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Summary 
 
Introduction  -  The increasing use of cardiac catheterisation procedures has raised 
concerns about occupational radiation exposure and its associated health risks for 
clinicians. Radiation exposure can lead to deterministic and stochastic effects, including 
cataract and various cancers. To minimise these risks, the ALARA (As Low As Reasonably 
Achievable) principle must be followed in the clinical setting by applying the available 
measures. Radiation protection consists of passive and active measures. Passive 
protection includes architectural shielding, stationary shielding, and personal protective 
equipment, while active protection focuses on minimising radiation during interventions, 
employing adjustable lead screens, modifying imaging techniques and provide feedback 
to improve the usage of these measures. However, current methods for measuring and 
providing feedback on radiation exposure are insufficient. 
 
The primary goal of this research is to find a comprehensive and improved approach to 
guidance and implementation of protective measures, to ensure the safety and well-being 
of healthcare workers who face radiation exposure in their daily practice. An integral 
component of achieving this goal is to create a model that calculates radiation exposure 
for clinicians in the cathlab with the use of a lead screen. This research aims to determine 
the feasibility of using dose rate data from measurements without a lead screen to 
estimate the dose rate in an environment where a lead screen is employed. Moreover, 
potential methods for communicating dose rate data to clinicians during a procedure will 
be explored, aiming to increase their awareness of radiation exposure and encourage the 
adoption of appropriate protective measures without distracting them from the 
procedure itself. 
 
Method  -  Data collection is necessary to construct a model that can predict the radiation 
scattering. Measurements in the catheterisation laboratory were performed by placing 
Philips DoseAware Detectors (PDDs) at various locations and heights. Combinations of 
fluoroscopy or acquisition mode, anteroposterior (AP) view or a 40° tilted view of the C-
arm, and the presence or absence of a lead screen, resulted in eight different setups, with 
each 168 measurements. 
 
In the programming process careful consideration has been given to the ease of refining 
and improving the model afterwards. Three potential source options for the radiation 
were considered: the centre of the phantom, a point where 50% of the scattering has 
occurred, and a 3D representation of the entire phantom. The modelled lead screen 
together with the source was used to create an attenuation grid, which will be used for 
the estimation of the effect of the lead screen.  
	
The adequacy of the estimated dose rates with the lead screen was evaluated using 
boxplots and counting the number of correctly estimated points. Then, the data was 
interpolated using Kriging. The interpolated data was visualised, and the radiation doses 
for the assistant and cardiologist were calculated at the chest and head levels. 
 
The exposure calculation was performed for three lead screen positions and a scenario 
without the lead screen. The placements considered were close to the clinician, close to 
the phantom, and at the edge of the phantom. 
 
To explore radiation feedback preferences, a literature review and a questionnaire for 
interventional cardiologists were conducted.   
 
Results  -  Measurements were taken for eight different setups, each with 168 
measurements, including the combinations of fluoroscopy or acquisition mode, 
anteroposterior (AP) view or a 40° tilted view of the C-arm, and the presence or absence of 
a lead screen. The interpolated data revealed that the dose rate is higher when the 
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acquisition mode is used, and radiation levels are higher when the C-arm is rotated. 
Three different source types were incorporated into the measurements, and the accuracy 
of the estimations was evaluated based on whether they were within a deviation of 0.1 
mSv/h from the actual measurements. The 3D source was found to be the most accurate 
representation of the source in the model. Visualisation of inaccurately estimated values 
showed that the model overestimated the amount of radiation blocked in certain cases. 
The radiation exposure for clinicians increased as the lead shield was positioned closer to 
the radiation source.  
 
A questionnaire was conducted with five interventional cardiologists to investigate their 
radiation safety practices. The results indicated that radiation safety is deemed important, 
with an average score of 8/10. The lead screen is an essential shielding component, but its 
placement varies, and there is uncertainty regarding its optimal positioning. Monthly 
reports on total radiation dose exposure were provided. The clinicians hardly paid 
attention to this information, as they believed that any potential harm had already 
occurred.  
 
The highest-rated techniques were advice on optimal lead screen position (displayed on 
the lead screen) and a visualisation using augmented reality that displays the scatter 
pattern on the monitor.  
 
Discussion and Conclusion  -  This study addresses radiation safety in interventional 
cardiology by exploring protective measures. A preliminary model was developed to 
predict radiation exposure based on the location of the lead screen enabling the 
computation of the radiation dose received by clinicians during a procedure. This dose 
rate model helps to visualise the impact of lead screen positioning on radiation exposure, 
which can aid in real-time decision-making during procedures. The model also revealed 
that placing the lead screen closer to the clinician, rather than closer to the source, could 
potentially enhance radiation attenuation by a factor of 6.2. This results in a possible dose 
reduction up to 32.5 times. 
 
The most preferred option by the interventional cardiologists was to display the 
suggestion of the optimal position of the lead screen directly on the shield. A potential 
addition to the feedback system could be an augmented reality (AR) visualisation of the 
radiation effect on the monitor, clearly showing safe areas for personnel. The precise 
feedback mechanism should be piloted and refined to ensure seamless integration into 
clinical practice without distracting the clinician from the procedure itself.  
 
Understanding the limitations of the measurements and the model is crucial for 
optimising its application in practice and the improve the reliability. The accuracy of 
measurements obtained with the DoseAware badges, while sufficient for this project, 
could be improved by using more accurate instruments. The phantom used in the study 
does not accurately represent real patients, and future research should involve patient-
specific inputs and more realistic phantoms. One of the key future objectives include 
collecting more data in different settings and positions of the C-arm, as well as 
investigating different positions and orientations of the ceiling-mounted lead screen. 
 
The model itself has limitations in its representation of the scattering source and 
interpolation methods. To improve the model, researchers should account for other 
sources of scatter, and assess alternative interpolation techniques using more powerful 
computing resources. Moreover, to calculate the received radiation dose, the model 
should consider the entire body, accounting for the protection provided by a lead apron 
and the concept of effective radiation dose.  
 
Accomplishing these objectives will allow the model to play an important role in 
enhancing cathlab radiation safety, benefiting the health and safety of clinicians.  
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Introduction 
 
Quality assurance plays an increasing role in human medicine. In radiology, it not only 
involves image quality and reliability of diagnosis but also radiation safety and protection 
of patients and medical professionals, which is often neglected in the daily routine [1] [2]. In 
recent decades catheter procedures have changed the way patients are diagnosed and 
treated at the cardiology department [3]. Diagnostic and interventional cases require the 
use of X-ray images to enable the doctor to visualise the anatomical location and proper 
use of interventional equipment. These procedures are performed in a catheterisation 
laboratory (cathlab), using a C-arm as showed in Figure 1.  
 
Ionising radiation exposure poses an 
inherent risk of damaging tissue at the 
molecular level and can cause tissue 
responses in both the patient and exposed 
personnel [4]. As the medical staff receives 
radiation with every procedure, 
occupational radiation exposure is a major 
concern in cardiac catheterisation 
laboratories. In the study of Vano et al. they 
monitored the radiation exposure of 
medical staff in the interventional and 
cardiac radiology. The medical staff was 
monitored using nine dosimeters, which 
resulted in a distribution pattern of the 
dose exposure, as shown in Figure 2 [5]. As 
advancements continue to broaden the 
possibilities within the field of medical imaging, clinicians will increasingly leverage these 
new opportunities, resulting in an increasing radiation dose. This raises the question of 
whether the additional radiation required outweighs the benefit of imaging and if it can 
be reduced.  
 

Effects of Radiation Exposure 
Radiation has a linear, dose-dependent risk profile for which there is no minimum safety 
threshold. Ionising radiation can have either deterministic or stochastic adverse effects on 
human tissue.  
 
Deterministic effects occur when the dose exceeds a specific threshold. The severity of 
deterministic effects commonly increases with dose, as more cells are damaged. 
Examples include infertility, skin erythema and scaling, and cataract [6]. For instance, the 
lens of the eye is prone to receive high radiation doses. Consequently, an increased 
prevalence of cataract and lens opacity has been observed among interventional 
radiologists and cardiologists [7]. Compared with those not exposed to fluoroscopy, 
interventional cardiologists have a threefold greater occurrence of posterior subcapsular 
lens opacity [8].  
 
Stochastic effects are those for which the probability of an effect, rather than its severity, 
depends on the dose of radiation received. It has a long latency period and involves no 
threshold dose under which genetic material remains completely intact. Typically, these 
adverse effects are cancer of the skin, thyroid, nervous system, and gastrointestinal tract 
[9]. Cases of brain tumours disproportionately often on the left side have also been 
reported in doctors performing interventional procedures [10]. Radiation exposure on the 
left side of the head is known to be twice as high as on the right, which can also be seen in 

Figure 1: Catheterisation Laboratory with possible protective 
measure 
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Figure 2. Also, the hand receives a significant amount of radiation 
(45-1500 μSv per procedure) during the procedures, as it is not 
shielded and is close to the radiation source. However, this level of 
exposure is unlikely to cause adverse health effects [11].  
 
In order to minimise the risk of the clinician experiencing adverse 
effects, the ALARA (as low as reasonably achievable) principle will 
have to be adhered in order to ensure a safe working 
environment.  
 

Potential Radiation-reducing Measures 
Radiation protection consists of two parts: an active and a passive 
component. The passive component consists of measures that 
cannot be influenced during the intervention, such as (personal) 
protective equipment and secure devices. The active component 
focuses on limiting radiation exposure during interventions, 
including using adjustable lead screens and adjusting imaging 
techniques.  
 
Passive Protection 
Passive protection strategies primarily consist of 
architectural and stationary shielding as well as personal 
protective equipment. The personal protection includes wearable aprons, thyroid collar, 
eyewear, gloves, and caps. While the aprons and thyroid collar are generally accepted and 
worn, only 30% of the interventional radiologists have been reported to use the lead 
glasses [12]. This is concerning, because eye problems are common negative 
consequences of radiation for the operator and lead glasses can result in a radiation 
reduction of 35% to 90% [13, 14]. The use of protective gloves or caps are even less 
accepted. Lead-containing gloves exist, but they are large and cannot be used when 
dexterity is required. Lead-based (or lead-free) radiation-absorbing latex gloves 
implemented in some centres help to overcome these problems. According to Kim et al., 
these gloves can protect the hand by 20 to 50% but are still not widely used [15]. Lastly, the 
lead cap is also not commonly employed. Compared to ceiling-mounted lead shields, lead 
caps that cover the sides and bottom of the face have been shown to reduce radiation 
exposure to the head [16]. However, a lead cap weighs about 1,140g, which can further 
contribute to discomfort orthopaedic injuries in operators [17]. Lead-free alternatives are 
now available, such as surgical caps containing bismuth and barium, which weigh only 
53g. However, a recent study has shown that radiation scatter mainly comes from below 
the doctor’s head and that radio-absorbent surgical caps do not cover this area. The 
radiation dose to the brain has been shown to decrease by only 3.3% - an almost negligible 
amount [18].  
 
