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1. Introduction 

Since the early 2010s, several studies have reported an elevated incidence of eye lens opacities 

typically associated with ionising radiations among hospital interventional staff (Ciraj-Bjelac et al., 

2010; Vano et al., 2013). Recent publications have reported other potential hazards. Roguin (Roguin et 

al., 2012; Roguin et al., 2013) reported a possible association with brain tumours. Andreassi found 

subclinical carotid atherosclerosis (Andreassi et al., 2015) and, more generally, health problems 

(Andreassi et al., 2016). 

Many devices exist to protect the staff from radiation exposure. The lead apron, often combined with 

a lead collar, remains the standard individual equipment. Table lead curtains and ceiling-suspended 

screen have become conventional room equipment, at least in interventional cardiology (IC, Domienik-

Andrzejewska et al., 2018). Other radioprotective (RP) devices exist such as drapes positioned on the 

patient, caps or various types of cabins. However, estimating the actual efficiency of those devices 

remains challenging because it can be strongly affected by their design and the exposure conditions. 

Among other activities, the MEDIRAD project (Implications of medical low dose radiation exposure) 

aims to bridge gaps in the knowledge of staff radiation protection. The efficiency of novel equipment 

to protect the staff, and particularly the eye lens and the brain, was investigated. Caps, lead-free 

aprons, drapes covering the patient, masks and a novel ceiling-suspended system were thoroughly 

investigated by means of Monte Carlo (MC) simulations validated through clinical measurements on 

the staff and phantoms.  
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2. Material and Methods 

2.1 Selection of the radioprotective devices 

The RP devices to be investigated were selected based on an extensive literature review of the devices 

available to the staff during fluoroscopically-guided procedures. It was aimed at establishing an 

exhaustive list of devices, covering frequently encountered ones such as lead glasses or ceiling-

suspended screen, as well as more novel ones such as lead masks or ceiling suspended apron system. 

Only equipment mounted devices and personal protective devices were considered, hence excluding 

architectural shielding (i.e. build into the operative room walls). In total, 67 articles, were gathered, in 

the recent scientific literature (from 2000 on); among which 59 were of particular interest (list see 

annex). Those were reviewed according to 10 criteria (type of RP devices, shielded region, efficiency, 

type of procedures, ease of use, trustworthiness of the publications, etc.), with a specific attention to 

devices which protect the eye lens and the brain of the staff. About ten different types of devices were 

identified (Table 1), with some articles focusing on more than one type of device. The most studied 

ones were RP drapes (39% of the articles), ceiling suspended screen (21%) and lead glasses (16%); five 

articles (8%) presented novel suspended systems intended to replace the personal apron of the first 

operator. 

 
Table 1: Frequency of the protection devices studied in scientific papers 

 
Drapes 
(lead/non 
lead) 

ceiling 
suspended 
screen 

Lead 
glasses 

Cap Table 
skirt 

Table 
vertical 
extension 

Aprons 
(lead/non 
lead) 

Hood Thyroid 
collar 

Suspended 
systems 

Mask 

# 
24 (7; 17) 13 10 6 6 5 4 (4; 3) 3 2 5 1 

% 39% 
(11%; 
28%) 

21% 16% 10% 10% 8% 
6% (6%; 
5%) 

5% 3% 8% 2% 

 

Based on this literature search and the authors’ experience, a need for additional investigations was 

identified for the RP caps, masks, drapes, lead-free aprons and the Zero Gravity, a suspended lead 

apron system. An explanation on why these were specifically chosen can be found below. Within 

MEDIRAD, the lead glasses and the ceiling-suspended screen, which are nowadays conventional 

shielding devices in IC, were not selected. Both devices, and sometimes their combined use, have been 

extensively studied over the years. It is commonly agreed that the ceiling-suspended screen, when 

used properly, has the potential to significantly reduce the exposure of all shielded organs, including 

the hands, the eye lens and the brain. Well-designed lead glasses are an efficient device to protect the 

eye lens. A few studies also investigated the effect of lead glasses on the brain exposure. As it could be 

expected, their efficiency was very limited. 

For these five devices, the RP efficiency was extensively investigated by means of MC simulations 

validated through measurements on the staff and phantoms. 

2.2 Radioprotective devices 

Caps 
Various RP cap models are commercially available (Figure 1). Clinical studies (Karadag et al., 2013; 

Alazzoni et al., 2015; Sans Merce et al., 2016) have recently investigated their efficiency (only covering 

the upper part of the head (Figure 1, left)). Dosimeters were usually placed over the caps and 

underneath, in contact with the staff skin, to extrapolate the dose savings to the brain. Unfortunately, 



MEDIRAD  D2.19: Effectiveness of protective devices 

9 

a recent study (Honorio da Silva et al., 2020) has shown that this methodology alone was not sufficient 

to assess the dose savings to the brain, and that measurements had to be coupled with simulations. 

 

Figure 1: Pictures of two commercially available RP cap models: X-Ray Protective Cap (left; MAVIG; source: 
https://mavig.com) and RADPAD No Brainer X-ray Protective Surgical Cap (right; Worldwide Innovations & Technologies; 
source: http://www.varaylaborix.com). 

Masks 
Although RP face masks have been available for decades (Figure 2), only one publication studying the 

efficiency of lead masks was found (Marshall et al., 1992). Unfortunately, the study only considered 

the attenuation characteristics in laboratory conditions, which can significantly differ from clinical 

practice. 

 

Figure 2: Pictures of two commercially available RP face mask models: VIS400 face mask (left; source: www.varaylaborix.com) 
and Full face style mask (right; Philips Safety products, source: www.phillips-safety.com). 

Drapes 
Lead or lead-free drapes placed on the patient outside the x-ray primary beam (Figure 3) are relatively 

new compared to other standard RP devices such as the lead apron or the thyroid collar. Nevertheless, 

numerous studies (24, most of which being clinical) on the efficiency of lead or lead-free RP drapes 

covering the patients were identified. The dose reduction to the eye lens was assessed in some cases 

but the potential dose savings to the brain were not. Besides, no publication included results of MC 

simulation studies, which can be of invaluable help to investigate the drape limitations and optimise 

their use. 
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Figure 3: Pictures of two commercially available lead-free drape models: (a) RADPAD subclavian shield (left, Worldwide 
Innovations & Technologies; source: www.radpad.com), (b) radial X-ray protection drape (right; MAVIG; source: (McCutcheon 
et al., 2020)) and (c) lead drape of 0.5mmPb and size of 80x100cm (LITE TECH, INC., USA). 

Aprons 
Although four studies investigating the efficiency of lead and lead-free aprons (Figure 4) could be 

found, they were all performed in the laboratory or on phantoms. Therefore, it is needed to evaluate 

the efficiency of lead-free aprons in real clinical conditions, which can strongly differ from the ideal 

laboratory conditions. 

 

Figure 4: Pictures of two commercially available apron models: Vest and Skirt Wrap and thyroid collar (left, Scanflex; source: 
www.scanflex.se) and Balance vest and skirt (right; MAVIG; source: www.mavig.com). 

Zero-Gravity suspended system 
The Zero-gravity (ZG, Biotronik, Germany) is certainly the most recent RP device among the reviewed 

ones. It is a fully suspended system (Figure 5) composed of an apron with increased lead thickness (0.5 

to 1 mm Pb depending on the location) equipped with lead flaps over the upper arms and a lead face 

shield (0.5 mm Pb).Although it looks like a promising solution to the back-pain issue caused by lead 

aprons, the ZG system is only in use in a limited number of hospitals. Only five studies of its efficiency 

were found, including three studies on staff. No MC simulation studies were found. The information 

on dose reduction to the eye lens was limited, and no information on brain dose reduction was 

available. 

a b c 

http://www.radpad.com/
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Figure 5: Pictures of the Zero Gravity suspended radiation protection system (Worldwide Innovations & Technologies): Floor 
Unit suspended system (left;  source: www.biotronik.com) and clinical use (right; source:(Savage et al., 2013)). 

 

2.3 Monte Carlo simulations 

Monte Carlo simulations were performed for all simulated devices to calculate their potential for 

reducing exposure of various organs in set-ups commonly used during interventional procedures. In 

addition, dosimeters were modelled to investigate the correlation between the real shielding 

efficiency (calculated at the level of the organs) and the efficiency as estimated from measurements 

on staff (calculated at the level of the dosimeters).  

Monte Carlo code and calculation settings 
A geometry representative of an IC setup was simulated using the MC code MCNPX 2.7 and MCNP6.2 
(Los Alamos National Laboratory, USA). The DXTRAN variance reduction method was used where 
needed. This method enables the number of particles to be increased in the region of interest. Tests 
have been conducted in order to ensure that the results with and without the DXTRAN sphere were in 
agreement and so that using the DXTRAN method does not lead to pronounced bias. 

The energy deposition in the organs, tissues and dosimeters of interest was calculated using F6:p tally, 
which calculates the average energy deposited by photons over a cell. Energy from electrons created 
by photon interactions is assumed to be deposited locally. Validity of this assumptions was verified 
through simulations using the *F8 tally, which calculates energy deposition without relying on the local 
energy deposition assumption. For the drape, the apron and the ZG system, the effective dose was 
calculated applying ICRP 103 (2007) formalism on the organ and tissue doses.  

