% for a
wearer of lead glasses.

Although conducted conscientiously, this study presents some lim-
itations. Firstly, measures were carried out only in a single hospital, and
did not include all the trades working with ionising radiation. Secondly,
the data were only collected on 21 workers and over a period of
4 months. Finally, as the scope of the study was to collected data during
routine intervention, the effect of the radiation protection gears was not
measured separately.

5. Conclusion

These measurements under routine conditions with a typical clinical
workload indicate that the determination of an average correction
factor to correctly assess the eye lens dose from a dosimeter worn on the
chest is complex. High variations on the correction factors are obtained
coming from the high dependency of these factors on the type of pro-
cedures, personal habits, the precise position of the routine dosimeters
and the use of addition radiation protection gears. It is thus not possible
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to accurately estimate the received dose to the eye lens from the routine
dosemeter placed at the chest level over the apron measuring the
quantity H,(0.07). However, the study showed that for services with a
standard configuration, (i.e. the X-ray tube placed under the patient) it
is possible to use this routine dosemeter to verify the respect of the eye
lens dose limit. In other words, the respect of the routine dose limit
H,(0.07) measured with double dosimetry ensures the respect of the
annual eye lens dose limit. Contrariwise, in some fields of activity, such
as urology, more in-depth studies will have to be carried out in order to
find a way to ensure compliance with the lens dose limit without pro-
tective eye wear gears.

Our study confirms the validity of the Swiss approach for eye lens
dosimetry. Nonetheless, if the annual dose limit on the badge were to be
exceeded, there is as yet no reliable means of calculating the dose re-
ceived by the eye lens. In fact, in the absence of a dedicated dosimeter,
close to the eye lens, Switzerland will face the same challenges as its
European partners for a precise measurement of the dose to the eye
lens. Our study also confirms that eye lens dosimetry poses a major
challenge for the years to come both in metrology and operational ra-
diation protection, as also shown by Zagorska et al. [48]. It must be
noticed that the new dosimetry ordinance accommodates these lim-
itations by giving the supervisory authority the possibility to demand a
dedicated eye lens dosimeter when measurements with the routine
dosimeter aren’t suitable to monitor the dose limit.
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PAATE MULLLLULL S50 DLW TTUU CUAIMML ISR LU MDA MM VAIMEMLACE UL LS SVUPUAIUL Vi v A iiivpias paivaovis

counting hybrid pixel detector. The goal was also to determine the impact of the angular variation of the
detector to the source, of temperature change, and of ambient or strobe light on the on the detector response
(measured fluence and energy spectrum). The impacts were studied using X-ray fluorescence lines, as well
as Am-241 and Fe-55 radioactive sources. Angular variation measurements indicated angular dependence.
This dependency increased with the angle and increased with lower energies. A decrease in fluence of up to
98.4% was recorded for Fe-55 (5.89 keV) and 43.1% for Am-241 (59.56 keV) at an angle of 90°. Temperature
measurements showed a 4% decrease of photon count when increasing the temperature from 10 °C to 36 °C.
Energy spectra were shifted to lower energies when the temperature increased. Measurements with variable
light intensities showed no variations in terms of fluence or energy spectra. However, if it was a strobe light,
the fluence was overestimated by 10% and the spectral shape presented an additional artefactual peak around
3 keV. To restrict the variability of the detector response and avoid a time-consuming calculation of the error
factor, due to the detector’s temperature variation, we showed that it is necessary to keep the measurement
temperature as close as possible to the temperature at which the calibration was performed. We also discovered
the necessity of focusing on other relevant parameters such as the effect of the ambient light level or the angle
of incidence of the X-ray beam impinging the detector on the detector response. This enabled us to propose a
set of correction factors that can be used for other applications.

1. Introduction

These detectors cover a wide range of applications. They are currently
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Fig. 10. Photon count ratio as a function of the temperature.

received by the chip with the Fe-55 is maximum for an angle of 0° and
decreases to reach only 1.6% at +90°.