In addition to shielding, development in imaging devices also provides a considerable 
reduction in radiation. Compared with traditional fluoroscopy, relatively new image noise 
reduction technology enables the radiation dose to be halved [19]. In conclusion, the lead 
apron and thyroid collar provide good protection, but the other personal protection 
equipment provides either insufficient protection or are too inconvenient for the clinician 
to wear. To ensure the shielding of the exposed body parts, active protection strategies will 
have to be applied.  
 
Active Protection  
Active protection strategies include routine and appropriate use of lead apparel, using 
techniques in reducing radiation use to the patient and thereby to the operator, beam 
angulation and position yourself the room. An important element is proper training of the 
staff, so that they know where potential improvements can be made [20].  
 

Figure 2: Graphic presentation of the 
mean values of doses per procedure 
found at the locations monitored for 
an interventional cardiologist [5] 
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There are several techniques that can be implemented during the procedure itself to 
reduce the radiation dose. For instance, restricting fluoroscopy time to the time the 
operator is looking at the monitor. Rather than continuing to use more fluoroscopy to 
study the coronary arteries, review the final image hold or use a fluoroscopy loop for 
dynamic processes. In a similar way, the use of high-dose modes, including boost mode, 
override mode or high-contrast mode, should be reduced to a minimum [21]. Modifying 
the frame rate of fluoroscopy can also help reduce radiation exposure but will lower the 
quality of the image. Typically, the frame rate is set at 15 frames per second, and it has 
been shown that reducing it to 7.5 frames per second leads to a significant reduction in 
radiation dose [21]. It has been shown that adjusting the technical settings of X-ray 
equipment and applying dose reduction protocols can reduce radiation exposure by 48% 
[22]. In addition, the radiation dose to the patient can be decreased by an optimal table 
positioning. Ideally, the patient should be placed further from the X-ray source and as 
close as possible to the image receiver. Higher table setup lowers the skin dose to the 
patient [23]. Tight placement of the collimator blades results in better image quality and 
reduces scatter radiation. Comparable outcomes can be obtained by using semi-
transparent or wedge filters [24, 25]. Due to automatic dose controls, the X-ray tube output 
will increase with the patient thickness. Keeping the non-target anatomy and the 
operator’s hands out of the field of view or primary X-ray beam is important [14]. Apart 
from the fact that the direct radiation dose is significantly higher than from scattering, the 
radiator output increases due to the automatic brightness control system. This causes an 
unnecessary increase in radiation for both the patient and the clinician [11]. It has been 
shown that the angle of the tube affects the radiation dose to patients and operators. The 
main cause for this, is that a larger angle means a larger trajectory through the body. With 
the same mechanism deployed by the automatic dose controls mentioned before, this 
results in a higher dose with higher tube angles [26]. This higher dose with other tube is 
also the result of non-homogeneous scattering. Consequently, the dose to the clinician 
depends on where they are positioned and where the lead shields are located.  
 
Alongside the shielding that is part of the passive protection, adjustable lead shields are 
regularly present as well. These are usually made of transparent lead-based plastic that 
can be easily adjusted during the procedure. Accurate placement of these is key to 
reducing operator exposure significantly. A gap in protection is often created by the 
patient’s contour indentation. To optimise the protection in this area, the upper body 
screen should be placed close to the operator and far from the scattering source. The 
upper body screen should be moved regularly during the procedure when the table is 
moved, to ensure effective protection is maintained [18]. The amount of radiation exposure 
depends on the distance to the source, proportional to the inverse square of the distance 
to the X-ray source. Therefore, staff reduce their exposure by a factor of four by doubling 
their distance from the source [27]. In closing, there are numerous ways to improve 
radiation safety during surgery. However, it is difficult for clinicians to realise where and 
when they are receiving too much radiation and how they can deploy certain measures 
effectively.  
 
Prediction models 
There are several models that predict scatter patterns in the catheterisation laboratory, 
often employing Monte Carlo simulations [28]. Monte Carlo simulations are a 
computational method that utilizes random sampling to solve complex problems, often 
involving uncertainty or probabilistic phenomena. By simulating numerous scenarios and 
calculating outcomes, Monte Carlo simulations can provide valuable insights into the 
behaviour and distribution of variables in a given system. In studies conducted by Rodas 
et al. and J. Troville et al., researchers used predeveloped Monte Carlo systems to visualise 
scattering, experimenting with use of augmented reality and virtual reality (AR/VR) [29] 
[30].  
 
However, none of the existing models consider the presence of a lead shield. Including the 
lead shield in such simulations could provide a more accurate representation of real-world 
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conditions and potentially lead to more effective radiation protection strategies. 
Integrating this element into future models would be an important step forward in 
improving the safety and efficacy of radiation protection measures. 
 
Concluding, it is vital to enhance radiation safety to protect medical professionals who are 
dedicated to providing the best possible patient care. The current method of measuring 
radiation exposure, which relies on a single stance-sensitive dosimeter, fails to provide an 
accurate representation of exposure levels. Additionally, the feedback mechanism for 
radiation data needs to be more efficient, effective, and accessible. 
 

Goals and Objectives 
The primary goal of this research is to find a comprehensive and improved approach to 
guidance and implementation of protective measures, to ensure the safety and well-being 
of healthcare workers who face radiation exposure in their daily practice. 
A significant aspect of achieving this goal is to create a model that calculates radiation 
exposure for clinicians in the cathlab with the use of a lead screen. Since most radiation 
received by clinicians is caused by scattering, this is the aspect that needs to be accounted 
for [5]. This research aims to determine the feasibility of using dose rate data from 
measurements with and without a lead screen to estimate the dose rate in an 
environment where a lead screen is employed. Several sub-objectives will be investigated: 

- Determine the most reliable representation of the source of the scattering.  
- Explore the effect of the orientation of C-arm on the estimation of the radiation 

exposure 
The model will be used to explore optimal lead screen positions, particularly whether it 
should be closer to the source or the clinician. 
 
In addition to developing and evaluating such a model, possible improvements of the 
feedback will be discussed with interventional cardiologists. Potential methods for 
communicating dose rate data to clinicians during a procedure will be explored, aiming to 
increase their awareness of radiation exposure and encourage the adoption of appropriate 
protective measures without distracting them from the procedure itself. 
 
By addressing these research objectives, this study aims to contribute to a better 
understanding of the factors affecting radiation dose rates in catheterisation laboratories 
and to develop improved radiation protection strategies. The outcomes of this study may 
lead to more accurate dose rate predictions, better usage of radiation protection, and 
ultimately minimise occupational dosage. 
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Method 
 
In this study, a systematic methodology was followed to address the research objectives 
and optimise radiation safety in the catheterisation laboratory. Data was gathered for the 
development of the model, both from measurements with the lead screen and without 
the lead screen. This was performed using Philips DoseAware Detectors (PDDs) of Philips 
Health [31].  
 

Philips DoseAware Detectors 
PDDs are badges that can be worn by the staff and measures scatter radiation. Each PDD 
contains a silicon P-I-N diode, which is highly suitable as an X-ray detector due to its 
stability, sensitivity, and near-uniform response. These systems offer real-time feedback on 
radiation dose to users. A drawback of using such a diode system is its directionality, 
meaning it can only capture all the radiation when facing the radiation source directly. 
When the diode is positioned at an angle, it measures less radiation. This angular 
dependency is also outlined in Philips' instructions for use (IFU), which indicate that the 
PDD has an angular dependence of +/- 5% within +/- 5°, +/- 30% within +/- 50°, and +200%/-
100% within +/- 90° [32]. A. Ehrenberger et al. conducted tests that supported these 
specifications, finding their test results with the badges available in the Reinier de Graaf 
Gasthuis to be consistent with Philips' PDD specifications [25]. 
 
The functional component of the PDD is a silicon P-I-N diode, which is composed of a 
lattice of atoms containing charge carriers—atoms with either space for an additional 
electron or extra electrons that can attach to other atoms. Silicon solid-state detectors 
have two layers of semiconductor material: the p-type, which has more available spaces 
(holes) than electrons, and the n-type, which has more electrons than available spaces. 
Electrons from the n-type migrate across the junction between the layers to fill the holes 
in the p-type, creating a depletion zone. This zone serves as the detector's detection area 
and operates similarly to an ion chamber, although with a more compact size and 
generating a smaller voltage. Radiation interacts with atoms in this zone, causing them to 
re-ionise and produce an electronic pulse that is subsequently 
measured. The detector's small size lends it real-time 
functionality because ion pairs can be collected rapidly [33] [34].  
 
Preliminary tests 
Before gathering the actual data, a preliminary test was 
conducted to evaluate the data return process and identify any 
unforeseen issues to address during the study. Badge 
measurements were compared with those of the Raysafe X2 
dosimeter, which serves as the gold standard for radiation 
measurement [35]. Although the Raysafe is also a directional 
detector, it detects some radiation from all directions, with 
varying intensity depending on its angle relative to the source. 
The eight badges and the Raysafe were affixed to the side of a 
box facing the phantom, as the phantom was considered the 
scattering source (Figure 3). Five measurements were taken at a 
50 cm distance from the phantom's centre to test precision and 
accuracy at a consistent dose rate. Nearly all badges 
demonstrated deviations within 10%, with the exception of the 
yellow badge, which had an average deviation of 60% (Figure 4). The precision was high, as 
the five measurements exhibited deviations within 2% of each other. 

Figure 3: Measurement set-up 
for preliminary tests. On the left 
is the RaySafe X2 dosimeter. 
On the right are the Philips 
DoseAware Dosimeters 
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Subsequently, eight measurements were taken 
at distances ranging from 30 cm to 100 cm to 
determine whether deviations varied based on 
the received dose rate. A slight increase in 
deviation and a corresponding decrease in 
accuracy were observed with higher dose rates. 
The yellow badge, again, exhibited deviating 
measurements. However, after testing the 
yellow badge in other measurements, no 
further deviations were detected. 
Consequently, it was decided to include this 
dosimeter in the subsequent measurement 
setup, as the observed deviations were not 
replicated in other tests. 
 
The Raysafe was employed in various 
measurements to examine the presence of an 
inverse quadratic relationship between 
distance and dose rate. Figure 5 displays an 
inverse quadratic function plotted at the 
measurement points, confirming the existence 
of this correlation. The relationship between 
increased dose rates leading to larger deviations 
can be combined with this correlation. Since the 
measurements will be conducted at distances of 
50 centimetres and beyond, a lower dose rate 
will be detected, resulting in smaller deviations. 
This indicates that the badges are suitable for 
use in the actual measurement setup. 
 