Interventional cardiology set-up 
Interventional cardiology set-ups combining eight examination parameter settings, which were 

representative of IC, were simulated. The settings are listed in Table 2. Five x-ray beam projections 

were considered, namely postero-anterior (PA), left anterior oblique at 45° and 90° (LAO 45 and LLAT, 

respectively) and right anterior oblique at 45° and 90° (RAO45 and RLAT, respectively). Two positions 

of the operator with respect to the centre of the x-ray field (40 cm and 70 cm) were studied, except 

for the ZG device which could not be positioned at 40 cm due to its bulkiness. Two orientations of the 

operator’s head were modelled: forward and 30° away from the x-ray source. The source-to-image-

detector distance was fixed (90 cm); the source-to-patient-entrance distance and the patient-to-

image-detector distance was set to 60 cm and 10 cm in PA, respectively, and could differ after beam 

rotation depending on the dimensions of the patient model’s. 
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The x-ray tube was represented as a point source collimated towards the patient chest and projecting 

a square field size (20x20 cm² or 30x30 cm²) on the image intensifier. An x-ray spectrum corresponding 

to a tube voltage of 80 kVp with a total filtration of 3 mm Al was used. It was assumed that the beam 

quality would have little influence on the device efficiency as observed by Koukorava et al. (2011 and 

2014). The image intensifier was represented as a simple parallelepiped lead box with an entrance 

window made of 1.5 mmAl. No patient bed nor RP room equipment was modelled since these were 

assumed to have a negligible effect on the efficiency of the studied device. 

Table 2: Interventional cardiology set-ups implemented in the MC simulations 

Examination settings Values 

Use of RP device With - without 

Beam projections PA, LAO 45, LLAT, RAO45, RLAT 

Operator´s distance from the x-ray field 40 and 70 cm 

Operator´s head orientation forward (0°) and 30° away from the x-ray source 

Field size at the detector (cm) 30 x 30: PA, LAO 45 and RAO 45 
20 x 20: LLAT and RLAT 

X-ray energy spectrum 80 kVp, 3mm Al 

Source-to-patient distance (cm) 60 

Source-to-image-detector distance (cm) 90 

Patient-to-image-detector distance (cm) 10 

 

Patient and staff modelling 
One simplified phantom model was used for representing the patient while three different phantom 

models, all representing a 176 cm reference person, were used for the cardiologist depending on the 

organs under investigations and the need for more realistic representation. The RP devices under 

investigation and the phantom models are listed in Table 3. 

A simplified version of the Oak Ridge National Laboratory (ORNL) - ORAMED phantom (Koukorava et 

al., 2011) was used to represent the patient. This phantom only contains a simplified skeleton and 

lungs; all remaining organs are modelled as homogenous tissue.  

For the study of the masks, the caps and drapes, the cardiologist was modelled as the ORNL - ORAMED 

phantom completed with a voxelised head (Zubal et al., 1994), as in (Silva et al., 2017), which was 

specially modified to include a detailed eye lens structure following Behrens’s model (Behrens et al., 

2009). This newly created phantom allowed the calculation of the deposited dose to detailed 

substructures of the brain and the eye (Figure 6). 
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Figure 6: Voxelised head phantom including detailed brain and eye lens structures. 

The ICRP male phantom (ICRP, 2009) equipped with an apron, from Saldarriaga Vargas (Saldarriaga 

Vargas et al., 2018), was used for the study of the lead-free aprons. A ZG system was specially modified 

to equip the realistic anthropomorphic flexible (RAF) phantom (Lombardo et al., 2018). 

Table 3: Target organs and staff models implemented in the MC simulations 

RP device Target organs Phantom 

Mask Brain tissue and 
eye lens 

ORNL-ORAMED phantom with a voxelised 
head and a detailed eye lens model 

Lead-free and 
leaded caps  

Brain tissue Same as for the mask 

RP drapes All organs; hands Same as for the mask but with hands on the 
patient 

Lead-free and 
light-lead aprons 

All organs under the 
apron 

ICRP male phantom equipped with an apron 

Zero-gravity system  All organs RAF phantom equipped with a ZG system 

 

Radioprotective device modelling 

Caps 

The cap was modelled based on a commercial surgical model (RADPAD No Brainer X-ray Protective 

Surgical Cap; Worldwide Innovations & Technologies) which is 12 cm high and covers the head 

obliquely from above the nape to the top of eyebrows (Figure 7). The top of the head is unshielded. 

Two compositions were considered: pure lead and lead-free. 

In the literature, clinical studies have investigated the dose reduction potential of caps relying on 

simultaneous measurements above and under the cap (Alazzoni et al., 2015; Sans Merce et al., 2016). 

Three pairs of dosimeters made of soft tissue material were therefore modelled above and under the 

cap (Figure 7) in order to verify their relevance for efficiency studies. They were placed near the left 

temple, at the forehead between the eyes and at the end of the left eyebrow. An eye lens (Hp(3)) 

dosimeter was also modelled on the left temple. 
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Figure 7: a: Cap modelled in the MC simulations (RADPAD No Brainer X-ray Protective Surgical Cap; Worldwide Innovations 
& Technologies; source: http://www.varaylaborix.com). b: frontal view of the cardiologist model with the cap. c and d: frontal 
and lateral view of the cardiologist model without the cap; dosimeters are represented in red (soft tissue) and blue (eye lens). 

 

Masks 

Among the several designs of masks commercially available, two of them (VIS400 face mask 

(manufacturer unknown) and Full face style mask (Philips Safety products, USA)) were selected and 

modelled (Figure 8); those masks are named M1 and M2 in the rest of the report. Since both are 

composed of unknown proportions of acrylic and lead, they were modelled using the lead equivalence 

announced by the manufacturer (0.1 mm Pb). In addition, to further investigate the effect of design, a 

third mask (named M1L) was modelled as M1 with a 7.8 cm longer screen, so that it had the same 

length as M2. 

As for the caps, pairs of dosimeters placed under and below the mask were modelled to evaluate the 

relevance of such measurements in clinical practice. Four pairs of detectors were modelled as cylinders 

(0.16 cm³) made of soft tissue material at the four extremities of the masks M1 and M2. An eye lens 

(Hp(3))dosimeter was modelled on the left temple. 

 

 

Figure 8:a and b: Pictures of the commercial masks modelled in the MC simulations (M1 on the left, M2 on the right). e: 
frontal view of the cardiologist model with the M1 mask. d and e: frontal and lateral view of the cardiologist model without 
the mask; dosimeters are represented in red (soft tissue dosimeters positioned on the mask) and blue (eye lens). 

c d e 

a b 

a c d b 

http://www.varaylaborix.com/
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Drapes  

Two different models of a commercially available lead-free drapes (RADPAD Red Label (0.375 mm Pb 

eq) femoral entry and multipurpose shields, Worldwide Innovations & Technologies, USA) were 

modelled. The drape extended slightly left from the centre of the patient abdomen until the right side 

of the table, as illustrated in Figure 9. Both models only differed by the presence of a hole at the right 

bottom of the model used in femoral access when the cardiologist is positioned at 70 cm from the 

centre of the primary x-ray beam (Figure 10, two right images).  

 

Figure 9: Reference position of the patient drape (in black) during MC simulations 

The material composition was obtained in confidence from the manufacturer. Although the 

manufacturer advised different drape positions depending on the access route (represented in the MC 

simulations by staff position with respect to the x-ray beam centre), this could not be implemented. 

Positioning the drape closer to the patient chest as advised for a radial or brachial access route would 

have resulted in the drape interacting with the primary beam. Only one drape position was therefore 

considered for the main simulation set-ups as described in Table 2. Extremity (Hp(0.07)) dosimeters 

were modelled on the cardiologist’s hands and forearms. An eye lens (Hp(3)) dosimeter was modelled 

on the left temple and a whole-body (WB, Hp(10)) dosimeter on the left side of the chest above the 

apron. 

 

Figure 10:a and b: Top view from the ORNL-ORAMED phantoms used for investigation of drape efficiency. The cardiologist is 
positioned at 40 cm (left) and 70 cm (right) from the x-ray beam centre. Radioprotective drape is coloured in black. c and d: 
Top view from the Radpad drape position for brachial and radial (left) and  femoral accesses (right) as advised by the 
manufacturer (http://radpad.com/products/). 

a b c d 

http://radpad.com/products/
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The effect of drape dimensions and positions was assessed for limited set-ups for a PA projection and 

compared with the femoral entry shield. Four additional pad positions implementing5 cm shifts 

perpendicular to the patient (i.e. towards or away from the cardiologist) and parallel to the cardiologist 

(towards or away from the patient’s head) as per Figure 11. Three additional designs, which represent 

different patient coverage parallel or perpendicular to the patient as per Figure 12, were modelled. 

 

Figure 11: Sensitivity study of four additional drape positions: 5 cm shift towards the cardiologist (a), away from the 
cardiologist (b), towards the patient’s head (c) and away from the patient’s head (d). 

 

Figure 12: Sensitivity study of three additional drape dimensions 

 

Aprons  

Three full-body apron models with different compositions were studied. Pure lead and two lead-free 

compositions, based on manufacturer data (LFA1) and on data from experimental characterisation 

(LFA2)  (Aral et al., 2020), were modelled (Table 4). 

Table 4: Characteristics of the modelled lead and lead-free aprons 

Apron Composition Density Thickness(mm) 

Lead apron (LA) Pb 11.35 0.5 

Lead-free apron 1 (LFA1)  Sb + Bi 4.8 0.5 

Lead-free apron 2 (LFA2) Sb + BI 3.3 1.2 

a b

 

c

 

d
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All aprons and thyroid collar had the same design; only the effect of the material composition and/or 

the actual thickness were considered (Figure 13). For each apron, a thyroid collar with the same 

thickness and composition was also modelled. 