3.4. Temperature
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intensity from 0.8 to 9000 lx, the last column represents a pulsed
light with an intensity range from 0 to 5700 Ix. A maximum photon
count number difference of 0.6% was observed between the different
continuous light measurements. While a 10.5% difference was observed
between the photon count number obtained with various continuous
light and pulsed light. Bias current increase with light intensity.
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radiation source or the main field lines, and it is better to use a constant
light level during the whole measurement period. Although for these
parameters, correction factors can be easily deducted from this article.
Should measurements be performed over a long period facing a variety
of environment conditions, correction factors must be applied to the
raw data. The Timepix3 chip can be used in a restricted angular range
at low energies.
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Characterisation and mapping
of scattered radiation fields
in interventional radiology theatres

M. Nowak?**, P, Carbonez*3, M. Krauss®*, F. R. Verdun? & J. Damet%23

We used the Timepix3 hybrid pixel detector technology in order to determine the exposure of

medical personnel to ionizing radiation in an interventional radiology room. We measured the energy
spectra of the scattered radiation generated by the patient during X-ray image-guided interventional
procedures. We performed measurements at different positions and heights within the theatre. We
first observed a difference in fluence for each staff member. As expected, we found that the person
closest to the X-ray tube is the most exposed while the least exposed staff member is positioned at the
patient’s feet. Additionally, we observed a shift in energy from head to toe for practitioners, clearly
indicating a non-homogenous energy exposure. The photon counting Timepix3 detector provides a
new tool for radiation field characterisation that is easier-to-use and more compact than conventional
X-ray spectrometers. The spectral information is particularly valuable for optimising the use of
radiation protection gear and improving dosimetry surveillance programs. We also found the device
very useful for training purposes to provide awareness and understanding about radiation protection
principles among interventional radiology staff.

Proper evaluation of worker exposure is a major issue and current challenge in radiation protection. The effec-
tiveness of worker protection greatly depends on an understanding of the radiation field to which the staff is
exposed. A radiation field can be described by fundamental physical quantities: the particle fluence and the
energy spectrum. Besides physics, evaluating worker exposure is based on current knowledge of the biological
effects of ionizing radiation. The concept of equivalent dose for any given organ and effective dose was introduced
for risk management purposes as well as to establish annual dose limits'. The effective dose cannot be measured.
The calculation of the effective dose integrates factors related to biological effects observed in radiobiological
and epidemiological studies®.

The continuous improvement in understanding the underlying mechanisms of the health effects due to
exposure to ionizing radiation motivates a regular re-evaluation of the annual limits.

In 2011, the International Commission on Radiological Radioprotection (ICRP) further restricted the annual
eye lens dose limit, resulting in changes to the legal limits in Europe and Switzerland® Before 2011, the annual
dose limit for the eye lens was 150 mSv, this limit was set in order to prevent possible cataracts at the end of
a career. It was agreed by consensus that if the annual effective dose limit was respected for the whole body it
would also imply compliance to the eye lens dose limit®. The eye lens dose limit being relatively high, the prob-
ability of exceeding it was then quite low. Following a re-evaluation of the effects on the Hiroshima and Nagasaki
cohort?, the limit was then lowered from 150 to 20 mSv®. The division of the limit by a factor of 7 significantly
changes the stakes, as a large number of staff members may be over this limit. Because of the introduction of
this more restrictive limit, a new dedicated operational quantity (H,(3)) was then proposed for managing eye
lens exposure®. This prompted strong debate on the methods and means of measurements as well as calibration
procedures for the measuring instruments.

The 2017 ICRP report also points out the need to revise the operational quantities for external exposure’. The
ICRU sphere is not used anymore; direct conversion coeflicients are instead given to the operational quantities
from the fluence using anthropomorphic reference computational phantoms. In line with this new approach,
we decided to characterise the radiation field in an interventional radiology (IR) theatre.