Additionally, it was discovered that some 
measurements were not recorded in their 
entirety. The measurements were conducted 
over 10-second intervals, and mainly for the lower 
dose rates, there were instances where no 
radiation was detected during certain seconds. Also, there were occasional instances of 
unexpected and unrealistically high measurements.  
Moreover, the initial and final seconds of a measurement displayed a lower dose rate 
compared to the middle seconds. There are several potential explanations for this 
observation. One possibility is that radiation is not emitted throughout the entire second, 
resulting in a lower average dose rate during that time. Alternatively, the C-arm emitter 
may experience a slight reduction in radiation output at the beginning and end, as in a 
warm-up and cool-down period. 
 

Measurement set-up 
Measurements were conducted in the catheterisation 
laboratory in the Reinier de Graaf Gasthuis, simulating 
a realistic procedural setup as closely as possible. The 
C-arm that is used for this project was the Philips 
Azurion [36]. In this setup, the bed is positioned at a 
height of 88 cm (which is represented as ±0 cm in the 
system), and lead flaps are placed on the side, similar 
to those used during actual procedures. These flaps 
can be seen in the pictures of the setup in Appendix 
B. 
 

Figure 6: The average distance between the 
clinician’s head and the source (using the 
patient's head as a reference) 

Figure 4: Percental difference between the doserate 
measured by the Raysafe and by the DoseAware 
badges 

Figure 5: Plotted relation between the distance and 
the measured doserate by the Raysafe 
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In a study by Vijfvinkel et al., the average distance between the clinician's head and the 
source (using the patient's head as a reference) was found to be 103 cm [37]. For the 
assistant or scrub nurse, the average distance was 158 cm, as illustrated in Figure 6. These 
findings informed the determination of measurement locations. 

 
Eight badges were affixed to a pole, which was placed at various points within 
the room as is showed in Figure 8. The badges were suspended at heights 
ranging from 85 cm to 190 cm in 15 cm increments along the pole. The PDDs 
were mounted on a tilting clamp, allowing them to be angled perpendicular 
towards the source, which in this case was the centre of the phantom, 
depending on the pole's distance from the source. A protractor with a swing 
arm, used in conjunction with a weighted string, was employed to obtain the 
correct angle. The string indicated the perpendicular downward direction, 
while the protractor enabled accurate angle determination. 
 
The pole was positioned at different locations, starting at a horizontal distance 
of 30 cm from the bed and a minimum distance of 46.5 cm from the bed's 
centre (perpendicular to the bed's orientation). From this point, the pole was 
moved 20 cm upward along the bed's edge while maintaining a consistent 
distance from the source at other angles. This approach allowed for the 
measurement of six different distances across 21 pole locations. The pole's 
locations were predetermined, and its placement was guided by a laser that 
measured the distance and aligned it with the correct angle to the phantom. 
The laser range finder used was the Bosch DLE Professional [38].  
 
The angle was determined using a degree circle affixed in the centre of the top 
of the phantom. During this process, the laser was positioned at the pole's 
midpoint. Then, the pole was rotated while staying on the same place, to align 
the dosimeters with the phantom. The pole was rotated so that the laser was 
centred on the badge. By tilting the badges to account for height differences 
and directing them toward the source, the radiation's angle of incidence was minimised. 
 
Ultimately, the exact location was determined by subtracting the distance between the 
badge and the pole from the distance between the source and the pole. The distance 
between the pole and the phantom was recorded in an Excel file.  
 
The phantom utilised was composed of square slices of polymethylmethacrylate (PMMA 
or Perspex) measuring 30 x 30 cm, with a total thickness of 20 cm when stacked. Perspex 
is a widely used material for simulating the human body [39]. The lead screen was 

Figure 7: Measurement set-up. In the left figure the lateral view is showed with the 8 badges on the pole, 
the fantom and the C-arm. The right figure shows the locations of the pole in the room, where the pole for 
every measurement is directed at the fantom. 

Figure 8: The eight 
DoseAware badges 
affixed to the pole 
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positioned 20 cm from the phantom's side, making it 35 cm from the phantom's centre. 
The screen did not have any horizontal or vertical tilt. The lowest side was 10 cm above the 
bed's top, and the left side (the side without the cut-out) was 22 cm from the bed's side, or 
47 cm from the phantom's centre. Photos of the setup can be found in Appendix B. 
The test was initially conducted with an Anterior Posterior (AP) C-arm orientation, 
meaning the emitter was beneath the bed and the detector was above the bed. 
Subsequently, the test was performed with a 40-degree tilt to the left. This tilt was 
observed from the bed's side, opposite to the C-arm, with the detector tilted 40 degrees to 
the left. The Source-Image Distance (SID) used was 88 cm. The centre of the radiation 
beam went through the centre of the phantom, which was accomplished using a string 
and several dots on both the scanner as the phantom (Appendix B).  
The imaging employed the following settings: 

• Main Application: Cardio 
• Application: Cardiac 
• Procedure: Coronary 15 fps Medium 
• Patient type: Normal (70 - 90 kg) 

 
Additional settings were automatically determined based on the attenuation of the 
materials between the source and the detector (the phantom). Measurements were taken 
for 10 seconds in both acquisition mode and fluoroscopy mode. Acquisition mode, 
captures high-resolution, sequential images of the heart in real-time, allowing for detailed 
analysis of the cardiac structure and function. These images are stored for later review and 
typically have a higher frame rate, providing clearer visualisation of heart movement. 
Fluoroscopy mode, on the other hand, uses continuous low-dose X-ray beams to produce 
real-time, live images, enabling clinicians to observe and guide procedures like catheter 
placement and stent implantation; however, it provides a lower resolution and frame rate 
compared to acquisition mode. The tube voltages and currents for both modes can be 
found in Table 1. The cause for using different tube voltage and tube current settings in 
the oblique orientation is to maintain a certain image quality as the X-rays must pass 
through varying thicknesses. 
 

 AP 40 degrees 
Acquisition mode Tube voltage: 66 kV 

Tube current: 393 mA 
Tube voltage: 73 kV 
Tube current: 691 mA 

Fluoroscopy mode Tube voltage: 74 kV 
Tube current: 4.8 mA 

Tube voltage: 99 kV 
Tube current: 3.6 mA 

Table 1:The tube voltages and currents for both modes and both C-arm orientations 

Combinations of fluoroscopy or acquisition mode, anteroposterior (AP) view or a 40° tilted 
view of the C-arm, and the presence or absence of a lead screen, resulted in eight different 
setups, with each 168 measurements. 
 

Modelling 
Python was used for data processing, modelling the (effect of the) lead screen, and the 
visualisation of the data [40]. Not every step of the code will be explained in this 
methodology section. However, some aspects that are important for the research results 
will be discussed. During the programming process, care was taken to ensure that the 
model could be easily enhanced in the future. This has been achieved by utilising 
functions and dividing the model into distinct stages. Consequently, if any stage requires 
improvement, it can be easily accomplished without affecting the rest of the code. 
 
During the test day, not all measurements were consistently captured, especially for those 
with low dose rates. Consequently, it was decided to conduct 10-second measurements. 
As the beginning and end of the measurements sometimes yield lower values than 
expected, and occasional unexpected outliers were present, these factors were taken into 
account. For each measurement, the non-zero elements were sorted in descending order. 
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If there were 7 or more seconds of measurements received, an average was calculated 
from the third value in the row to the second-to-last value in the row. If there were 3 to 6 
seconds of measurements, the median was taken. If only 1 or 2 seconds of measurements 
were available, their average was calculated. This approach compensated for the outliers. 
 
All data sets (acquisition mode/fluoroscopy mode, AP orientation or 40-degree tilt 
orientation of the C-arm and with or without screen) were further processed. As the goal 
was to predict the effect of the lead screen, the screen was modelled. The boundaries of 
the screen, including the cut-out in the bottom corner, were precisely defined. Then the 
location of the screen in the measurement set-up was incorporated into the code. 
Subsequently, an attenuation grid needed to be established, which first required defining 
the source. Three possible options were tested as the source: 
- The centre of the phantom (point source) 
- The point in the phantom where 50% of the scattering has been generated (point 

source): In order to estimate the distance where 50% of the scattering has occurred 
within a PMMA (polymethyl methacrylate) phantom, the concept of the half-value 
layer (HVL) is used. The HVL represents the thickness of a material needed to decrease 
the intensity of radiation by half. Based on NIST data, the mass attenuation coefficient 
for Compton scattering in PMMA at 66 keV is approximately 0.24 cm^2/g. PMMA has a 
density of around 1.18 g/cm³. 
 
First the linear attenuation coefficient (µ) for Compton scattering in PMMA was 
determined: 

µ = (µ/ρ) * ρ 
µ ≈ 0.24 cm^2/g * 1.18 g/cm³ 
µ ≈ 0.2832 cm⁻¹ 

Next, the HVL was calculated using the following equation: 
HVL = ln(2) / µ 

Inserting the value of µ, the following HVL was obtained: 
HVL ≈ 0.693 / 0.2832 
HVL ≈ 2.45 cm 

 
As the thickness was desired at which 50% of the scattering develops, the HVL was 
used an approximation. Consequently, approximately 2.45 cm of PMMA was necessary 
for the development of 50% of the scattering at 66 keV. The same was calculated for 
the other tube voltages. The highest tube voltage (99 keV) gave an HVL of 3.09 cm with 
a mass attenuation coefficient of µ/ρ ≈ 0.19 cm²/g. The HVL used was at 3 cm height 
from the bottom of the phantom. 

- The whole phantom (3D source): In this case every point within the phantom was 
seen as an equal part of the source. 

 
After defining the source, the attenuation grid had to be populated. For the point sources, 
this was achieved by “drawing” a line from each point in the grid to the source point and 
determining whether it passed through the lead screen. For the 3D source, this process 
was carried out for each point in the source and then divided by the number of points. In 
this case, the percentage of points within the source was examined that were 'visible' for a 
specific point in the grid. The grid for point sources consisted of zeros and ones, while the 
grid for 3D sources contained fractions. These grids were then multiplied by the fraction 
obstructed by the lead screen. 
The lead screen has a lead equivalency of 0.5 cm Pb (lead). The shielding ability of 
materials like lead to attenuate radiation is also described using the HVL concept and 
depends on the energy. Using similar calculations as mentioned previously, the following 
percentages of blocked radiation have been determined: 

• 66 kV: 97.44 % 
• 73 kV: 96.84 % 
• 74 kV: 96.75 % 
• 99 kV: 94.68 % 
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For the 3D source, this resulted in an attenuation grid as shown in Figure 9. The colour 
depends on the extent of radiation attenuation at that location.  
 