 

Figure 13: ICRP phantom equipped with a radioprotective apron used for investigation of lead and lead-free apron efficiency 

 

Zero-Gravity suspended system 

The ZG was modelled based on the information provided by the manufacturer: an apron with lead 

thickness varying between 0.5 to 1 mm for the apron and the arm flaps, depending on the location, 

and 0.5 mm for the face shield. The model was then included in a software enabling fast generation of 

MCNP input files (Figure 14)(Lombardo and Zankl, 2018). As already mentioned, due to its bulkiness it 

was not possible to position the operator at 40 cm from the source. A WB (Hp(10)) dosimeter was 

added on the left side of the cardiologist chest, above the apron when worn, and below the ZG 

otherwise. 

Figure 14: Flexible numerical phantom equipped with an apron (left) and with the ZG system (right) as modelled in IPP 

 

2.4 Staff monitoring 

Monte Carlo simulations are the reference method for accurately calculating the efficiency of RP 

devices but only limited, static configurations can be investigated. In clinical practice, however, the RP 

devices are used in a large variety of configurations. 
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Clinical measurements were performed for each RP device in at least two hospitals in Belgium and 

Poland. For the mask, however, no clinical measurements were performed because no cardiologist 

who were willing to participate in the study was found during the project duration. The outbreak of 

the COVID-19 pandemic prevented from enrolling potential participants outside the partner countries.  

Each measurement campaign consisted in monitoring the staff with (RP group) and without the studied 

RP device (Control group) for identical periods or number of procedures. All other RP measures or 

devices conventionally used in clinical practice were used as in normal practices. Only diagnostic and 

therapeutic percutaneous coronary interventions (PCI) were considered; except for one device also 

used in one hospital during cryoablations (CRYA) and radiofrequency ablations (RFA). Procedures 

matching the inclusion criteria were attributed to the RP or Control group following a random1 or 

sequential inclusion strategy2. . Finally, cardiologists were not blind to the use of the RP device. 

Depending on the organs of interest, dedicated WB, eye lens and extremity dosimeters were used, 

possibly with loose detectors at complementary positions of interest. In general, WB dosimeters were 

worn above the apron, if an apron was used, on the left side of the chest; ring dosimeters were worn 

on both ring fingers; and eye lens dosimeters were worn on the left temple. WB, eye lens, and 

extremity dosimeters were calibrated according to International Organization for Standardization (ISO; 

Geneva, Switzerland) norms N60, N80or N100 reference beam (ISO 2004), depending on beam 

availability and local specificities at the measurement site, against personal dose equivalent Hp(10), 

Hp(3) and Hp(0.07), respectively. In particular, all dosimeters used at a specific site (both for Control 

and RP groups) were calibrated using the same reference beam. The lowest detection limit (LDL) was 

either determined from previous characterisation studies or as three times the standard deviation 

from the readings of background dosimeters. 

Measurement results were also normalised to the dose-area product (PKA) when available. Details of 

the clinical measurements are described individually for each RP device below and summarised in 

Table 5. 

Details of the measurement campaigns are described separately for each RP device. 

 

Table 5: Summary of the measurements for each RP device. NRP and NC are the number of procedures monitored with (RP 
group) and without using the considered device (Control group), respectively. For the light lead and lead-free apron, NRP and 
NC are the monitoring months cumulated over all participants cardiologists. NRP is the cumulative number of months when a 
lead-free or a light lead apron was worn; NC is the cumulative number of months when a lead apron was worn. Dr is the 
number of cardiologists participating in the measurement campaign. For the aprons, the number of cardiologists in each 
study group is reported. Diagnostic and therapeutic PCI procedures were monitored in all hospitals but hospital J where RFA 
and CRYA procedures were monitored. 

RP device Hosp NRP NC Dr Dosimeters 

Lead(-free) 
cap 

A 
(phase 1) 

30 proc - 3 9 TLDs on 
head: 6 
TLDs under 
lead-free 
cap, 3 
outside 

 
1Procedures were randomly allocated to the RP or Control group until both groups achieved a determined size. 
2Procedures were allocated to the Control group until a determined group size was achieved, then procedures 
were allocated to the RP group until achieving an identical size. 
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A 
(phase 2) 

291 proc - 4 6 TLDs on 
head: 3 
TLDs under 
lead-free 
cap, 3 
outside 

B >3 months >3 months 1 20 TLDs on 
head, WB C >1 months >1 months 1 

Lead and 
lead-free 
drapes 

D 318 proc 314 proc 7 WB, left eye 
lens and 2 
rings  

E 30 proc 32 proc 4 

Light lead 
and lead-
free apron 

F 88months 620 months 11 &15 WBabove 
and under 
apron 

G 193months - 5 

H 63months 379 months 7 & 9 

Zero-
Gravity 
suspended 
system 

I 25 25 3 WB, left eye 
lens, left 
upper-arm 
and 2 rings 

J* 39 - 4 WB, left eye 
lens, and 2 
rings 

K 69 82 2 WB, left eye 
lens, and 2 
rings 

 

Caps 

In hospital A, the participating cardiologists wore dosimeters both on and under the lead-free cap, 

there was therefore no control group. The measurements were performed in 2 phases. In the first 

phase, three cardiologists participated in the study and the measurements were performed per single 

procedure; and in total 30 procedures were performed. Cardiologists wore a lead-free cap (RadPad, 

0.25 mm Pb). Six high-sensitivity thermoluminescent dosimeters (TLDs) type MCP-N (Radcard, Poland) 

were attached at various locations on the cap (Figure 15): three of them on the forehead at the level 

of eye brows (two TLDs near the temples and one in the middle of the forehead), one on the top of 

the head, one on the back of the head near the neck and the last one at equal distance from the 

dosimeter at the back and the dosimeter on the top of the head. Three extra TLDs were attached at 

the corresponding locations on the forehead inside the cap. 

Information on the RP tools used, cumulative dose-metrics (PKA, cumulative air-kerma at patient 

entrance reference point (Ka,r) and fluoroscopy time (FT)) as well as patient characteristics were 

collected at the end of every procedure.  

The LDL was equal to 10 µSv. All doses below this limit were replaced with the LDL value, except for 

measurements for which both doses on and under the lead cap were below LDL; in the latter case the 

doses were excluded from the analysis. More than 50% of doses measured on the right temple (on the 

cap or/and under it) were below the LDL. The estimated RP device efficiency could therefore be biased. 

In order to increase the accuracy, dose measurements during the second phase were cumulated over 

a median of 20 procedures before the dosimeters were read. In total, 291 CA and/or PCI procedures 

were monitored. In addition, three dosimeters were attached both on and under the cap in the most 

exposed locations: on the left temple, in the middle of the forehead and one in between (near to the 

left eyebrow).  
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Figure 15: Position of the TLDs placed on the lead-free cap used in hospital A during the second phase. 

 

In hospital B and C, measurements were performed in two phases (control and study phases). During 

the control phase a simple surgical cap, covered with MCP-N TLDs, was used (thus offering no RP 

effect). During the study phase, a RP cap was worn above the surgical cap covered with TLDs. In hospital 

B, one cardiologist wore a lead cap (0.5 mm Pb eq, MDT, The Netherlands) while, in hospital C, one 

cardiologist wore a lead-free cap (0.25 mm Pb eq, RADPAD No Brainer X-ray Protective Surgical Cap; 

Worldwide Innovations & Technologies). During both phases, ten TLDs were positioned on each side 

of the surgical cap (Figure 16), and doses were cumulated during at least three months in hospital B 

and at least one month in hospital C. Since the cumulative DAP could not be collected, cumulative 

doses were normalised to the WB dose from a dedicated dosimeter (Inlight, Landauer, United States) 

worn on the left side of the chest to account for possible difference in workload. Only diagnostic and 

therapeutic PCI procedures were monitored. The uncertainty (k=1) associated with the measurements 

was conservatively estimated to be 40% for doses smaller than 40 μSv and 10% for higher ones. The 

LDL for the WB was 0.050 mSv; for the loose dosimeters the LDL was 0.040 mSv in hospital B and 0.010 

mSv in hospital C. 
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Figure 16: Surgical cap and dosimeter positions as used in hospital B and C (top); lead cap worn in hospital B (bottom). 

 

Drapes  

In hospital D, the efficiency of the re-usable MAVIG X-ray protective drapes (MAVIG, Germany) was 

investigated. Two drape models designed for either femoral or radial access routes, both 0.5 mm 

Pb eq, were investigated. Seven cardiologists participated in the study. All diagnostic and therapeutic 

PCI procedures, except PCI for chronic total occlusions, were included and randomly allocated to the 

study or the control group. Ultimately, 318 patients were included in the study group and 314 in the 

control group. 

Separate sets of dosimeters were available for the study and the control groups. Each set was used for 

monitoring the cardiologist’s exposure cumulated over a median of ten procedures and was shared 

among the participating cardiologists. Each dosimeter sets were composed of four dosimeters: 2 MCP-

N TLDs inserted into ring dosimeters worn on the ring fingers, one into a dedicated eye lens dosimeter 

(Radcard, Poland) fixed to the left side of the head and one WB dosimeter at the level of the chest on 

the left side of the apron (Inlight). The uncertainty (k=1) associated with the measurements was 

conservatively estimated to be 40% for doses smaller than 40 μSv and 10% for higher ones. The LDL 

for the WB, eye lens and finger dosimeter varied between 0.010 mSv and 0.050 mSv depending on the 

dosimeter set. 