Our second reason for wanting to characterise the radiation field is related to the evolution of imaging
systems. Medical imaging experts are permanently optimising the dose received by patients®, as well as using
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increasingly sophisticated imaging systems and improved image reconstruction algorithms. Additional filters
are used to optimise the procedures (patient morphology, paediatric, etc.). These changes influence the energy
spectrum used to image the patient’s body and thus the energy spectrum of the scattered radiation to which the
medical staff is exposed. These changes are often accompanied by a decrease of the dose received by the hospital
staff per procedure. Recent studies show that the development of more complex and longer procedures combined
with the higher number of patients inevitably leads to an increase in exposure of hospital staff members’. Most
procedures require staff to remain close to the patient during the image-guided procedures. A study by Sanchez
et al.'” carried out on radiologists shows that more than 50% of them receive a dose higher than the authorized
annual limit of 20 mSv, sometimes going up to monthly doses higher than 20 mSv on apron. This means it is
important to establish an accurate dosimetry surveillance program in order to avoid underestimating worker
dose. Knowledge of the spectrum to which the medical staff is exposed would enable a more accurate calcula-
tion of the dose, but would also make it possible to retrospectively know the dose received by an organ and this
despite the evolution over time of the operational quantities for external exposure.

The spectral composition of X-ray radiation has been studied for a long time. Although many studies have
been carried out based on computer simulations of the spectrum, very few are based on direct measurements.
The first studies of the spectral composition of beams from an X-Ray tube date back to the mid-30’s'"!% The
X-ray spectral information was first investigated by measuring attenuation curves. Forty years later, the first
computer simulations on primary radiation were performed"*~'*. The first direct measurements of the spectrum
were in 1969 by Peaple and Burt', later followed by Seelentag and Panzer'” and Birch and Marshall'® using crystal
scintillator detectors (Nal) or a semiconductor detector (Ge). The measurement set-up leads to cumbersome
experimental conditions and involved strong constraints such as concomitant cooling or reducing the counting
rate with a distance of several meters to the source and high collimation. In 1983, Castro et al.'? attempted to
solve those problems, using a CdTe detector with a low detection efficiency. However, this kind of measurement
requires long-term work along with a large number of corrections and is not suitable for rapid cumulative dose
measurements for a procedure or a configuration. More recently, Miyajima et al.?* used a CdZnTe detector for
spectra measurement, with results compatible with those obtained by Monte-Carlo (MC) simulations. The detec-
tor has several problems such as poor charge transport properties and requires complex calculated corrections
for the spectral distortion.

Adapting a detector to a routine dosimetry application would imply that the device could be used regardless
of the radiation field, the collimation, or the position in the radiation field. A very challenging point is the acqui-
sition speed of the data. Missing data can lead to a wrong estimation of the photon fluence and dose. Another
challenge to negotiate is making the detector small enough to be comfortable for the user to wear.

With the introduction of new technologies, the measurement of the energy spectrum in hospital theatres
can provide optimised radiation protection safety for workers. Since 1997, the CERN Medipix team has been
developing novel photon detectors that are able to provide spatial, temporal, and energy information for each
incoming photon. This means that these detectors are able to measure the energy spectrum in real time. In this
work, we used the Timepix3 detector to measure the energy spectrum of the scattered radiation field in an IR
theatre. Compared to other spectral detector'®~?°, this detector has the advantage of coping with higher photon
fluences and not requiring beam collimation with heavy pinhole shielding. It can be used at any distance from the
radiation source in the scattered field and data are available instantaneously. This enabled us to compare the dif-
ferent spectra for different positions in the room, and for different heights. We then created a map of the scattered
radiation field extracted directly from the energy spectra as received by a staff member around the X-ray tube.

Materials and methods
Timepix3 detector and software. The Timepix3 chip is a hybrid pixel detector (HPD) developed in the
framework of the Medipix3 collaboration at CERN?!, and is a latest version of the Timepix family?’. We used the
Timepix3 chip with a 500 um thick silicon sensor produced and bump bonded by ADVACAM (Prague, Czech
Republic)?. We choose a Si sensor layer despite a low absorption efficiency (4% detection at 60 keV versus 87%
for a 500 um CdTe sensor)* as this is counterbalanced by a more stable Si response since the production of
fluorescence photons is much higher in CdTe, from 80 to 90% versus less than 5% for Si. With a mean free path
of fluorescence photons of 10 um with Si and 110 um with CdTe. The chip has a pixel matrix of 256 x 256 square
pixels with 55 um side and can process up to 40 Mhits/cm?/s. Each pixel sensor is linked to his own readout. A
500 nm aluminium layer covers the sensor. The sensor was biased at 300 V. The data driven mode was selected to
collect information on arrival time, charge deposit, and the coordinates of each pixel hit by a photon. The charge
deposit was calculated based on the time over threshold value. Each pixel was calibrated independently using
radioactive sources and fluorescence peaks of different material foils>. We choose to analyze data with signal
collected with single pixels only. The choice was made to eliminate additional uncertainties on energy calcula-
tion for photons generating a signal on several pixels (pixel sharing correction). Single pixels data do indeed rep-
resent only a fraction of all detected photons. The data have thus been normalized taking into account the ratio
between the number of photons with single pixel and multiple pixel signals. The overall correction includes the
detector efficiency as well as for angular variation, temperature, and light variation, since calibration condition
can be different than measurement conditions®. Uncertainties have been calculated for energy calibration, pixel
sharing, detector efficiency, position, angular variation, temperature, and light variation.