 
To evaluate the adequacy of the estimated dose rates with a lead screen, the differences 
were displayed using two boxplots. One boxplot shows the difference between the 
estimated and measured dose rates in mSv, while the other boxplot presents this 
difference as a proportion by dividing it by the measurement of each respective point. 
Additionally, the number of correctly estimated points was counted, with a point 
considered correct when the estimation fell within 0.1 mSv/h difference of the actual 
measurement. Using the boxplot and the number of correctly estimated points, the 
source type has been chosen.  
 
The 3D source was selected as the preferred option for radiation dose estimation due to 
several reasons. First, it demonstrated higher accuracy across various conditions, such as 
acquisition AP, acquisition with a 40° tilt, and fluoroscopy with a 40° tilt. Second, the 
distribution of deviations was smaller for the 3D source, indicating that estimations were 
closer to the actual values. Third, the 3D source offers a more comprehensive 
representation of the radiation field, which can potentially lead to better estimation 
accuracy. Lastly, the 3D source may be more adaptable to different clinical scenarios, 
making it a more versatile option for radiation dose estimation in practice. 
 
The data was interpolated to estimate the dose rate at each point in space, which then 
was utilised for assessing the clinician’s exposure and visualising the protective effect of 
the lead screen. To achieve this, the measured data without the lead shield was first 
interpolated, and subsequently, the attenuation effect of the lead screen was 
incorporated. Various interpolation and extrapolation techniques were examined to 
determine their suitability for the dataset.  
 
• Trilinear interpolation: Trilinear interpolation is a method of interpolating data points 

within a 3D space. It extends the concept of linear interpolation and bilinear 
interpolation to three dimensions. In trilinear interpolation, the data is sampled at 
eight neighbouring grid points of a cubic cell, and the value at an arbitrary point within 
the cell is estimated as a weighted average of these eight data points. The weights 
depend on the relative distance of the point to each of the eight grid points. 

• Nearest-neighbour interpolation: Nearest-neighbour interpolation is the simplest 
method of interpolation, applicable to 3D spaces as well. It assigns the value of the 
nearest data point to the point being interpolated. In other words, the interpolated 

Figure 9: Visualization of the attenuation of the shield. Purple: Attenuation between 75 and 100%, Red: 
Attenuation between 50 and 75%, Yellow: Attenuation between 25 and 50%, Green: Attenuation 
between 10 and 25% 
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point takes the value of the closest sampled point in the 3D grid.  
• Inverse Distance Weighting (IDW): IDW is a weighted average interpolation method 

where the influence of sampled points on the interpolated point is inversely 
proportional to their distance. In 3D interpolation, the weight assigned to each 
sampled point is determined by the inverse of its distance to the interpolation point 
raised to a certain power. The interpolated value is then the sum of the product of the 
weights and sampled values, divided by the sum of the weights. The power parameter 
determines the degree of influence that the sampled points have on the interpolated 
value. 

• Radial Basis Functions (RBF): RBF interpolation is a technique that uses radial basis 
functions as basic functions to represent the spatial relationship between data points 
in 3D space. The value at an interpolation point is computed as a weighted sum of 
radial basis functions centred on the sampled data points. The weights are determined 
by solving a system of linear equations formed by the values of the radial basis 
functions at the sampled points. RBF interpolation can capture complex spatial 
patterns and produce smooth interpolated surfaces. 

• Kriging: Kriging is an interpolation method that considers not only the distance 
between sampled data points but also their spatial correlation to estimate values at 
unsampled locations. In 3D interpolation, kriging computes the interpolated value as a 
weighted linear combination of the sampled data points, with weights determined by 
minimising the variance of the estimation error while ensuring the weights sum to 
one. Kriging relies on a semi-variogram, which quantifies the dissimilarity between 
data points based on their separation distance and direction.  

• B-spline interpolation: B-spline interpolation is a method that uses B-spline basis 
functions to represent the spatial variation of data points in a 3D space. B-splines are 
piecewise-defined polynomial functions that are smooth and have local support, 
which means they are non-zero only within a specific interval. In B-spline interpolation, 
the data is approximated by a continuous function formed by the weighted sum of B-
spline basis functions. The weights, or control points, are determined by minimising 
the difference between the original data and the interpolated function. 

 
Ultimately, kriging was chosen due to its effectiveness in modelling spatial dependence 
between data points using a semi-variogram. This measures the degree of correlation 
between the differences in values of a variable at two locations as a function of the 
distance between those locations [41] [42]. In other words, it assesses how similar or 
dissimilar two points are based on their separation distance. Additionally, kriging is 
adaptable to anisotropy, allowing it to capture directional trends in the data and provide 
accurate interpolation results. 
 
Other methods were considered but were either unsuitable for the dataset or 
computationally challenging to implement. Trilinear interpolation, although 
computationally efficient, can lead to less accurate results when dealing with radiation 
dose rates in a cathlab due to its assumption of a linear relationship between data points 
along each axis. Nearest-neighbour interpolation was found to be too simplistic for this 
application. The B-spline method, a 2D interpolation technique, was not used because 
applying it to a 3D model would require multiple 2D interpolations for each layer, which 
was undesirable. Radial Basis Functions (RBF) and Inverse Distance Weighting (IDW) were 
computationally too demanding for the available computer resources. 
 
After interpolation, the data was visualised to examine the attenuation effect of the lead 
shield. Furthermore, by considering the average distances between the assistant and 
cardiologist, their respective radiation doses were calculated. Radiation exposure was 
assessed at two locations: the chest, where current badges are placed, and the head, as 
literature suggests this is where clinicians in the cathlab experience the most negative 
effects. The height of the head was set on 165 cm above the ground and the height of the 
chest at 140 cm and the distance from the side of the bed was put on 5 cm. The location in 
the room was based on the tests mentioned before and shown in Figure 6. 
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The conventional approach to placing ceiling-mounted shields is to position them close to 
the radiation source as this would optimise the "radiation shadow" of the shield [18]. 
However, more recent literature indicates that the lead shield should be situated closer to 
the operator [43]. On the other hand, an article of Klein et al. points out that when the 
shield is placed nearer to the operator, it provides less effective radiation protection for 
other individuals in the room [44]. 
Therefor the exposure calculation was performed for three lead screen positions and for a 
scenario without the lead screen: close to the clinician (20 cm from the end of the 
phantom), close to the phantom (5 cm from the end of the phantom), and at the edge of 
the phantom (0 cm from the end of the phantom). This assessment has been carried out 
for both the AP view and the situation in which the C-arm was tilted at a 40° angle. 
 
If a closer look at the programmed model is desired, please contact the email address 
provided in the opening section of this document. 
 

Feedback Method & Questionnaire 
First, a literature review was performed to identify existing methods for radiation exposure 
feedback mechanisms, which can be found in Appendix A. Additionally, frequent 
observations were conducted in the cathlab to identify opportunities for improving the 
radiation feedback. By examining the challenges in implementing radiation measures, the 
potential solution of providing advice on the placement of the lead screen was developed. 
 
To explore how doctors prefer to receive radiation feedback, a questionnaire has been 
administered to a group of interventional cardiologists at Reinier de Graaf Gasthuis, a 
large regional hospital. Through this survey, their opinions on general radiation safety and 
evaluation on various radiation feedback possibilities were gathered. The following 
techniques were assessed based on methods identified in the literature review. 
Additionally, potential novel techniques were explored and evaluated. These new 
techniques were devised by regularly attending the cathlab during different types of 
procedures. This entailed identifying opportunities to communicate the received radiation 
dose or possibly give advice on how to better use certain measures without disturbing the 
clinician. 
 
- A bar graph: The dose data is displayed separately for each person present and 

includes current dose rate (mSv/hour), accumulated procedure dose (mSv) and 
accumulated annual dose (mSv). The current dose rate is shown in colour bars, which 
increases in size and changes colour as the radiation thresholds changes.  

- A sound: This sound can be heard upon receiving radiation, where the bleep rate 
increases with higher radiation levels. 

- A wearable: This wearable shows the real-time doserate and will vibrate when this 
doserate is higher than a certain threshold. 

- Augmented Reality: This is a technology that superimposes a computer-generated 
image on a user’s view of the real world. In useful embodiments, a head-mounted 
display of several radiation zones is used, which can be conveyed to the user by such 
means as display glasses, overhead displays, projections or by showing it on a monitor. 

- Instructions for the lead screen: In this case the clinician will get directional advice on 
how to place the lead screen. This can either be shown on the lead screen or on the 
monitor. 

 
The questionnaire can be found in Appendix K. 
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Results 
 

Measurements & Processed data 
For the fluoroscopy measurements in the AP orientation, one recording (thus eight 
measurements, as there are eight badges on the post) did not go as planned. Both with 
and without the lead screen, these two setups resulted in 160 measurements. Out of the in 
total eight setups, the other six were successful, each comprising 168 measurements. 
These measurements have been visualised as scatterplots demonstrated in Appendix D. 
The x, y, and z-axes (in centimetres) remain constant over the plots in this report, as shown 
in Figure 10, where coordinate 0,0,0 corresponds to the centre of the phantom.  

 
 

 
 
 
 
 
 
 
 
 
 

To gain a better understanding of how these measurement points are distributed in the 
space, the interpolated data for all measurements can be found in Appendix E and 
Appendix F. From these visualisations, it is evident that the dose rate is higher when the 
acquisition mode is used. Additionally, the radiation levels are observed to also be higher 
when the C-arm is rotated by 40 degrees.  
 
To determine whether the measurements align with the expected values, an inverse 
square relationship was examined, which was found to be valid for all measurements in 
the line perpendicular to the bed and closest to the source (Appendix C).  
Furthermore, the attenuation directly behind the screen was assessed to verify if it 
matched the anticipated attenuation. The dose rates and attenuation are outlined in Table 
2. It can be observed that the attenuation corresponds with the expected values in the 
acquisition mode, but in the fluoroscopy mode, there is a lower decrease than expected 
for both orientations of the C-arm. 