In hospital E, a re-usable lead drape (LITE TECH, INC., USA) with 0.5 mm Pb thickness of standard 

dimensions 80 cm x 100 cm was used. Three cardiologists participated in the study. All diagnostic and 

therapeutic PCI procedures were included. Procedures were randomly allocated to the study or the 

control group. Thirty procedures were included in the study group and 32 in the control group. Dose 

measurements were performed separately for each procedure using four dosimeters: Two MCP TLDs 
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inserted into ring dosimeters worn on the ring fingers, one into a dedicated eye lens dosimeter 

(Radcard) fixed to the left side of the head and one WB dosimeter at the level of the chest on the left 

side of the apron (Rados TLD). The uncertainty (k=1) associated with the measurements was 

conservatively estimated to be 40% for doses smaller than 40 μSv and 10% for higher ones. Information 

on the RP tools used, cumulative dose-metrics (PKA, Ka,r and FT) as well as patient characteristics were 

collected. 

Aprons  

Eight hospitals were contacted to identify interventional cardiologists who used conventional lead 

aprons and light lead or lead-free aprons during their career, and for whom routine double dosimetry 

measurements (i.e. WB dose measurements under and above the apron) could be extracted. TNO 

badge (The Netherlands) with MTS 100 TLDs (Harshaw, United States of America) were used during 

the complete period. All dose values smaller or equal to 50 µSv were set to 50 µSv (532 doses), which 

is a conservative estimate of the LDL.  

Ultimately, only data from three hospitals, accounting for 30 cardiologists were useable, 23 of these 

wore a light lead or lead-free apron and 24 used a lead apron at a moment or another during the 

monitoring period. The data cover the period 01/12/1999 to 01/10/2018 with a periodicity of one 

month. A total of 344 months of routine dosimetry follow-up with a lead-free or light lead apron and 

999 months of follow-up with a lead apron were collected. For each month, a pair of WB doses above 

and under the apron was available. 

The attenuation of the apron was calculated for each pair of WB doses as per Equation 2. 

Zero-Gravity suspended system 

In hospital I, three cardiologists participated in the evaluation of the ZG system. Only diagnostic and 

therapeutic PCI procedures were included. Measurements were performed in two sequential phases 

(control and study phases). During the control phase, 25 patients were included; 25 were then included 

during the study phase. Doses were monitored separately for each procedure using: two real-time WB 

Radiation Insight Raysafe i2 (Unfors RaySafe, Sweden) on the left upper arm, 5 cm above the elbow, 

and on the left temple close to the eye; two Instadose WB dosimeters worn on the left side of the 

chest above the apron and on the left side of the thyroid collar; and finger (ring) dosimeters (Radcard) 

were worn on both ring fingers. The LDL for theRaysafei2, Instadose and finger dosimeter was 

0.001mSv, 0.040 mSv and 0.040mSv. 

In hospital J, the ZG system is permanently installed in an electrophysiology room. It is the only centre 

in Poland which owns this system. In hospital K, the system was installed in a haemodynamic room for 

a trial period of two months. In the electrophysiology room the new system was used simultaneously 

with the ceiling suspended lead glass and the table curtain. In the haemodynamic room of hospital K, 

originally equipped with the same radiation covers, the ceiling suspended lead glass was disassembled 

and its suspension system was used to mount the ZG system for the duration of the measurements. In 

hospital J, only RFA and CRYA were performed by four cardiologists experienced in working with the 

ZG system while, in hospital K, diagnostic and therapeutic PCI procedures were performed by two, pre-

trained but not experienced, cardiologists. During the study phase, for all measurements except one, 

the doses were cumulated during few procedures (min. two and max. six) before reading. More than 

100 procedures (39 RFA or CRYA and 69 diagnostic and therapeutic PCI procedures) were performed. 

Three WB dosimeters (Rados) were attached to the left side of the collar, the chest and the waist of 

every cardiologist (Figure 17). The dedicated eye lens dosimeter was placed on a band near the left 

eye lens. An extra four loose TL dosimeters were attached to each finger and ankle to evaluate the skin 

doses in the regions expected not to be protected by the ZG system. The LDL for the WB dosimeter 

was 0.022 mSv, 0.010 mSv for eye lens and 0.005 mSv for finger and ankle dosimeter. All doses below 
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LDL were replaced with the appropriate LDL value. More than 90% of measurements performed in the 

electrophysiology room (all doses measured on the collar, chest, waist and near left eye lens and the 

majority in the remaining regions) were below LDL as compared with 30% (only on the collar, waist 

and chest) in the haemodynamic room.  

Because of the outbreak of the COVID-19 pandemic during the control phase, no measurements could 

be performed in the electrophysiology room. Measurements were only done for haemodynamic 

procedures with the same cardiologists as in the study phase. Eighty procedures were performed with 

eye lens and left and right finger dosimeters but only 30 of them with an additional WB dosimeter 

placed on the left side of the chest. The corresponding doses normalized to PKA were compared.  

Figure 17: Position of the dosimeters in hospital J for assessment of the ZG suspended system efficiency 

 

2.5 Phantom measurements 

In order to further validate the results of the MC simulations, measurements in clinical configurations 

were also done on a Rando Alderson (RA) phantom (Alderson et al., 1962) filled with TLDs and 

equipped with various dosimeters. The RA phantom represents a 1.75 m tall and 73.5 kg male adult, 

without arms or legs, and is composed of multiple slices of tissue-equivalent material. 

The RA phantom was placed next to the operating table as per a real procedure. The x-ray beam was 

centred on the patient’s chest which was represented either by another RA phantom or by a 

polymethylmethacrylate (PMMA) slab phantom.  

For each configuration, measurements were done sequentially with and without the RP device. 

Measurements were performed using three to four beam projections for each tested device. Those 

beam projections were selected because of their frequency of use (PA, LAO 30 and RAO 30) and their 

potential for high staff exposure (LLAT). When the beam projection was changed, all other geometrical 

parameters were kept constant. Additional filtration and tube voltage were automatically selected by 

the exposure control system of the x-ray unit. 

Although it was strived to achieve identical tube output levels (PKA) for similar configurations, 

measurement results were normalised to the PKA. Efficiency of the RP device was calculated as per 

Equation 1. 
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Caps 

Measurements were performed on a C-arm Philips BV unit (Philips, The Netherlands). A RA phantom 
and a PMMA phantom were set to represent the cardiologist and the patient (Figure 18). The distance 
of the RA phantom from the centre of the beam incident on the patient was 60 cm and the diameter 
of the FOV was 20 cm. Four projections (PA, LAO 30, LLAT and RAO 30) were selected. 

 

Figure 18: Measurement of the efficiency of a lead-free cap on a RA phantom in a clinical set-up (LAO 30 projection). 

The head of the cardiologist phantom was filled with 138 TLDs. Since the lead-free cap only protects 
the upper part of the head, the dosimeters in the remaining region were used to evaluate the 
repeatability of measurements. Four extra dosimeters were placed in two positions (near the left 
temple and in the middle of the forehead), both inside and outside the cap, corresponding to the TLDs 
used during the clinical measurements in hospital A. When the cap was not used, two TLDs were also 
placed on the surface of the phantom’s head in order to estimate the backscatter radiation from the 
head, which cannot be measured by the dosimeters located outside the cap.  

Masks 

Measurements were performed in the same configurations as for the lead-free cap. A C-arm Philips BV 

unit was used with a RA phantom and a PMMA phantom representing the cardiologist and the patient, 

respectively. Four projections (PA, LAO 30, LLAT and RAO 30) were used.  

The head of the cardiologist phantom was filled with 138 TLDs. This enabled the estimation of the dose 

to the brain (including cerebellum) and to the complete head region. For the evaluation of the 

exposure at the level of the left temple and both eye lens, three loose dosimeters were placed at each 

location during single exposure (Figure 19).  
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Figure 19: Measurement of the efficiency of a mask (model M1) on a RA phantom in a clinical set-up: 1) position of dosimeters 
on the left temple and the eye lens, 2) LAO 30 projection without the mask, 3).LAO 30 projection with the mask. 

 

Drapes  

A C-arm Philips BV unit was used in combination with a RA phantom and a PMMA phantom 

representing the cardiologist and the patient, respectively (Figure 20). Three projections (PA, LAO 30 

and LLAT) were used. 

As for the mask, the head of the phantom was filled with 138 TLDs. This enabled the estimation of the 

dose to the brain (including cerebellum) and to the complete head region, and loose dosimeters were 

used for the evaluation of exposure to the left temple and both eye lens (Figure 20, 1). The dose 

reduction efficiency for the fingers was already evaluated by means of phantom measurements using 

the same x-ray system in a previous work of Grabowicz et al. (Grabowicz et al., 2017). The left ring 

finger was represented by an ISO rod phantom (ISO 2004) placed above the drape. TLDs (Radcard) 

were attached to the rod phantom. The results for PA, LAO30 and LAO90 projections are included for 

the purpose of comparison.  
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Figure 20: Measurement of the efficiency  of a lead drape (LITE TECH, INC., USA) on a RA phantom in a clinical set-up: 1) 
position of dosimeters on the left temple and the eye lens, 2) LAO 30 projection without the lead drape, 3). LAO 30 projection 
with the lead drape. 