In this study, the Timepix3 chip was connected to the AdvadDAQ (Advacam, Prague, Czech Republic) readout
system and data was collected using the Pixet software, version 1.5.0.714 (Advacam, Prague, Czech Republic).

Measurement in interventional radiology theatre. All measurements were carried out in an IR thea-
tre at Christchurch Hospital —New Zealand, using an X-ray imaging system ALLURA XPER FD 20 (Philips,
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Also, the energy correction factor may be different for the chest and the eye lens. A dedicated dosimeter may
thus be recommended for eye lens exposure monitoring. Moreover, the radiation field becomes more homog-
enous the further from the patient while the dose rate decreases. The information collected with the Timepix3
chip in the theatre may also be important with respect to the new approach for dosimetry based on direct con-
version coeflicients given to the operational quantities from the fluence and energy. This provides us with new
parameters for the radiation protection of medical staff.

Conclusion

Here we have demonstrated the feasibility of using the energy-resolving hybrid pixel detector, Timepix3, to
measure X-ray information and characterize the scattered radiation field in an IR theatre. The radiation fields
were characterised by measuring the fluence and energy spectra at different positions in an IR theatre. This new
approach makes it possible to compare the different energy spectra to which staff members are exposed and
thus guide the radiation protection officer in choosing appropriate radiation protection gear. As expected, the
radiation fields to which members are exposed vary significantly with their position in the room. Moreover, for
a given person, this new radiation detection technique provides information regarding the part of the body that
is most exposed. The detector could also be used to correct practitioner practices, for example by accurately
positioning the lead screens to improve their protection. Finally, the Timepix3 has demonstrated a great potential
as a pedagogical tool to enhance understanding of the ionizing radiation hazards in an interventional theatre.

Received: 5 December 2019; Accepted: 30 September 2020
Published online: 30 October 2020

References
1. IXRPC. International recommendations for X-ray and radium protection. Br. J. Radiol. 7, 695-699 (1934).
2. Stewart, F A. et al. ICRP publication 118: ICRP statement on tissue reactions and early and late effects of radiation in normal
tissues and organs—threshold doses for tissue reactions in a radiation protection context. Ann. ICRP 41, 1-322 (2012).
3. Ciraj-Bjelac, O. et al. Occupational exposure of the eye lens in interventional procedures: how to assess and manage radiation
dose. . Am. Coll. Radiol. 13, 1347-1353 (2016).
. Minamoto, A. et al. Cataract in atomic bomb survivors. Int. J. Radiat. Biol. 80, 339-345 (2004).
. ICRP 2011 Statement on Tissue Reactions (n.d.)
. Behrens, R. On the operational quantity Hp(3) for eye lens dosimetry. J. Radiol. Prot. 32, 455-464 (2012).
. ICRP. Draft Joint Report of ICRU and ICRP for consultation: operational quantities for external radiation exposure.
. Racine, D. et al. Objective comparison of high-contrast spatial resolution and low-contrast detectability for various clinical pro-
tocols on multiple CT scanners. Med. Phys. 44, e153-e163 (2017).
9. FOPH. Audits in the OR-areas of Swiss Hospitals. (2020).
10. Sénchez, R. M. et al. Staff doses in interventional radiology: a national survey. J. Vasc. Interv. Radiol. 23, 1496-1501 (2012).
11. Silberstein, L. XXXIV. Spectral composition of an X-ray radiation determined from its filtration curve. Lond. Edinb. Dublin Philos.
Mag. J. Sci. 15, 375-394 (1933).
12. Mayneord, W. V. & Roberts, J. E. The “quality” of high voltage radiations. I.. Br. . Radiol. 8, 341-364 (1935).
13. Twidell, J. W. The determination of X-ray spectra using attenuation measurements and a computer program. Phys. Med. Biol. 15,
529 (1970).