 
Table 2: Comparison between expected and actual attenuation of the lead screen 

 (x, y) 
Without 
lead screen 

(x, y) with 
lead 
screen 

Dose rate 
without lead 
screen 
[mSv/h] 

Dose rate 
with lead 
screen 
[mSv/h] 

Percentage 
of 
reduction 

Expected 
percentage 
of 
reduction 

Acq, AP (-44, 41) (-45,40) 1.1419 0.0439 - 96.1 % - 97.4 % 
Fluo, AP (-44, 41) (-45,40) 0.1865 0.0495 - 73,5 % - 96.8 % 
Acq, 40° (-44, 41) (-45,40) 3.3601 0.2488 - 92.6 % - 96.8 % 
Fluo, 40° (-44, 41) (-45,40) 0.5016 0.2791 - 55.6 % - 94.7 % 

Figure 10: Coordinate system of the measurements in the Catheterisation Laboratory, with the bed, 
the phantom and on the right lead screen 
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The shield was incorporated into the measurements without the use of the lead screen, 
and the quality of the estimations was compared to the measurement points that already 
included the shield. This approach was applied to three different source types mentioned 
in the methods, namely the Point Centre of the source, Point Low in the source, and the 
3D source. The accuracy of the estimations was evaluated based on whether they were 
within a deviation of 0.1 mSv/h from the actual measurements. In that case the estimated 
point is considered correct. This data, along with the spread of the difference showed in 
boxplots are shown in Appendix G.  

 
 

 
 
The results for each source type and condition are summarised below: 
- In the Acquisition AP mode (total points: 168), the estimation accuracy was highest 

when the point source was at the height of the 50% attenuation (133 correct), followed 
closely by the 3D source (132 correct) and the point in the centre of the source (128 
correct). The distribution in the boxplot was comparable for each condition. For the 3D 
source, most data points were closer to 0% deviation in comparison to the other two, 
but there were also larger outliers. 

- In the Fluoroscopy AP mode (total points: 160), the estimations were consistently 
accurate across all source types, with each condition yielding 160 correct estimations. 
The distribution in the boxplot was also quite similar for each condition. 

- In the Acquisition mode with a 40° tilt, the estimation accuracy was highest for the 3D 
source (82 correct), followed by the point in the centre of the source (70 correct) and 
the point lower in the source (67 correct). The distribution in the boxplot was smaller 
for the 3D source compared to the other two conditions. 

- In the Fluoroscopy mode with a 40° tilt, the estimation accuracy was highest for the 
3D source (142 correct), followed by the lower point in the source (138 correct), and 
then the point in the centre of the source (134 correct). The distribution of differences 
was smaller for the 3D source compared to the two point sources. 

These results provide insights into the accuracy of radiation dose estimations under 
different scenarios and have led to pick the 3D source as the representation of the source 
in the model.  
 
The inaccurately estimated values were interpolated and plotted in Appendix H. In these 
visualisations, blue areas represent instances where the estimation provided a dose rate of 
at least 0.1 mSv/h lower compared to the measurements, indicating that the model 
overestimated the amount of radiation blocked. Conversely, red areas signify cases where 
the estimation yielded a dose rate of at least 0.1 mSv/h higher compared to the 

Figure 11: Measurement data without the shield combined with the estimated attenuation of the lead 
screen. AP orientation C-arm, Acquisition mode. Lead screen placed 20 cm from the phantom. 
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measurements. Notably, in the fluoroscopy with anteroposterior (AP) orientation of the C-
arm, no areas were visualised, as all the differences were lower than 0.1 mSv/h. By 
combining the radiation data from measurements without the lead shield and the 
attenuation model described in Figure 9, an estimation of the attenuation can be  
visualised as shown in Figure 11. This process was carried out for the lead shield positioned 
in three locations, as detailed in the methods section. Appendix I provides visualisations of 
how the radiation spreads in the room at different lead shield positions. In Figure 12 the 
effect of the placement of the lead screen can be seen, when you compare it to Figure 11. 
 

 
The percentage of the attenuation of the dose rate for the chest and head of clinicians, 
relative to the measurements without the lead shield, is presented in Table 3. This 
represents a 6.2-fold and 2-fold increase in radiation attenuation for the chest and head 
respectively, given the lead shield is correctly utilized. 
 
It can be observed that the amount of radiation exposure, particularly for the 
interventional cardiologist, increases as the lead shield is positioned closer to the radiation 
source. Table 4 and Table 5 in Appendix J outlines the dose rate for various procedural 
settings combined with the location of the lead shield. Here it can be seen that placing 
the lead screen closer to the clinician, rather than closer to the source, could potentially 
result in a dose reduction up to 32.5 times for the chest and a 20 times dose reduction for 
the head. 
 

 
 
 
 
 
 
 
 
 

 Location Attenuation 
with shield on 
spot 
measurement 
(20 cm to 
phantom)  

Attenuation 
with shield 
closer to 
phantom (5 
cm to 
phantom) 

Attenuation 
with shield 
next to 
phantom (0 
cm to 
phantom)  

Interventional 
Cardiologist 

Chest 97.4% 32.3% 15.6% 
Head 97.4% 67.3% 47.5% 

Assistant / 
Scrub nurse 

Chest 4.2% 0.8% 0.4% 
Head 31.5% 7.7% 3.7% 

Table 3: Expected attenuation of the dose rate for Interventional Cardiologist and the Assistant, 
with the lead screen on three different locations. The percentages represent the expected reduction 
in radiation exposure compared to the measurements without the lead screen. 

Figure 12: Measurement data without the shield combined with the estimated attenuation of the lead 
screen. AP orientation C-arm, Acquisition mode. Lead screen placed 0 cm from the phantom. 
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Feedback Method & Questionnaire  
A questionnaire was conducted with five interventional cardiologists to gather insights 
into their current radiation safety practices. The results of the questionnaire are in 
Appendix K, however the results revealed several key points which are detailed below. 
 
The first part was regarding the current radiation safety measures. Radiation safety is 
deemed highly important during a procedure, with an average score of 8 out of 10. In 
terms of protective equipment, all five cardiologists consistently wear a lead apron and 
collar. Only one individual always wears protective glasses, and one other wear them 
occasionally. 
 
The lead screen, an essential component for shielding against radiation, is utilised with 
different reasons among the respondents. Four out of five cardiologists reported moving 
the screen during procedures because it obstructs the C-arm or hampers the procedure 
itself. One cardiologist mentioned moving the screen to achieve better shielding. 
Generally, there was uncertainty regarding the optimal placement of the screen, with 
most choosing to position it in the middle of the patient. However, one cardiologist 
directed it to the emitter. Additionally, three cardiologists expressed their preference for 
positioning the lead screen as close as possible to the radiation source. One of them 
stated, "I position the screen as close as possible to the centre of radiation to block as 
much radiation as possible, also considering the assistant." 
One challenge faced by the cardiologists is manoeuvring the lead screen within the 
confined space of the catheterisation laboratory. The screen is a rigid object attached to 
an inconvenient arm on the ceiling, which makes it difficult to move around. 
 
To reduce radiation exposure, the cardiologists primarily focus on taking short recordings 
and using diaphragming. However, they prioritise diagnostic accuracy and patient care 
above all else. Despite the challenges and uncertainties, the cardiologists appear to be 
making efforts to balance radiation safety with the best possible patient outcomes. 
 
The second part was regarding the feedback of the radiation. The clinicians received a 
monthly report on their total radiation dose exposure for that month. However, they 
hardly paid attention to this information, as they believed that any potential harm had 
already occurred. Also, from this feedback it was unclear what factors contributed to the 
exposure. Also, various radiation feedback techniques where discussed. When rating the 
techniques on a scale from 1 to 10, the average scores for each technique are as follows: 
 

• Bar graph: 7.3 [6.5 – 8] 
• Sounds: 2 [1 – 3] 
• Wearable: 3.2 [1 – 5] 
• Augmented Reality with glasses: 6.5 [2 – 8] 
• Augmented Reality with projection on the floor: 6.5 [4 – 8] 
• Augmented Reality with projection on the ceiling: 3.4 [1 – 5] 
• Augmented Reality displayed on the monitor: 7.4 [7 – 8] 
• Advice on optimal position of the lead screen (displayed on lead screen): 8.6 [7.5 – 9] 
• Advice on optimal position of the lead screen (displayed on monitor): 7 [5 – 8] 

 
When asked about other possible options, a combination of Augmented Reality on the 
monitor and advice on the optimal position of the lead screen was suggested. This would 
provide clarity for both the cardiologist and the assistant on safe positioning during 
procedures. Furthermore, the participants expressed interest in having training sessions 
to provide more guidance on radiation safety. These sessions would ideally include 
practical lessons and feedback on real procedures in comparison to their colleagues. 
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Discussion 
 
The importance of radiation safety in the field of interventional cardiology cannot be 
overstated, as it directly impacts the well-being of both patients and medical 
professionals. This research aimed to enhance radiation safety by exploring a 
comprehensive approach to the guidance and implementation of protective measures, 
thereby ensuring the safety and well-being of healthcare workers who face radiation 
exposure in their daily practice. A model is developed that calculates radiation scattering 
in the catheterisation laboratory and determines the effect a lead screen has on this 
radiation distribution. Also, by working with interventional cardiologists, the research 
explored potential methods for communicating dose rate data during procedures to 
increase radiation exposure awareness and encourage protective measures adoption. 
 

Feedback strategy 
The questionnaire results provided valuable insights into the current radiation safety 
practices of medical professionals and their perception of potential feedback methods. 
The participants rated the importance of radiation safety during procedures an average of 
7.6 [4 – 9], highlighting their awareness of the issue. 
 
From the questionnaire, several conclusions can be drawn about the current state of 
radiation safety among the respondents. The participants consistently wore the lead 
apron and collar, but there was a lack of adherence to wearing lead glasses, suggesting a 
potential area for enhancing personal protection. 
 
There was ambiguity regarding the best location for the lead shield, as some put it close to 
the source, while other put it close to themselves. The respondents also mentioned that 
they move the lead shield primarily because it obstructs their workspace rather than for 
improved radiation shielding. This indicates a lack of understanding of the shield's optimal 
positioning and its importance in reducing radiation exposure. 
 
In terms of radiation feedback, the current practice of providing monthly feedback seems 
to be insufficient, as respondents reported not paying much attention to it.  
Among the already available feedback techniques, the bar graph scored the highest, with 
an average rating of 7.3. This is in line with the findings of the literature review performed 
before this study (Appendix A). The most preferred option was to display the suggestion of 
the optimal position of the lead screen directly on the shield, which received an average 
rating of 8.6. This indicates that there is high interest in such a method to improve their 
radiation safety.  
 
The method of providing feedback on the lead screen has not yet been thoroughly 
investigated. Ideas include a display featuring a 3D arrow indicating how the screen 
should be moved. Alternatively, it might be possible to use lights along the edges to signal 
where the screen needs to be positioned. 
A potential addition to the feedback system could be an augmented reality (AR) 
visualisation of the radiation effect on the monitor, clearly showing safe areas for 
personnel. However, it is essential to ensure that such a display does not distract from the 
procedure itself. According to every cardiologist interviewed, the quality of the diagnosis 
and the patient care remain top priority. An envisaged solution can be seen in Figure 13. 
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There are several limitations to this part of the study, including the small sample size of 
only five interventional cardiologists and the fact that it was conducted in a single centre 
and user group. These limitations may affect the generalisability of the results. Further 
research should investigate the perspectives of professionals in other interventional areas 
and from multiple centres. A large-scale study that includes design requirements and the 
involvement of various stakeholders, such as assistants in the room, would provide a more 
comprehensive understanding of the issue. This approach would help identify additional 
areas for improvement in radiation safety practices and guide the development of more 
effective feedback systems. 
 