Zero-Gravity suspended system 

Irradiations were performed on a C-arm GE Innova IGS 5 unit (GE Healthcare, France). Three 

projections (PA, LAO 30 and LLAT) were selected. Both the cardiologist and the patient were 

represented by a RA phantom. 

The cardiologist phantom was 70 cm away from the 20x20 cm² x-ray field which was centred on the 

patient’s heart (Figure 21). The cardiologist phantom could not be placed closer to the beam centre 

due to the bulkiness of the ZG system. The phantom was filled with 33 MCP-N TLDs inserted into the 

brain and two detectors into the eye bulbs. Five eye-lens dosimeters were positioned on the face of 

the phantom (two on the temples, two on the eyes and one on the nasal bridge). Four Raysafe i2 

dosimeters were positioned at the level of the waist, the chest, the thyroid and the left temple. These 

dosimeters were above the apron or directly on the phantom when the Zero Gravity was used. 
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Figure 21: Measurement of the efficiency of the ZG system on a RA phantom in a clinical set-up. 

 

2.6 Statistical analysis 

Descriptive statistics (mean and standard deviation or median and quartiles, depending on the 

observed distribution) were used to summarise the measurement results, and boxplots are used for 

graphical representation. Differences between study and control groups were compared using Man-

Whitney U test. A p value < 0.05 was considered significant. 

 

2.7 Device efficiency 

For all simulated organs and dosimeters, the dose reduction efficiency of the RP device was calculated 

as the difference between the absorbed dose with the RP device (DRP) and the dose without the device 

(the control dose, DC), normalised to the dose without the device: 
 

 𝐷𝐶 −  𝐷𝑅𝑃

𝐷𝐶
 Equation 1 

 

The efficiency was also calculated for dosimeters placed above and under the caps and the masks. To 
avoid confusion, it is referred to as attenuation in the rest of the report to avoid confusion, and is 
calculated as the difference between the absorbed above the RP device (DA) and the dose under the 
device (DU), normalised to the dose above the device: 
 

 𝐷𝐴 −  𝐷𝑈

𝐷𝐴
 Equation 2 
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3. Results 

Caps 

MC 

Efficiency (as per Equation 1) of the lead and lead-free caps is given in Table 6. On the whole, results 

obtained for the two caps are very similar. The attenuation (as per Equation 2) from the dosimeters 

placed above and under the protection near the left eye brow is around 89% for the lead cap and 85% 

for the lead-free cap. In addition, there is a potential for significant dose decrease for the brain 

especially at 70 cm: on average it ranges between 13% and 37% at 40 cm and 70 cm, respectively, 

when the head is at 0°. The efficiency is a little bit higher for LLAT projection. Moreover, efficiency for 

the brain is improved when the head is rotated at 30° (around 30% and 55% at 40 cm and 70 cm, 

respectively). However, whatever the head orientation, some parts of the brain are more protected 

than others (Figure 22). As expected, both caps are inefficient regarding dose reduction to the eye lens 

(less than 1.5%). 

Table 6: Efficiency of the lead and lead-free caps for different projections at 40 cm and 70 cm. Attenuation is also reported 
for the dosimeters positioned close to the left eye brow. Results from MC simulations. 

    70 cm 40 cm 

    PA LAO45 RAO45 LLAT RLAT PA LAO45 RAO45 LLAT RLAT 

Brain (head 0°) 
  

Lead cap 36% 40% 32% 44% 35% 14% 15% 10% 16% 13% 

Lead free cap 35% 39% 31% 43% 33% 13% 14% 9% 15% 12% 

Brain (head 30°) 
  

Lead cap 53% 57% 51% 60% 54% 28% 32% 24% 33% 31% 

Lead free cap 51% 55% 48% 58% 51% 26% 31% 23% 32% 30% 

Left eye lens (head 
0°) 
  

Lead cap 1% 1% 1% 1% 1% 1% 0% 0% 0% 0% 

Lead free cap 0% 1% 1% 0% 1% 0% 1% 0% 0% 1% 

Dosimeters (head 
0°) (left eyebrow) 
  

Lead cap 88% 89% 89% 91% 90% 84% 88% 88% 89% 89% 

 Lead free 
cap 

83% 86% 84% 89% 86% 82% 85% 85% 88% 86% 

 

 

Figure 22: Efficiency for the different parts of the brain obtained for the lead cap at 70 cm (head at 0°). 
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Depending on the dosimeter location, the calculated cap attenuation differs considerably (Figure 23). 

The attenuation obtained from the dosimeters located near the left eyebrow and on the left temple is 

quite similar (around 88%) and does not vary much whatever the projection, the head position (0° or 

30°) and the operator position (40 cm or 70 cm). By contrast, the attenuation obtained from the 

dosimeters located between the eyes is less than the one obtained from the two other dosimeter 

position and varies considerably according to the projection, the head orientation and the operator 

location. In particular, the mean attenuation obtained for the head at 0° over the five projections is 

69% and 80% at 40 cm and 70 cm respectively. Moreover, a lower efficiency is obtained with LLAT 

projection for the head at 0° for both operator positions. Finally, with the head rotated at 30° the cap 

completely loses its efficiency especially for LAO and LLAT (values below 0) for both operator positions.  

 

Figure 23: Lead cap efficiency obtained from the dosimeters placed above and under the cap, at 40 cm and 70 cm and for 
the head at 0° and 30°. 

 

Staff 

Results from measurements performed in hospital A during both phases are reported in Figure 24. 

During the first phase, the dosimeters were read after each single procedure. The resulting attenuation 

of lead-free cap varies from 0% to 70%. The average value is almost the same across the forehead and 

ranges from 38% for the right temple up to 44% for the left one (the standard deviation for attenuation 

efficiency measured in a certain position on the forehead is 0.1). The doses measured in the parts of 

the head which were not protected by the lead-free insert (on the top, back or in the region between 

both) are comparable and low, close to the lower detection limit.  

The attenuation for the second phase was obtained from doses cumulated over few procedures. The 

average attenuation value for the middle of the forehead (on the level of eyebrows), the left eyebrow 

and the left temple equal 50%, 53% and 57%, respectively, while the range is 0% to 75%. Generally, 

attenuation coefficients are slightly larger than the ones obtained in the first phase; the latter, due to 

their low values below the LDL, might have been biased. 
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Figure 24: Lead cap efficiency: Results from staff monitoring in hospital A during the first (a) and the second phase (b) 

In hospital B, where a 5-mm-thick lead cap was used, eight out of 20 measurements were below the 

LDL. Those dosimeters were distributed on both sides of the head, without a clear pattern. Only one 

dose measurement was below the LDL when the lead cap was not used. The average normalised 

efficiency on the left side was 53%, with values ranging from 36% to 84% and a value of -54% (i.e. dose 

increase). On the right side, the average normalised efficiency was 22% with values ranging from 8% 

to 67% and -4% and -44%. 

In hospital C, all reported doses were above the LDL. The average normalised efficiency on the left side 

was 54%, with values ranging from 22% to 85%. The average efficiency on the right side was49%, with 

values ranging from 16% to 81%.  

Phantom 

The results of protective efficiency of the lead cap obtained from the dosimeters located inside or on 

the head of the phantom are presented in Table 7. For all projections the attenuation coefficients 

a 

b 
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acquire the highest values, varying from 84% to 89%, for the left temple. The lowest ones are found 

for the middle of the forehead. In particular, for LLAT projection the corresponding value is negative. 

 

Table 7: Lead cap efficiency: Results from phantom measurements 

 
PA LAO 30 LLAT RAO 30 

middle of the forehead 63% 79% -11% 70% 

Left eyebrow 80% 84% 76% 85% 

Left temple 85% 84% 87% 89% 

Top of the head covered by the 
cap* 

30% 38% 44% 28% 

Brain and cerebellum 3% 12% 10% 4% 

head 3% 12% 12% 7% 

*(including frontal and part of parietal lobe and the part of the skull) 

The protection for the part of the head covered by the lead – free cap (including frontal lobe and part 

of parietal lobe and the skull) varies depending on the projection used from 28% (for RAO 30) to 44% 

(for LLAT). It follows from the measurements on the phantoms that the attenuation for the dose to 

both brain and cerebellum is relatively small. The corresponding measured maximal attenuation 

efficiency is 12%. The same result was obtained for the head.  

Masks 

MC 

M1 and M2 masks attenuation obtained from the dosimeters placed at different locations above and 

under the mask is given in Table 8. Attenuation ranges from 72% to 90% and from 56% to 94% for M1 

and M2 respectively. While attenuation for M1 is similar whatever the location of the dosimeters, a 

lower attenuation is observed for M2 for the dosimeters located on the right higher rim, in particular 

at 70 cm. However, the mean attenuation for a given distance is comparable between the two masks, 

around 83% and 77% for 40 cm and 70 cm respectively.  