0 N1 N Ul s

7 ™ Tae 4 oA xr -~ o~ oA o . -~ 1. . 1 e xr Y N ]



www.nature.com/scientificreports/

31. Hupe, O,, Friedrich, S., Vanhavere, FE. & Brodecki, M. Determining the dose rate dependence of different active personal dosemeters
in standardized pulsed and continuous radiation fields. Radiat. Prot. Dosimetry https://doi.org/10.1093/rpd/ncz173 (2019).

32. Mori, H., Koshida, K., Ishigamori, O. & Matsubara, K. Evaluation of the effectiveness of X-ray protective aprons in experimental
and practical fields. Radiol. Phys. Technol. 7, 158-166 (2014).

33. McCaftrey, J. P, Tessier, F. & Shen, H. Radiation shielding materials and radiation scatter effects for interventional radiology (IR)
physicians: Radiation shielding materials and radiation scatter for IR. Med. Phys. 39, 4537-4546 (2012).

34. Bott, O.]., Dresing, K., Wagner, M., Raab, B.-W. & Teistler, M. Informatics in radiology: use of a C-arm fluoroscopy simulator to
support training in intraoperative radiography. RadioGraphics 31, E65-E75 (2011).

35. Loy Rodas, N. A global radiation awareness system using augmented reality and Monte Carlo simulations. RadioGraphics https://
doi.org/10.1594/ECR2018/C-1615 (2018).

36. O. fédéral de la santé publique. Vidéos de formation pour les établissements médicaux. https://www.bag.admin.ch/bag/fr/home/
gesetze-und-bewilligungen/gesuche-bewilligungen/bewilligungen-aufsicht-im-strahlenschutz/informationen-fuer-medizinisc
he-betriebe/schulungsfilme-medizinische-betriebe.html.

37. Duggan, L., Hood, C., Warren-Forward, H., Haque, M. & Kron, T. Variations in dose response with x-ray energy of LiF:Mg, Cu,
P thermoluminescence dosimeters: implications for clinical dosimetry. Phys. Med. Biol. 49, 3831-3845 (2004).

38. Al-Senan, R. M. & Hatab, M. R. Characteristics of an OSLD in the diagnostic energy range: characteristics of OSLDs in diagnostic
energy range. Med. Phys. 38, 4396-4405 (2011).

39. Asahara, T. et al. Exposure dose measurement during diagnostic pediatric X-ray examination using an optically stimulated lumi-
nescence (OSL) dosimeter based on precise dose calibration taking into consideration variation of X-ray spectra. Radiat. Meas.
119, 209-219 (2018).

Acknowledgement
The authors would like to thank the Medipix3 collaboration. Authors are grateful to the interventional radiol-
ogy team of Christchurch Hospital —NZ, for their kindness, technical support, and help during measurements.

Author contributions

M.N. wrote the main manuscript text. M.N., P.C., ER.V,, ].D. conceived and designed the analysis. M.N., P.C,, ].D.
collected the data. M.K. contributed data and analysis tools. M.N. performed the analysis. All authors reviewed
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:18754 | https://doi.org/10.1038/s41598-020-75257-5 nature research

93



94



Annex 1 - Dose definition

In radiation protection, the dose or absorbed dose corresponds to the energy deposited (AE) by
the ionizing radiation per unit of mass (Am). The dose unit is the Gray (Gy) which corresponds
to joule per kg. The absorbed dose led to the quantification of the energy deposited in a tissue
to determine the deterministic effect.