Dose Rate Model 
A preliminary model has been developed to estimate the dose rates and define the effect 
of the lead screen on the scatter pattern in the cathlab.  
 
Optimal position lead screen 
As mentioned above, there was a lack of clarity about the proper placement of the lead 
screen. According to research, 51% of intervention cardiologists do not use the lead screen 
correctly. In other words, there is a considerable gap between theory and practice. During 
the questionnaire, it even emerged that in the training they receive for radiation safety, 
they are advised to place the lead screen close to where the imaging is performed.  
As shown in Figure 45 and Figure 46, this is not the case.  
 
By positioning the screen close to the doctor rather than close to the source, radiation 
attenuation for the chest increases from 15.6% to 97.4%, and for the head, it rises from 
47.5% to 97.4%. This amounts to a potential enhancement of the radiation attenuation by 
a factor of 6.2 for the chest and 2 for the head when using the lead shield correctly. 
 
This emphasizes the necessity for better instructions on the positioning of the lead screen, 
an approach that clinicians expressed willingness to adopt according to the questionnaire. 
When determining this optimal position, the doctor's operating area should be taken into 
account. For instance, the doctor must be able to reach the entry of the catheter into the 
patient comfortably so that they can guide the catheter. In addition, they must also have 
the space to be able to move the bed together with the patient. 
 

Figure 13: This figure presents a potential feedback solution. An arrow 
on the lead screen indicates the required adjustment, while the lower 
right corner of the monitor displays the effect of the current position of 
the lead shield. 
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A recommendation indicating how to move the lead 
screen requires both the live location of the doctor and 
that of the lead screen. Within the Biomedical 
Engineering group at TU Delft, a model that can 
determine the live location of clinicians is being worked 
on among others by R. Butler, as shown in Figure 14.  
The location of the lead screen could potentially be 
determined by using a QR code (Quick Response code). 
3D localization with QR codes in the cathlab involves 
decoding these codes from captured images to calculate 
the lead screen’s position and orientation relative to the 
camera, utilizing perspective distortion and camera 
parameters.  
Both components will require further elaboration before 
being applicable in practice. 
 
Estimation of the dose rates 
The dose rates were predicted by combining the measurements without the lead screen 
and the expected attenuation due to the lead screen. The predictions for the C-arm in AP 
(132/168 and 160/160 correct for acquisition and fluoroscopy respectively) were more often 
correct than those of the tilted C-arm (82/168 and 142/168 correct for acquisition and 
fluoroscopy respectively). This is partly because the tube current is higher at the tilted c-
arm (393 mA in AP vs 691 mA in 40° tilt). In addition, this occurs due to the smaller angle of 
scattering, which results in less energy loss. The spread of deviation in the boxplots 
compared with the values of the original measurements did match reasonably well.  
 
The deviations for the acquisition mode in AP-orientation as shown in Appendix H are 
explainable. The estimation gives a lower doserate immediately next to the bed. So, the 
attenuation caused by the model should be lower. When the 3D orientation is considered, 
it seems that for this area, more was able to 'leak' underneath the lead screen than was 
predicted. The model assumed that it was only the phantom that was the source and that 
each point of the phantom would equally cause scattering. This is not the case, as the 
scattering can also be caused by other components such as the bed. Moreover, scattering 
will occur more at the bottom than at the top, since the higher you get, the more radiation 
is already attenuated. Both aspects contribute to this deviation between prediction and 
measurement. The red part (so the higher attenuation) is considered to be caused by 
radiation that would go past the lead screen in the prediction but is attenuated by the 
screen. It can also be a result of the interpolation. As a result, the prediction gives a higher 
dose rate, than the measurements.  
For the fluoroscopy mode in AP orientation, all were within 0.1 mSv/h and thus considered 
acceptable. 
 
In acquisition mode in the 40° tilted position of the C-arm, several areas of deviation are 
seen. A large proportion of these are located in front of the lead screen (on the side of the 
phantom). It is assumed that this is due to measurement error, as it is unlikely to be 
caused by the positioning of the lead screen. Research by H. Eder et al. showed that 0.15% 
to 0.55% of the scattered radiation impact on the operators/assistants is the result of 
tertiary radiation and thus neglectable [45]. The blue area behind the lead screen is similar 
in location and shape to the anomaly in AP mode and is probably due to scattering closer 
to the emitter (caused by the table and at the bottom of the phantom). The red area next 
to the table is difficult to explain how the discrepancy is caused there, since the 
(predicted) lead screen does not affect that location in the grid.  
For the fluoroscopy mode in 40° tilted position of the C-arm, the deviations are at the 
bottom and top of the measurement values. Here it looks like a difference due to an 
interpolation or measurement error but remains unclear. 
 
 

Figure 14: Localization of clinicians in the 
Catheterisation Laboratory 
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In short, the deviations found in the AP orientation of the C-arm are well explainable. The 
deviations in the 40° tilted position of the C-arm are larger and both the source should be 
generated differently, and the measurements should be more accurate to be ready for 
real-world use. However, the limit of 0.1 mSv/h is an arbitrary limit for the correctness of 
the prediction. The maximum of the measurements was for the C-arm in AP 1.9 mSv/h and 
0.2 mSv/h for acquisition mode and fluoroscopy mode respectively. For the 40° tilted 
orientation of the C-arm, this was 4.6 mSv/h and 0.7 mSv/h respectively. It is therefore also 
logical that the measurements in fluoroscopy mode are more often correct than those in 
acquisition mode.  
The limitations of both the measurements and the model are discussed below. 
 

Progress in Perspective 
The field of interventional cardiology has witnessed considerable advancements in 
radiation safety, with numerous techniques being developed to enhance protection 
within the catheterisation laboratory. These approaches predominantly focus on 
comprehensive shielding solutions, such as suspended radiation protection systems, 
flexible lead sheets at the base of the screen, and remote operation automation [13]. 
Despite their potential benefits, many of these techniques have not gained widespread 
acceptance due to their interference with procedural workflow. This project addresses this 
issue by refining the utilisation of existing radiation shielding measures rather than 
introducing new, inconvenient technologies, thus ensuring safety without compromising 
procedural efficiency. 
 
While there are existing methods that predict scattered radiation using Monte Carlo 
simulations, none of them incorporate calculations or visualisations that account for the 
effects of a lead screen [29]. This is a significant oversight, as the lead screen plays a crucial 
role in reducing received radiation for clinicians. 
 
Positioning the screen closer to the clinician is consistent with recent literature [18]. The 
visualisation provided by this study can enhance real-time understanding during 
procedures, enabling clinicians to effectively adjust the position of the lead screen. This 
approach makes the implications of the screen's positioning more tangible for the 
medical team, ensuring optimal radiation protection. By providing actionable insights on 
real-time positioning adjustments, the study paves the way for proactive radiation 
hygiene, potentially reducing future radiation exposure for clinicians and patients. 
 

Limitations Measurements 
To obtain a more accurate impression of the model's reliability, the first consideration is 
the quality of the data.  
 
Reliability of the DoseAware badges 
The measurements were performed by the DoseAware badges. To minimise stand 
dependency, we attempted to reduce both horizontal and vertical angles as much as 
possible. Also, by measuring for 10 seconds, we eliminated a portion of the uncertainty 
associated with the measurements.  
 
It is important to note that these badges are not specifically designed for research and 
precise measurements. If more reliable measuring instruments were available, it would be 
beneficial to repeat the same test using those devices. Additionally, the badges are not 
intended for high-dosage measurements, as they are primarily used for measurements 
under the lead apron. This could explain why there is a higher deviation from the truth in 
the measurements for the 40° orientation. 
 
During the test day, we encountered a yellow badge that did not perform well. However, 
we still used it since it did not cause any issues during other measurement sessions. This 
highlights that the badges can sometimes provide unreliable data. In the actual 
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measurements, one measurement failed, resulting in 160 measurements instead of 168 for 
fluoroscopy mode in AP. The missing measurement is the one closest to the source, where 
radiation levels are highest, potentially impacting the interpolation. 
 
In conclusion, the measurements obtained are adequate for the objectives of this project 
and for assessing its feasibility. However, enhancements are required before 
implementing the findings in real-world settings. 
 
Measurement set-up 
In constructing the experimental setup, the simulation of real conditions was taken into 
account as much as possible. However, a significant difference lies in the use of a phantom 
instead of an actual patient. Patients produce different scattering patterns than phantoms 
and exhibit more variability than the predictable nature of phantoms. Although, according 
to the research of Edwards et al., the scatter pattern of such a phantom is reasonably 
comparative with a patient [39]. Furthermore, individual patients differ, necessitating 
patient-specific inputs for practical application of the model. As this aspect largely 
correlates with a patient's BMI, this could serve as an input parameter. 
 
Additionally, the phantom is a square block, and unlike a human body, it does not 
attenuate radiation on its sides. During procedures, patients are also covered with a lead 
blanket, resulting in a lower dose for the assistant in real-life scenarios compared to the 
model. Another aspect not accounted for is the shielding effect provided by the 
interventional cardiologist, who wears a lead apron, casting a significant "shadow" on the 
dose rate within the cathlab.  
 

Limitations Model 
Throughout this project, the primary focus has been on developing an initial version of a 
model to demonstrate the feasibility. Careful consideration has been given to the ease of 
refining and improving the model during the programming process. Some limitations 
that require improvement or further investigation are described below. 
 
Representation of the scattering source  
It is important to note that this estimation relies on a simplified model. In a real-world 
scenario, factors such as the source's energy spectrum, and the presence of other 
interaction mechanisms may impact the scattering. This has implications, such as the fact 
that the mass attenuation coefficient varies for each energy level. The modified centre of 
the scattering source was the same for both orientations of the C-arm. However, this 
should not have been the case as it should be more towards the emitter in tilted position 
of the C-arm. Also, it was decided to maintain the same HVL for every tube voltage since 
the HVLs were very similar to one another. 
 
For the point source where 50% of the scattering has been generated, the HVL was used 
to define this point. It should be noted, however, that HVL is typically used for attenuation 
rather than scattering specifically.  
 
In the 3D source model, each point is assigned equal weight, although the majority of 
scattering occurs at the bottom (the side of the emitter) of the phantom due to the 
phantom's attenuation.  
In future refinements of this solution, this aspect should be considered and incorporated. 
One possibility for this improvement, for example, is to multiply each centimetre by the 
fraction of attenuation caused in that area. 
 