 

Table 8: M1 and M2 masks attenuation obtained from the dosimeters placed at different locations above and under the mask 
for the different projections at 40 cm and 70 cm 

  
40 cm 70 cm 

PA LAO45 RAO45 LLAT RLAT Mean PA LAO45 RAO45 LLAT RLAT Mean 

Mask M1 

Left lower 
rim 

75% 79% 83% 86% 85% 82% 73% 76% 74% 81% 78% 76% 

Right 
lower rim 

78% 81% 84% 85% 83% 82% 76% 79% 77% 84% 83% 80% 

Left higher 
rim 

81% 86% 87% 90% 89% 87% 79% 82% 80% 86% 84% 82% 

Right 
higher rim 

75% 82% 83% 86% 83% 81% 75% 78% 72% 81% 73% 76% 



MEDIRAD  D2.19: Effectiveness of protective devices 

32 

Mask M2 

Left lower 
rim 

88% 93% 86% 92% 89% 90% 77% 81% 78% 85% 82% 81% 

Right 
lower rim 

83% 85% 79% 88% 81% 83% 76% 79% 73% 84% 74% 77% 

Left higher 
rim 

92% 81% 90% 95% 93% 90% 81% 83% 81% 88% 86% 84% 

Right 
higher rim 

82% 85% 66% 89% 67% 78% 65% 69% 56% 72% 64% 65% 

 

M1 mask efficiency for eye lens, brain and Hp(3) dosimeter for the different projections and the two 

distances investigated (head at 0°)are presented in Figure 25 . For all projections, a better efficiency is 

obtained at 70 cm compared to 40 cm. Additional calculations performed at 50 cm and 60 cm for PA 

projection indicate that the increase of Hp(3) efficiency occurs between 60 cm and 70 cm (Table 9). 

Whatever the projection, M1 efficiency for eye lens is less than 2% and 8% at 40 cm and 70 cm 

respectively (Figure 25). Mean efficiency for the brain is around 12% at 40 cm and 43% at 70 cm. At 

70 cm, efficiency for Hp(3) is around 65% which is much more than efficiency for eye lens. 

 

 

Figure 25: M1 efficiency for brain, eye lens and Hp(3) dosimeter for the different projections and the two operator positions 
investigated (head at 0°). 

Table 9: M1 efficiency for brain, eye lens and Hp(3) dosimeter for PA projection and four operator positions (head at 0°). 

 
Whole brain Left eye lens Right eye lens Hp(3) dosimeter 

PA –40 cm 11.6% 0.1% 0.8% 1.1% 

PA–50 cm 20.3% 1.2% 0.0% 3.4% 

PA – 60 cm 31.6% 1.8% 1.4% 19.5% 

PA – 70 cm 39.2% 1.9% 2.1% 58.8% 

 

M1, M1L and M2 efficiency for eye lens, brain and Hp(3) dosimeter for the head at 0° and 30° and the 

two distances investigated are presented in Figure 26. Efficiency is averaged over the five projections. 
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Regarding M1, no significant difference is observed between the head at 0° and the head at 30°, except 

for the brain efficiency which is a little bit enhanced at 40 cm when the head is rotated. M1L, which is 

a lengthened version of M1, is much more efficient than M1 for the brain (62%), the eye lens (64% 

(left) and 42% (right)) and Hp(3) dosimeter (84%) at 40°cm as well as at 70 cm especially for the brain 

and the eye lens. Finally, with the head at 0°, M2 is very efficient for eye lens (around 70% (left) and 

around 55% (right)) and Hp(3) (around 60%) and to a lesser extent for the brain (around 20%) at 40 cm 

and 70 cm. Besides, it drops down to a few percent with the head rotated at 30° for both distances. 

 

Figure 26: M1; M1L and M2 efficiency for brain, eye lens and Hp(3) dosimeter for the head at 0° and 30° and the two 
distances investigated. 

 

Phantom 

The mean reduction efficiency, resulting from phantom measurements with M1 mask (Table 10), for 

the eye lens was equal or below 10% depending on the projection while for the left temple it was in 

the range 38% - 68%. The attenuation values for the whole brain did not exceed 17%. A similar range 

of protection was observed for the head (20%). 

Table 10: Mask efficiency: Results from phantom measurements 

Anatomical 

region 
PA LAO 30 LLAT RAO 30 

Brain* 33% 42% 50% 46% 

Brain including 

cerebellum 
5% 14% 17% 14% 

Head 12% 15% 20% 16% 

left temple  43% 38% 68% - 

left eye lens  10% 10% 0% - 
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right eye lens  - 9% -2% - 

*Including frontal lobe and part of parietal lobe and the skull 

 

Drapes 

MC 

In a fixed clinical setting, the reduction to the head region was low. Different projections resulted in 

dose reductions around 3% on average for the brain and the eye lens (Table 11). The mean efficiency 

was slightly higher at 70 cm (2.9%, 3.8% and 4.4% for the brain, the left and the right eye, respectively) 

compared to 40 cm (1.6%, 2.3% and 2.5% for the brain, the left and the right eye, respectively). The 

drape was more efficient for RAO45 projections for both operator positions: for that projection, the 

efficiency ranged from 5.9% to 10.5%. Little difference exists between dose reduction to the eye lens 

(Hp(3)) dosimeters and to the actual eye lens. 

Table 11: Efficiency for whole brain, eye lens and Hp(3) dosimeter obtained for the drape at 40 cm and 70 cm (head at 0°) 

 
40 cm 70 cm 

PA LAO45 RAO45 LLAT RLAT Mean PA LAO45 RAO45 LLAT RLAT Mean 

Whole 
brain 

1.0% 0.7% 5.9% 0.2% 0.3% 1.6% 3.6% 2.2% 7.4% 0.5% 0.7% 2.9% 

Left eye 
lens 

1.4% 0.9% 8.5% 0.3% 0.3% 2.3% 5.3% 3.2% 9.1% 0.6% 0.8% 3.8% 

Right eye 
lens 

2.2% 1.8% 7.2% 0.5% 0.6% 2.5% 6.4% 3.1% 10.5% 0.9% 1.0% 4.4% 

Hp(3) 
dosimeter 

1.3% 0.8% 10.1% 0.2% 0.3% 2.5% 4.2% 2.6% 8.1% 0.5% 0.7% 3.2% 

 

As illustrated in Figure 27, dose reduction trends for specific brain regions are comparable to the trends 

observed for the complete brain. 

 

Figure 27:Efficiency for the different parts of the head, as per Figure 6, obtained for the drape at 40 cm and 70 cm. 

A greater dose reduction was observed for organs situated in the direct vicinity of the drape, such as 

the hands and, in a lesser extent, the arms. In particular, average reduction of 62% and 30% are 

observed to the left and right hands, respectively, when they are directly situated above the drape 
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(40 cm). A decrease up to 72% and 40% is observed for the left hand in RAO45 and for the right hand 

in RLAT, respectively. In contrast, average reduction to the left and right hands is only 18% and 8% 

when the hands are further away from the drape (70 cm). Reduction to other extremities not in the 

close vicinity of the drape is much more limited (forearm) or inexistent (leg). 

Aside from the hands, the drape also appears to decrease the dose to some organs situated in the 

abdomen region, although already protected by the apron, but only for right projections (RAO45 and 

RLAT). For instance, a dose reduction of 18% and 48% is observed for the uterus in RLAT at 40 cm and 

70 cm, respectively. Absolute dose reduction, however, is small since the lead apron offers an 

important dose reduction as underlined by the results in Table 15. 

 

Table 12: Dose reduction efficiency of the drape for other organs at 40 cm and 70 cm. 

 
40 cm 70 cm 

PA LAO45 RAO45 LLAT RLAT Mean PA LAO45 RAO45 LLAT RLAT Mean 

Right hand  30% 30% 37% 12% 40% 30% 8% 10% 9% 6% 7% 8% 

Left hand  64% 68% 72% 36% 71% 62% 21% 16% 22% 9% 24% 18% 

Right 
forearm  

19% 18% 24% 3% 27% 18% 12% 16% 20% 9% 13% 14% 

Left forearm  4% 3% 10% 0% 8% 5% 18% 19% 26% 3% 24% 18% 

Right leg  0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Left leg  0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Hp(10) above 
apron Left up 

3% 3% 9% 1% 1% 3% 7% 6% 15% 1% 5% 7% 

Gonads* 1% 1% 1% 1% 3% 1% 3% 2% 2% 2% 7% 3% 

Lungs 2% 1% 6% 0% 1% 2% 3% 2% 12% 0% 2% 4% 

Stomach wall 1% 1% 2% 0% 4% 2% 14% 8% 20% 2% 19% 12% 

Uterus 2% 2% 2% 1% 18% 5% 9% 5% 8% 2% 48% 14% 

Bladder wall 2% 2% 2% 0% 17% 5% 6% 5% 6% 5% 28% 10% 

Liver 7% 4% 13% 1% 9% 7% 14% 10% 28% 1% 14% 13% 

Heart 2% 2% 4% 0% 1% 2% 6% 4% 17% 1% 5% 7% 

Kidneys  1% 1% 3% 0% 12% 4% 10% 3% 15% 1% 23% 10% 

*Gonads are testes and ovaries 

Varying the position of the drape as depicted in Figure 11 (only tested in PA with the cardiologist at 

70 cm from the x-ray field) could have a strong influence on the dose reduction. Moving the drape 

5 cm towards the patient head reduced the left eye dose by 10% and the dose to organs in the 

abdomen region up to 20%, but this had no effect on the hand exposure. Moving the drape away from 

the x-ray field had an opposite effect, while lateral movement had no effect as long as the patient side 

was completely covered. The three additional designs had mostly no influence but on the hand dose. 

The design offering a wider coverage of the patient directly under the hands were more efficient and 

could decrease further the dose to the right hand by 10%. In contrast, design decreasing the coverage 

of the patient under the hand resulted in an increased hand dose (up to 25%). 

Phantom 

The mean reduction efficiency, resulting from phantom measurements with a lead drape on the 

patient abdomen (Table 13), was equal or below 13% for the eye lenses, depending on the projection. 