AE
T Am

However, when ionizing radiation is only photonic (as is the case in IR suites), the dose

becomes the integration on the energy spectrum of the energy fluence differential in energy
(W5 (E)) multiplied by the energy absorption coefficient ((““”T(E))). The mathematical
definition of the dose can therefore be expressed as in Equation 2:

D= fo e W.(E) <” “”p(E)) dE

With the energy fluence

d¢
Wp(E) = = (E) dE

Where ¢ is the fluence.

As shown in Equation 3, calculating the dose requires knowledge of the energy of each photon.
Knowledge of the energy spectrum of a radiation field is essential in order to be able to precisely
calculate the dose.

1 Dose calculation

The quantity needed for radiation protection is derived from the absorbed dose. What follows
hereafter is a proposal to explain how to obtain the effective dose from the ionizing radiation.

1.1 Equivalent dose

The equivalent dose H is a quantity that was introduced to take into account the effect of
ionizing radiation on biological tissues, and thus take into consideration the stochastic health
risk. The equivalent dose is equal to the absorbed dose (Equation 1), multiplied by a weighting
factor (wy) specific to the type and energy of the particles. The unit is the sievert (Sv).
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H= ZWRDR
R

The value of the weighting factors is re-evaluated as knowledge of the effects improve. The
most recent values were published in 2007 in ICRP Publication 103 [80]. However, this dose
does not take into account the tissue considered. Jacobi therefore introduced the concept of
effective dose in 1975 [52], which was adopted by the ICRP in 1977 [81].

1.2 Effective dose

The effective dose is a radiation protection quantity providing indications on the
stochastic health risk to the whole body. Effective dose was first introduced by the ICRP to set
limits for radiation protection and not to estimate cancer risk from specific sources of radiation
exposure [51].

The effective dose is the sum of the equivalent dose of all impacted tissues multiplied by the
associated weighting factor (wy).

Leading to

With T the fraction of the radiological risk associated with the tissue or organ considered. As
for the equivalent dose, the unit is the Sv.

All weighting factors that are recommended by the latest ICRP publication were implemented
in the revised Swiss Radiological Protection Ordinance [82].

Figure 28 gives a schematic representation of the link between the different quantities.

Figure 28 - Relation between ionising radiation and effective dose.
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Annex 2 - Interaction of photon X-ray with matter

This section reviews two fundamental concepts: the cross-section and the photon beam
attenuation, followed by the different processes of photon interaction with matter: the
photoelectric effect, Compton scattering, pair production and Rayleigh scattering.

The probability of each process is dependent on the energy of the photon, and the atomic
number (Z) of the medium crossed. Figure 29 represents the regions of relative predominance
of the three main forms of photon interaction with matter.

Figure 29 - Regions of predominance of photon interaction with matter. The left curve indicates that the cross-sections for the
photoelectric effect and Compton effect are equal. The right curve indicates that the cross-sections for Compton effect and
pair production are equal [83].

1 Photon beam attenuation

Photon beam attenuation is the progressive loss of energy of a beam through the matter. The
intensity I(x) of a narrow monoenergetic photon beam, attenuated by an attenuator of thickness
x, IS given as:

I(x) = [je~#w2)x

Where I, is the intensity of the beam before the attenuator and u(hv, Z) is the linear attenuation
coefficient, which depends on the energy of the photon hv, and the atomic number of the
attenuator. This results in an exponential transmission curve for photon.
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Figure 30 - On the left, photon beam attenuation. On the right, exponential transmission curve for photons.

2 Photoelectric effect

The photoelectric effect leads to the complete absorption of the incident photon by the
substance subject to the action of radiation. When the photon collides with an electron of the
interacting atom, the photon disappears, giving up all its energy to the environment. This energy
is used to tear off the orbital electron and to eject it with a kinetic energy given as:

EK=hV— Eb

Figure 31 - Photoelectric absorption. The incoming photon hit an electron and ejects it as a photoelectron.

Where hv is the incident photon energy and Ej, is the binding energy of the electron. Here the
atom is used to conserve momentum, this process cannot occur with a free electron.