As discussed earlier, it is not only important to consider the increased scattering at the 
bottom, but also to account for other sources of scatter, such as the table on which the 
patient lies. Therefore, these factors should also be incorporated into the model. 
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Interpolation 
For the interpolation of the data, Radial Basis Functions (RBF) and Inverse Distance 
Weighting (IDW) were computationally too demanding for the available computer 
resources. Both RBF and IDW consider the spatial relationship between data points in 3D. 
These methods should be evaluated using more powerful computing resources to 
determine their suitability. 
 
Incorporating the location of the radiation source or integrating known physiological data 
into the model could potentially improve interpolation accuracy. For instance, based on 
knowledge about radiation and the findings from the test day, it was clear that without 
objects between the meter and the source, there is an inverse quadratic relationship. This 
can also be used in the model. As it stands, the current model seems to centre the 
radiation around the measurement point with the highest dose rate, whereas the dose 
should continue to increase as it approaches the phantom. Enhancing the model in this 
way could lead to more accurate results.  
 
Lastly, a validation of the interpolation quality should be incorporated to determine which 
method works best. 
 
Lead screen 
The lead screen is modelled as a screen that attenuates the radiation passing through it 
based on a specific energy level. This assumes monoenergetic radiation, when in reality it 
consists of an energy spectrum. Moreover, the model assumes that the radiation passes 
straight through the screen, since the attenuation is determined by the thickness of the 
screen. However, if the radiation reaches at an angle, it will travel a longer path through 
the screen, resulting in greater attenuation. These factors should be taken into account 
when further developing the model. 
 

Future Research 
Further measurements 
Ideally, future measurements should be conducted during actual procedures. However, 
this can be challenging in terms of data collection. One possible solution to get a closer 
resemblance to reality is to utilise a more comparable phantom that mimics the shape of 
a patient, complete with a lead blanket on top. Also add measurements with a mannequin 
with a lead apron on the position of the interventional cardiologist. 
 
In addition, it would be beneficial to explore other lead screen positions to determine their 
predictability and optimise the location of the lead screen. This investigation should 
particularly focus on potential tilting the shield in all directions. 
 
Another aspect warranting further examination is the adjustment of radiation settings, 
such as diaphragm settings, tube voltage, and others. Although there is already a wealth 
of literature available on this topic, it can still be utilised for refining the model. 
 
Lastly, conducting measurements without the phantom could provide valuable insights 
into the effects of the table and the cone of the emitter. This approach would help isolate 
these factors and potentially contribute to the development of a more accurate and 
comprehensive model. 
 
Determining Dose 
In the current model, dose evaluations focus on the chest and head due to the TLD badge 
placement and clinical relevance respectively. The goal is to extend the calculations to the 
entire body using a dose matrix and the clinician's body coordinates, enabling accurate 
assessment of radiation exposure throughout a procedure. This includes considering the 
shielding effect of a lead apron and varying radiosensitivity of different body parts, 
represented by tissue weighting factors, to calculate the effective radiation dose [46].  
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Conclusion 
Ultimately, radiation exposure poses a significant health risk to cardiologists performing 
interventional procedures, necessitating innovative solutions to minimise exposure. In this 
study, a preliminary model was developed to predict radiation exposure based on the 
location of the lead screen enabling the radiation dose received by clinicians during a 
procedure to be computed. By calculating this radiation, an optimal position for the lead 
screen can be determined. Feedback on this optimal position is given through 
instructions on the lead screen. The resulting scatter pattern is visualised on the monitor, 
allowing everyone in the room to prevent and thus minimise their radiation exposure. 
Interventional cardiologists have recognised the potential added value of this technique 
and are receptive to implementing it in practice. Furthermore, placement of the lead 
screen closer to the clinician, rather than closer to the source, could potentially enhance 
radiation attenuation by a factor of 6.2. This results in a possible dose reduction up to 32.5 
times. 
 
Key future objectives include collecting more data in different settings and positions of 
the C-arm, as well as investigating different positions and orientations of the ceiling-
mounted lead screen. The progression from this theoretical setup to real-world 
applications also requires further investigation. Here, achieving real-time tracking of both 
the lead screen and the clinicians is essential. Moreover, the precise feedback mechanism 
should be piloted and refined to ensure seamless integration into clinical practice without 
distracting the clinician from the procedure itself.  
 
Accomplishing these objectives will allow the model to play an important role in 
enhancing cathlab radiation safety, benefiting the health and safety of clinicians and staff. 
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Appendix B: Measurement set-up  
  

Figure 16: Establishing the correct setup. Left: Alignment of the C-arm with the phantom. Centre: Adjustment of the 
badge's angle using a weighted string and a protractor. Right: Determination of the pole's orientation and distance 
in relation to the phantom. 

Figure 15: Illustration of the setup. Left: Pole and badges oriented towards the center of the phantom. Middle: The 
setup with the C-arm in AP view and with the lead screen. Right: The setup with the C-arm in a 40° tilted view and 
with the lead screen. 
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Appendix C: Inverse Quadratic 
Correlation in measurements 

 

 
 

  

Figure 18: AP orientation C-arm, Acquisition mode, No 
lead screen (measurements 105 cm above the ground) Figure 17: AP orientation C-arm, Fluoroscopy mode, No 

lead screen (measurements 105 cm above the ground) 

Figure 20: 40° tilted orientation C-arm, Acquisition 
mode, No lead screen (measurements 105 cm above 
the ground) 

Figure 19: 40° tilted orientation C-arm, Fluoroscopy 
mode, No lead screen (measurements 105 cm above 
the ground) 
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Figure 21: AP orientation C-arm, Fluoroscopy mode, 
With lead screen (measurements 105 cm above the 
ground) 

Figure 22: AP orientation C-arm, Acquisition mode, 
With lead screen (measurements 105 cm above the 
ground) 

Figure 24: 40° tilted orientation C-arm, Acquisition 
mode, With lead screen (measurements 105 cm above 
the ground) 

Figure 23: 40° tilted orientation C-arm, Fluoroscopy 
mode, With lead screen (measurements 105 cm above 
the ground) 



 49 

Appendix D: Measurements in points 
 
AP Acquisition 
  
       Without lead screen          With lead screen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AP Fluoroscopy 
  
       Without lead screen         With lead screen 

 
  

Figure 25: Measurement points; AP orientation, 
Acquisition mode, Without lead screen. The colour 
of the dots are dependent on the Doserate value, 
where dark blue is low and dark red is high. 

Figure 26: Measurement points; AP orientation, 
Acquisition mode, With lead screen. The colour of 
the dots are dependent on the Doserate value, 
where dark blue is low and dark red is high. 

Figure 27: Measurement points; AP orientation, 
Fluoroscopy mode, Without lead screen. The colour 
of the dots are dependent on the Doserate value, 
where dark blue is low and dark red is high. 

Figure 28: Measurement points; AP orientation, 
Fluoroscopy mode, With lead screen. The colour of 
the dots are dependent on the Doserate value, 
where dark blue is low and dark red is high. 
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40° Tilt Acquisition 
  
        Without lead screen         With lead screen  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

40° Tilt Fluoroscopy 
  
        Without lead screen         With lead screen  

 
   

Figure 31: Measurement points; 40° tilted 
orientation, Fluoroscopy mode, With lead screen. 
The colour of the dots are dependent on the 
Doserate value, where dark blue is low and dark 
red is high. 

Figure 32: Measurement points; 40° tilted 
orientation, Fluoroscopy mode, Without lead 
screen. The colour of the dots are dependent on 
the Doserate value, where dark blue is low and 
dark red is high. 

Figure 29: Measurement points; 40° tilted 
orientation, Acquisition mode, Without lead 
screen. The colour of the dots are dependent on 
the Doserate value, where dark blue is low and 
dark red is high. 

Figure 30: Measurement points; 40° tilted 
orientation, Acquisition mode, With lead screen. 
The colour of the dots are dependent on the 
Doserate value, where dark blue is low and dark 
red is high. 
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Appendix E: Interpolated measurement 
data (Without lead screen) 
 
 

 
 

  

Figure 33: Interpolated visualisation of the data without a lead screen. AP orientation of the C-arm, 
Acquisition mode 

Figure 34: Interpolated visualisation of the data without a lead screen. AP orientation of the C-arm, Fluoroscopy 
mode 
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Figure 35: Interpolated visualisation of the data without a lead screen. 40° tilted orientation of the C-arm, 
Fluoroscopy mode 

Figure 36: Interpolated visualisation of the data without a lead screen. 40° tilted orientation of the C-arm, 
Acquisition mode 
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Appendix F: Interpolated measurement 
data (With lead screen) 
 
 
 
 
 
 
 
  

Figure 37: Interpolated visualisation of the data with a lead screen. AP orientation of the C-arm, Acquisition mode 

Figure 38: Interpolated visualisation of the data with a lead screen. AP orientation of the C-arm, Fluoroscopy mode 
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Figure 39: Interpolated visualisation of the data with a lead screen. 40° tilted orientation of the C-arm, Acquisition 
mode 

Figure 40: Interpolated visualisation of the data with a lead screen. 40° tilted orientation of the C-arm, Fluoroscopy 
mode 
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Appendix G: Deviation Estimation & 
Measurement 

Acquisition AP (Total points: 168) 
Point Centre of the source 
Estimation gives higher dose rate than measurement:  15 (Red) 
Estimation correct (within 0.1 mSv/h deviation):  128 (Green) 
Estimation gives lower dose rate than measurement:  25 (Orange) 
 
 
 
 
 
 
 
 
 
 
 
 
Point Low in the source 
Estimation gives higher dose rate than measurement:  12 (Red) 
Estimation correct:  133 (Green) 
Estimation gives lower dose rate than measurement:  23 (Orange)  
 
 
 
 
 
 
 
 
 
 
 
 
 