A comparable range was observed for the left temple. No meaningful dose reduction was observed at 
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the level of the head or brain (no more than 3% dose reduction. As for the protection of the left finger, 

this issue was studied by Grabowicz et al. in 2017. The highest dose attenuation (68%) was observed 

in the PA projection. However, it decreased significantly with increasing angle until there was no effect 

at LLAT. 

 
Table 13: Lead drape efficiency: Results from phantom measurements 

Anatomical 

region 
PA LAO 30 LLAT 

Brain* -3% -1% 2% 

Brain including 

cerebellum 

-1% 
3% -1% 

Head -2% 5% 3% 

left temple 12% 9% 9% 

left eye lens 3% 7% 13% 

right eye lens 10% 3% 0% 

left finger** 68% 17% 0% 

*Including frontal lobe and part of parietal lobe and the skull 

**from Grabowicz et al. 2017; distance from the operator to the centre of the x-ray field was 40 cm in contrary 

to the remaining anatomical regions where it was 60 cm. 

Staff 

In Hospital D (Figure 28), a statistically significant difference (p<0.05) was observed between the doses 

measured at all locations. The dose reduction was important: 38% and 18% at the level of the left and 

right fingers (ring dosimeters), respectively, and 50% and 52% at the WB dosimeter (above the lead 

apron) and the eye lens dosimeter, respectively (Table 14). 
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Figure 28: Lead-free drape efficiency: dose measurements at three different dosimeter locations with (D_) and without the 
drape (ND_) in hospital D. 

In Hospital E (Figure 29), a statistically significant difference (p<0.05) was only observed at the level of 

the left finger and the whole body dosimeter worn on the chest, with reduction of 22% and 34%, 

respectively. 

 

Figure 29: Lead-free drape efficiency: dose measurements at three different dosimeter locations with (D_) and without the 
drape (ND_) in hospital E 
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Table 14: Average lead-free and lead drape efficiency from staff measurements in hospital D and E, respectively 

Average 
reduction 

Whole Body Left Eye Left Finger Right Finger 

Hospital D 52% 50% 38% 18% 

Hospital E 34% -3% 22% 9% 

 

Aprons 

MC 

Efficiency obtained for the lead and lead-free aprons for the different projections at 40 cm and 70 cm 

is given in Table 15. The lead-free aprons show no noticeable difference compared to lead aprons, 

irrespective of the simulation conditions. For the lead apron, effective dose reduction is 81 % at 70 cm 

and 92 % at 40 cm. These reductions are respectively 77 % and 89 % for the first lead-free apron and 

79 % and 91 % for the second. The dose reduction obtained for the dosimeter placed under the apron 

on the phantom torso is close to the effective dose reduction. The mean relative difference between 

the value obtained from the dosimeters and the effective dose variation is 3.5% for the lead apron and 

6% for the lead-free aprons. However, in some cases, this difference changes drastically. For instance, 

for LLAT at 70 cm, the dose reduction obtained for the dosimeter placed under the apron on the 

phantom torso is around 33% for the three aprons whereas it is around 79% for the effective dose. For 

the three aprons, the larger the distance is, the lower the efficiency is. Regarding the effective dose, 

the mean efficiency obtained with the lead apron is 81 % at 70 cm and 92 % at 40 cm. These values are 

respectively 77 % and 89% for the first lead-free apron and 79 % and 91 % for the second lead free 

apron. However, the apron efficiency decreases only for some organs like lungs, oesophagus, brain 

and heart (Table 16). 

 

Table 15: Efficiency of the lead and lead-free aprons to reduce the effective dose (E) and the dose at the chest dosimeter for 
the different projections at 40 cm and 70 cm 

  

70 cm 40 cm 
  

PA LAO45 RAO45 LLAT RLAT PA LAO45 RAO45 LLAT RLAT 

LA E  82% 83% 84% 81% 75% 93% 94% 96% 92% 86% 

WB dosim 86% 81% 91% 34% 93% 93% 93% 98% 85% 96% 

LFA 1 E 79% 80% 81% 77% 71% 90% 91% 92% 90% 82% 

WB dosim 84% 79% 90% 31% 91% 91% 92% 97% 80% 95% 

LFA 2 E 80% 81% 82% 78% 73% 92% 92% 94% 92% 84% 

WB dosim 87% 79% 90% 33% 92% 92% 92% 98% 92% 96% 

 

Table 16: Comparison of the lead apron efficiency at 40 cm and 70 cm for some organs in PA projection 

 
Efficiency 
70 cm 

Efficiency 40 
cm 

Efficiency at  
40 cm / 
70 cm 

Colon 97.0% 98.0% 1.01 

Lungs 47.0% 74.8% 1.59 

Stomach 91.6% 95.4% 1.04 
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Breast 95.6% 97.4% 1.02 

Gonads 99.5% 99.7% 1.00 

Bladder 98.9% 98.9% 1.00 

Oesophagus 63.5% 83.1% 1.31 

Liver 92.6% 96.8% 1.05 

Brain 4.0% 29.6% 7.40 

Salivary glands 19.0% 48.6% 2.55 

Intestine 97.3% 98.0% 1.01 

Heart 72.4% 88.7% 1.23 

Kidneys 95.1% 96.5% 1.01 

Prostate 98.7% 98.7% 1.00 

Spleen 81.4% 88.2% 1.08 

 

Staff 

Comparison of the ratios of the WB doses measured above and underneath the aprons are reported 

in Figure 30. The average (median) attenuation was 14% (2%) higher when a lead-free or a light lead 

apron was used compared to a conventional lead apron. The difference was significant (p = 0.017). The 

average dose measured above the lead aprons was 16% higher but not significantly different (p = 0.38) 

than the dose measured above other types of aprons. In addition, the average dose measured 

underneath the lead aprons was significantly higher (29% higher, p = 0.007). 

 

Figure 30: Boxplots of attenuation of lead-free and light lead aprons (LF) and lead aprons (L)from staff monitoring in hospitals 
F, G and H. Individual attenuation measurements are reported in light blue; average attenuation is reported in red. 

Both for the lead apron and the lead-free or light lead apron, the number of WB measurements inferior 

to the LDL was important. For the lead-free or light lead apron, 26% and 60% of the measurement 

above and under the apron was inferior to the LDL, respectively. For the lead apron, 35% and 54% of 

the measurement above and under the apron was inferior to the LDL, respectively 
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Zero-Gravity suspended system 

MC 

Results obtained for the ZG are presented in Figure 31 and Table 17. Different projections resulted in 

average dose reduction of at least 90% for all the organs in the head and neck region (Figure 31); while 

dose reductions were also observed for organs normally covered by the apron (Table 17), with average 

dose reduction ranging from 23% to 81%. Negative dose reduction (dose increase) was also observed 

for the left lung and the stomach. 

 

Figure 31: Reduction efficiency of ZG to various organs in the head region. Results from MC simulation in different 
configurations 

Table 17:  Efficiency of ZG system for various projections at 70 cm from the primary beam: results of MC simulations 

Tissue PA LAO45 LLAT RAO45 RLAT 

Left lung 40% 41% 46% 5% -18% 

Right lung 79% 80% 83% 73% 69% 

Stomach 71% 77% 76% 66% -18% 

Large intestine 90% 88% 88% 90% 48% 

Heart 73% 73% 75% 63% 60% 

Brain (left) 96% 96% 97% 95% 96% 

Brain (right) 97% 97% 98% 97% 97% 

Thyroid 90% 94% 88% 85% 93% 

Testes 65% 61% 55% 81% 76% 

Left eye lens 97% 97% 98% 98% 98% 

Right eye lens 98% 99% 99% 99% 99% 

 

Staff 

Results from dose measurements with and without the ZG at the level of the chest, the left eye, the 

left upper arm and both ring fingers in hospital I are reported in Figure 32. Only five WB and three right 

finger dose measurements out of 25 were above the LDL when the ZG was used. Only three WB and 

ten right finger measurements were below the LDL when the ZG was not used. For other dosimeter 

locations, the proportion lower than the LDL could be neglected and significant dose reduction of 85%, 

82% and 44% were observed at the level of the left eye, upper arm and ring finger, respectively. 
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Figure 32 : ZG system efficiency: Results from staff monitoring at the level of the chest, the left eye, the left upper arm and 
both ring fingers in hospital I. 

 

Figure 33: ZG system efficiency: Results from staff monitoring at the level of the chest, the left eye and both ring fingers in 
hospital K. 

For all measurements performed in hospital J, where the ablation procedures were performed, all 

reported doses were below the LDL when the ZG system was used. In hospital K, the statistically 

significant reduction of 93% and 67% for eye lens and whole body (both protected with the ZG system), 

respectively, has been observed. It should be noted that only eight doses measured on the chest 

exceeded the LDL. In contrast, the exposure for the ring finger of both hands increased considerably 
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as compared to those resulting in the procedures performed without ZG system but with the ceiling 

suspended lead shield instead. 

Table 18: ZG system efficiency: average dose reduction from staff monitoring in hospitals I and K. Negative values are an 
increase in the observed dose. Dose reduction in hospital J could not be calculated since all doses were below the LDL when 
the ZG system was used. 

 WB Eye lens left Finger left Finger Right 

Hospital I Not calculable 85% 44% Not calculable 

Hospital K 93% 67% -36% -23% 

 

Phantom 

The dose reduction averaged over the detectors inserted into the phantom brain was between 65% 

and 94% depending on the projection. The average dose reduction was slightly higher for dosimeters 

on the left side of the brain (86%) compared to the right side (76%), but the absolute dose to the right 

side of the brain was lower compared to the left side: When the ZG was not used, the right side of the 

brain received doses on average 53% lower than the left side. 