After ejection of the orbital electron, a place is free on the atomic shell. An electron from an
outer shell will fill this vacancy. The energy released is equal to the difference in bond between
the electrons of the two shells and causes the emission of a photon or an electron. The emitted
photon is called a characteristic X-ray. Its energy is determined by the shell and the atomic
number of the atom. The electrons emitted after electronic rearrangement are called Auger
electrons. Characteristic X-rays and Auger electrons are emitted isotropically.
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The probability of the emission of a characteristic X-ray is called the fluorescence yield, w. The
fluorescence yield K decreases sharply with the decrease in the atomic number, and the
fluorescence yields of the shells L and higher are considerably lower than those of the shell K.
The values of the fluorescence K (wg) and the energies of the characteristic X-rays are given
for some elements of the periodic table in Table 5.

When an electron from a higher shell completes the K shell of a high atomic number atom, a
cascade event can follow and leave the atom in a highly ionized state.

In general, the cross-section oy, for photoelectric absorption is inversely proportional to the

energy of the photon. Figure 32 shows the cross-section for lead from a 10 keV to 10 MeV
energy range photon.

Figure 32 - The photoelectric cross-section as a function of the photon energy [83].

Table 5 — K-fluorescence yield and K X-ray energies for selected elements

Element Ex (keV)
Ca 3.69
Ti 4.50
Mn 5.89
Cu 8.03
Zr 15.69
Mo 17.38
Ag 22.00
Sn 25.04

The cross-section for the photoelectric absorption effect is highly dependent on the atomic
number. It increases to the fourth power of the atomic number and is inversely proportional to
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the third power of the energy of the photon. The effect is more important at low energy and a
high atomic number.

Ope = kZ*/ (hv)3

3 Compton scattering

Unlike the photoelectric effect where the photon disappears by giving up its energy to an
electron, in the Compton effect, the photon partially transmits its energy to a target electron.
The incident photon, of energy hv, strikes an electron of an atom, diffused with an energy hv’,
lower than hv. The scattered photon is ejected with an angle 6, while the target electron is
extracted from the procession at an angle ¢ and is called the Compton electron. This electron
can ionize other atoms of the irradiated substance if its energy is sufficient.

Figure 33 - Compton interaction. An incoming photon scatters to produce a scattered photon and a Compton electron.

The total cross-section for Compton scattering is known as the Klein and Nishina formula, and
is obtained from integrating the differential Klein Nishina cross-section per electron:

_5 2<1+a 21+ a) In(1+2a) +ln(1+20() 1+3a>
Ge= e \Tor 1+ 24 a 2a (1+ 2a)?

Other effects like pair production or Rayleigh scattering are not presented in this work because
the energy ranges used in this study do not produce its effects.

4 |nteraction cross-section

The cross-section (o) is a quantity expressing the probability of an interaction between two
particles. In fact, photons can interact with different targets such as electrons, nuclei, atoms or
molecules.

During interactions, photons generate absorbed or diffused processes. We speak of a full
absorption process when the photon loses all of its energy, and this energy is transferred to the
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target. This is the case, for example, during the photoelectric effect (o), the pair (g,,) or
triplet (o;,,) production. We speak of a full scattering process if the photon interacts with the
target, but is not absorbed, the momentum and the energy of the photon can then be modified
by respecting the laws of relativistic kinematics. We find this phenomenon during the Compton
effect (o.), or the nuclear photo effect (g,,,,). The total interaction of the cross-section is the
sum of the cross-sections for the phenomena taken individually.

0 = Ope + 0.+ Opp + Op + Opnn

5 Differential scattering cross section

In order to quantify some effects, the cross-section is considered a function of the solid angle
(Q). The differential cross-section is defined similarly to the total cross-section with do/d(Q
related to the probability that the photon diffuses through the solid angle dQ. The differential
scattering cross-section responds to the following equation:

_ [ do(6,9)
o = LanQ

Where 6 is the scattering angle, and ¢ an azimuthal angle.

Figure 34 - Schema of the differential cross-section.

The cross-section has the dimensions of a surface. The probability of interaction of a given
event depends on the particle, its energy, the intensity of the beam, the medium crossed, its
thickness.

The total cross-section for silicon is represented by the following graph, where the sum of the

contributions of the Compton (coherent and incoherent), as well as the photoelectric effect and
the nuclear production pair is represented.
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Figure 35 - Cross-section of silicon [84].
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