3D Source 
Estimation gives higher dose rate than measurement:  10 (Red) 
Estimation correct:  132 (Green) 
Estimation gives lower dose rate than measurement:  26 (Orange) 
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Fluoroscopy AP (Total points: 160) 
Point Centre of the source 
Estimation gives higher dose rate than measurement:  0 (Red) 
Estimation correct:  160 (Green) 
Estimation gives lower dose rate than measurement:  0 (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Point Low in the source 
Estimation gives higher dose rate than measurement:  0  (Red) 
Estimation correct:  160  (Green) 
Estimation gives lower dose rate than measurement:  0  (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
3D Source 
Estimation gives higher dose rate than measurement:  0 (Red) 
Estimation correct:  160 (Green) 
Estimation gives lower dose rate than measurement:  0 (Orange) 
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Acquisition 40° tilt 
Point Centre of the source 
Estimation gives higher dose rate than measurement:  30 (Red) 
Estimation correct:  70 (Green) 
Estimation gives lower dose rate than measurement:  68 (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Point Low in the source 
Estimation gives higher dose rate than measurement:  29 (Red) 
Estimation correct:  67 (Green) 
Estimation gives lower dose rate than measurement:  72 (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3D Source 
Estimation gives higher dose rate than measurement:  31 (Red) 
Estimation correct:  82 (Green) 
Estimation gives lower dose rate than measurement:  55 (Orange) 
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Fluoroscopy 40° tilt 
Point Centre of the source 
Estimation gives higher dose rate than measurement:  2 (Red) 
Estimation correct:  134 (Green) 
Estimation gives lower dose rate than measurement:  32 (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Point Low in the source 
Estimation gives higher dose rate than measurement:  2 (Red) 
Estimation correct:  138 (Green) 
Estimation gives lower dose rate than measurement:  28 (Orange) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3D Source 
Estimation gives higher dose rate than measurement:  2 (Red) 
Estimation correct:  142 (Green) 
Estimation gives lower dose rate than measurement:  24 (Orange) 
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Appendix H: Visualisation of difference 
measurement and estimation 

 
Acquisition AP 
 

 
 
 
 
Fluoroscopy AP 

Figure 41: Interpolated visualisation of the inaccurately estimated values. AP orientation of C-arm, Acquisition mode.            
Blue areas represent instances where the estimation provided a dose rate of at least 0.1 mSv/h lower compared to the 
measurements, indicating that the model overestimated the amount of radiation blocked. Conversely, red areas signify cases 
where the estimation yielded a dose rate of at least 0.1 mSv/h higher compared to the measurements. 

Figure 42: Interpolated visualisation of the inaccurately estimated values. AP orientation of C-arm, Fluoroscopy mode.            
Blue areas represent instances where the estimation provided a dose rate of at least 0.1 mSv/h lower compared to the 
measurements, indicating that the model overestimated the amount of radiation blocked. Conversely, red areas signify cases 
where the estimation yielded a dose rate of at least 0.1 mSv/h higher compared to the measurements. 
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Acquisition 40° Tilt  
 

 
 
 
 
 
 
Fluoroscopy 40° Tilt 
 

  

Figure 43: Interpolated visualisation of the inaccurately estimated values. 40° tilted orientation of C-arm, Acquisition mode.            
Blue areas represent instances where the estimation provided a dose rate of at least 0.1 mSv/h lower compared to the 
measurements, indicating that the model overestimated the amount of radiation blocked. Conversely, red areas signify cases 
where the estimation yielded a dose rate of at least 0.1 mSv/h higher compared to the measurements. 

Figure 44: Interpolated visualisation of the inaccurately estimated values. 40° tilted orientation of C-arm, Fluoroscopy mode.            
Blue areas represent instances where the estimation provided a dose rate of at least 0.1 mSv/h lower compared to the 
measurements, indicating that the model overestimated the amount of radiation blocked. Conversely, red areas signify cases 
where the estimation yielded a dose rate of at least 0.1 mSv/h higher compared to the measurements. 
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Appendix I: Interpolated data with lead 
screen (Three positions) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 45: Estimated scatter patterns for three different lead screen positions with an AP orientation of the 
C-arm. Top: Lead screen positioned 20 cm from the edge of the phantom. Middle: Lead screen positioned 5 
cm from the edge of the phantom. Bottom: Lead screen positioned 0 cm from the edge of the phantom. 
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Figure 46: Estimated scatter patterns for three different lead screen positions with a 40° tilted orientation of 
the C-arm. Top: Lead screen positioned 20 cm from the edge of the phantom. Middle: Lead screen positioned 
5 cm from the edge of the phantom. Bottom: Lead screen positioned 0 cm from the edge of the phantom. 
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Appendix J: Dose Rate Clinicians for 
different positions lead screen 

 

 
Assistant / 
scrub nurse 

Location Dose rate 
without 
shield 
[mSv/h] 

Dose rate with 
shield on spot 
measurement 
(20 cm to 
phantom) 
[mSv/h]  

Dose rate 
with shield 
closer to 
phantom (5 
cm to 
phantom) 
[mSv/h] 

Dose rate 
with shield 
next to 
phantom (0 
cm to 
phantom) 
[mSv/h] 

Acquisition 
mode 
AP orientation 

Chest 0.417 0.399 0.413  0.415  
Head 0.376 0.258  0.347  0.362  

Fluoroscopy 
mode 
AP orientation 

Chest 0.075 0.072 0.074 0.075 
Head 0.066 0.045 0.060 0.063 

Acquisition 
mode 
40° tilt 

Chest 0.938 0.899 0.931 0.935 
Head 0.927 0.635 0.855 0.892 

Fluoroscopy 
mode 
40° tilt 

Chest 0.145 0.139 0.143 0.144 
Head 0.140 0.096 0.130 0.135 

Percentage of 
measurement 
with no shield 

Chest - 95.8% 99.2% 99.6% 
Head - 68.5% 92.3% 96.3% 

Table 5: Estimate dose rates for the Assistant / Scrub nurse on the chest and the head for three 
different positions of the lead screen 

Interventional 
Cardiologist 

Location Dose rate  
without 
shield 
[mSv/h] 

Dose rate with 
shield on spot 
measurement 
(20 cm to 
phantom) 
[mSv/h]  

Dose rate 
with shield 
closer to 
phantom (5 
cm to 
phantom) 
[mSv/h]  

Dose rate 
with shield 
next to 
phantom (0 
cm to 
phantom) 
[mSv/h]  

Acquisition 
mode 
AP orientation 

Chest 0.680 0.018 0.461  0.574 
Head 0.349 0.009  0.114  0.183 

Fluoroscopy 
mode 
AP orientation 

Chest 0.101 0.003 0.068 0.085 
Head 0.057 0.001 0.019 0.030 

Acquisition 
mode 
40° tilt 

Chest 1.556 0.041 1.054 1.313 
Head 1.023 0.026 0.334 0.537 

Fluoroscopy 
mode 
40° tilt 

Chest 0.237 0.006 0.160 0.200 
Head 0.157 0.004 0.051 0.082 

Percentage of 
dose rate 
without shield 

Chest - 2.6% 67.7% 84.4% 
Head - 2.6% 32.7% 52.5% 

Table 4: Estimate dose rates for the Interventional Cardiologist on the chest and the head for three 
different positions of the lead screen 
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 Appendix K: Questionnaire 
Interventional Cardiologists  

 Interventional 
Cardiologist 1 

Interventional 
Cardiologist 2 

Interventional 
Cardiologist 3 

Interventional 
Cardiologist 4 

Interventional 
Cardiologist 5  

Current radiation 
safety 

 

Importance of radiation 
safety during a 
procedure (1-10)  

8 9 4 8 9 

Level of concern on 
experiencing negative 
impacts from radiation 
exposure (1-10) 

3 8 3 4 1 

Consistency of wearing 
protective lead apron 
and collar (never, 
sometimes, often, 
always) 

Always Always Always Always Always 

Consistency of wearing 
protective lead glasses 
(never, sometimes, often, 
always) 

Never Always Never Sometimes Never 

Number of times 
changing position of lead 
screen during Coronary 
Angiogram procedure 
and why?  

5 times à 
inconvenient 
position for 
procedure 

2 times à 
better 
connection to 
the patient 

4 times à Is in 
the way of C-
arm or entry in 
patient. 

3 times à It 
collides with 
the C-arm 

For every 
position of the 
C-arm à 
Provides 
better 
protection 

Indication of location to 
use for the positioning of 
the lead screen 

Heart of the 
patient, lead 
screen close 
to entry 
radiation 
without 
getting in the 
primary beam 

Centre of 
patient in 
radiation area, 
the shield 
close towards 
the C-arm. 

The heart of 
the patient 

As close as 
possible to 
centre of 
radiation area 
to block as 
much as 
possible, also 
for the 
assistant 

The source of 
the C-arm 

Challenges of positioning 
of the lead screen 

Difficult to 
know what 
the best 
placement is 

- Is often in the 
way.  

Is difficult that 
it’s a hard 
shape instead 
of something 
adjustable 

Difficult that 
it’s rigid and 
hard to move 
with the arm 
on the ceiling 

Factors that are 
considered during a 
procedure to reduce 
radiation exposure 

As short as 
possible and 
low frame rate 

Short 
recordings, 
diaphragming, 
detector close 
to patient à 
Patient most 
important  

No orientating 
recordings 
and short 
recordings 

No 
considerations, 
procedure and 
patient come 
on the first 
place 

Patient and 
diagnostics 
are most 
important, so 
no 
considerations 
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 Interventional 
Cardiologist 1 

Interventional 
Cardiologist 2 

Interventional 
Cardiologist 3 

Interventional 
Cardiologist 4 

Interventional 
Cardiologist 5  

Radiation Feedback      
Frequency of received 
feedback on radiation 
exposure 

Once a month 
à real-time 
would be 
better 

4 times a year 
à I don’t look 
at it, as it 
won’t change 
the way I’m 
operating 

Monthly, but 
looks at it 
maybe once a 
year 

Monthly, but is 
already a done 
deal, so I don’t 
look at it 

Monthly, but I 
look at briefly 
twice a year 

Perception of received 
radiation exposure (to 
high, acceptable, good) 

Acceptable Acceptable Good, not 
concerned 
with radiation 

Acceptable Acceptable 

Opinion on the 
effectiveness of using 
the following methods 
as a feedback method 

     

Bar graph 7 8 7 6.5 8 
Sounds 3 3 1 1 2 
Wearable 5 3 1 5 2 
Augmented Reality 
(glasses) 

3 5 6 8 2 

Augmented Reality 
(Projection on the floor) 

7 6.5 7 8 4 

Augmented Reality 
(Projection on the 
ceiling) 

5 5 1 2 4 

Augmented Reality 
(visualisation on 
monitor) 

7 8 8 7 7 

Advice on optimal 
position lead screen (on 
lead screen) 

9 8.5 7.5 9 9 

Advice on optimal 
position lead screen (on 
monitor) 

8 6 8 5 8 

Optimal feedback 
solution for radiation 
safety 

Better 
training, so 
more 
understanding 
of how to 
implement 
the right 
measures 

Combination 
of AR with 
screen impact 
on screen 
would be 
optimal, also 
for the 
assistants 

Expert that 
sometimes 
comes along 
to explain it 

Want to get 
feedback if I 
do something 
suboptimal, 
also in 
comparison to 
colleagues 

Robot which 
optimises 
place of lead 
screen 
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