The dose reduction to the left and right eye were between 75% and 96%. Comparable trends were 

observed for the dosimeters positioned on the phantom face. Since no dose was detected at the level 

of the waist, chest and thyroid when the Zero-Gravity system was used, the LDL was used instead 

(1 µGy). The dose reduction at the level of the waist and chest were virtually 100% (>99.7%); the 

reduction at the thyroid level was between 88% and 99%. 

Table 19: Zero Gravity efficiency: Results from phantom measurements 

Anatomical 

region 
PA LAO 30 LLAT 

Brain including 

cerebellum 
65% 94% 89% 

Left temple 91% 99% 97% 

Left eye lens 84% 96% 95% 

Right eye lens 75% 92% 92% 

Thyroid 88% 91% 99% 

Chest 100% 100% 100% 

Waist 100% 100% 100% 
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4. Discussion 
Caps 
From MC simulations, an average cap attenuation of 86% is obtained from the dosimeters positioned 

directly above and under the lead and lead-free caps. This is in agreement with the 85% obtained by 

Uthoff et al. (2013) from measurements on staff and with the attenuation of 81% and 86% obtained 

from phantom measurements at the left eyebrow and left temple respectively. The reduction level, 

however, could be lower (around 50% on average) in clinical conditions from dosimeters worn above 

and below a lead-free cap by medical staff as determined in this project. 

The cap efficiency obtained from the dosimeters located on the middle of the forehead is less than the 

one obtained from the two other locations (left eyebrow and left temple) for both simulations and 

phantom measurements. This was not observed for clinical measurements in hospital A, with 

comparable efficiency at the three locations. In hospitals B and C, there was also no clear pattern visible 

in the attenuation with respect to the dosimeter position. The average attenuation was also lower than 

in MC simulations. This is likely explained because the cardiologists rotate their head towards the x-

ray source during a real practice, while only fixed head orientations were simulated and measured on 

the phantom. The position of the screen monitor is a determining factor for the head orientation 

during real procedures. For the middle of the forehead, the efficiency obtained for LLAT projection by 

means of phantom measurements and by simulations with the head rotated at 30° was below 0. That 

means that the dose received by the dosimeter below the cap exceeds the one received by the 

dosimeter above the cap. This suggests that the radiations which reach the dosimeter may come from 

underneath the cap or may pass through the dosimeter located inside the cap before passing through 

the dosimeter outside. For the first hypothesis, it could be due to the fact that the cap does not fit 

perfectly the head of both physical and numerical phantoms while for the second one it suggests that 

radiations come from the left side or the back of the head. 

In our simulation study, lead and lead-free caps have a potential for significant dose decrease to the 

brain (up to more than 35%). However, this strongly depends on the relative position of the physician 

with respect to the primary x-ray field: when the head was perpendicular to the patient, the average 

reduction was only about 13% at 40 cm whereas it was 37% at 70 cm. This is in agreement with Silva 

et al. (2017) who calculated an average dose reduction to the brain between 6% and 15%. This is also 

the same magnitude as the 7% efficiency obtained by means of phantom measurements with TLD and 

the 3.3% efficiency obtained by Fetterly et al. (2017) thanks to measurements with radiochromic films 

in an anthropomorphic phantom.  

The MC simulations also showed that attenuation calculated from dosimeters located directly above 

and under the caps is a poor estimator of the brain protection. Indeed the attenuation derived from 

the dosimeters (more than 80% on average) severely overestimated the dose reduction in most 

configurations (on average between 13% and 37% at 40 cm and 70 cm, respectively, when the head 

was perpendicular to the patient).  This is in agreement with Silva et al. (2017) who reported that no 

dosimeters placed under a cap was appropriate to estimate the brain dose reduction because, on 

average, only 5% of the brain exposure penetrated the head through the forehead when the physician 

was at 40 cm from the x-ray field. 

Masks 

Mask attenuation assessed by means of MC simulations is very high (82%) and similar whatever the 

projections. This attenuation is obtained from dosimeters placed above and below the mask itself and 

is not representative of the dose reduction (efficiency) for the organs and tissues located in the head. 

Indeed, the path of all the radiations which reach the dosimeters placed below the mask passes 
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through the mask and are thus attenuated. However, the path of some radiations reaching the organs 

located in the head with M1 does not cross the mask. As a matter of fact, the efficiency for the eye 

lens is very low either by Monte Carlo simulation (less than 8%) or by phantom measurements (below 

10%). This suggests that most of the radiations reaching the eye when wearing M1 do not pass through 

the mask and thus are not attenuated. A better protection of the eye lens is obtained with M1L which 

is a lengthened version of M1. Therefore, radiations reaching the eye lens with M1 may come from 

underneath the mask. This is also confirmed, on one hand, by enhanced eye lens efficiency obtained 

with M2 which is also long, and on the other hand, by the higher eye lens efficiency obtained with M1 

at 70 cm compared to 40 cm. At larger distances, a smaller proportion of radiation comes from 

underneath the mask.  

Regarding dose reduction to the brain with the head at 0°, it is better with M1L at the two distances 

followed by M2 and then M1 at 40 cm and the contrary at 70 cm. Once again, these differences can be 

explained by the length and the shape of the masks. Lengthier masks are more efficient at shorter 

distances. However, when the distance from the source increases, M2 loses its efficiency due to its 

particular shape on the sides. This is even more noticeable when the head is rotated at 30° where its 

efficiency drops down to a few percent. 

From MC simulations, Hp(3) dosimeter dose decrease seems not representative of eye lens dose 

decrease in particular for the short mask M1 at 70 cm and would lead to an underestimation of the 

real eye lens dose. Similar findings are obtained with phantom measurements: Hp(3) efficiency ranges 

from 33% to 50% while eye lens efficiency is less than 10%. The location of Hp(3) dosimeter could 

explain this difference: it is located on the left temple closer to the mask surface than the left eye. The 

additional calculations performed with the operator at 50 cm and 60 cm with M1 indicate that the 

dose reduction to Hp(3) dosimeter increases between 60 cm and 70 cm. This suggests that between 

these two distances, the majority of the radiation which so far reached the dosimeter from underneath 

the mask come now through the mask. 

Finally, comparable efficiencies (around 40%) are obtained with M1 mask for the whole brain for both 

simulations and phantoms measurements. 

To compare the reduction efficiency of the mask and the lead-free cap as per the phantom 

measurements, the relevant efficiency for the part of the head normally covered by the lead – free cap 

were calculated for the mask. For the mask the corresponding maximal value is 50% for the LLAT 

projection while the minimal one equals 33% for PA.  

It follows from the measurements on the phantoms that the attenuation for the dose to both brain 

and cerebellum is slightly higher than for the lead-free cap (12%). For the mask the measured maximal 

attenuation efficiency is 17%. A similar result was obtained for the complete head region (21%). 

Drape 
From measurements on the staff and MC simulations, a lead-free or lead drape positioned on the 

patient appeared to be an efficient solution to reduce the dose to the left hand and, possibly, to the 

right hand. 

From simulations, a greater dose reduction was found when the hands were directly above the drape. 

The dose reduction to other locations such as the brain, the eye and the WB dosimeter, however, was 

very low to inexistent. Phantom measurements confirmed these results (from the present study and 

from Grabowicz et al. (2017)), except for the WB dose which was not measured. In contrast, clinical 

measurements on the staff showed significant reduction to the WB dosimeter in both participating 

hospitals (34% and 52% in hospitals E and D) and to the left eye in only one hospital (50% in hospital 
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D). The ceiling suspended-screen was used during the clinical procedures but not in the simulation 

models. This could partially explain such a difference. However, it is unlikely to explain it completely 

because the drape had very little to no effect on the WB dosimeters in the simulations. This should be 

further investigated. 

MC simulations also showed the importance of the projections and the drape position on the 

efficiency. The drape was more efficient when it was closer to the primary beam (without interfering 

with it) and covering the side of the patient close to the cardiologist. 

The considerable difference in dose reduction efficiency between the clinical measurements (at the 

level of the eye lens) themselves on one side, and between the hospital measurements and the MC 

simulation on the other side is surprising; although, such discrepancies had already been reported in 

the literature about use of lead or lead-free drape. Different drape models were used in both hospitals 

and for the simulations; however, MC simulations showed that the design had little influence as long 

as the side of the drape did cover the right side of the patient, including the table. In any case, this 

clearly indicates a considerable effect from the local practice which can strongly influence the 

efficiency of the drape (e.g. use of different projections and drape position, position of the screen 

monitor, etc.). 

Effective doses were calculated using MC simulations. However, there are not presented because they 

merely reflect the dose reduction to the hands and forearms, the doses to other sensitive organs being 

identical whether a drape is used or not. 

Apron 
For WB dosimeters, comparable attenuations are obtained for lead and lead-free aprons by means of 
staff measurements as well as by numerical simulations. This is not in agreement with the study of 
Schlattl et al. (2007) who, from MC calculations of air kerma below an apron in a broad primary beam, 
reported that the shielding capability of lead-free materials composed of Sn and Sn/Bi is much lower 
than that of lead. This was attributed to the high proportion of low-energy photons created by 
fluorescence in tin. However, as several parameters are different between our study and the one of 
Schlattl et al. (2007) (primary beam versus scattered beam, Sn/Bi versus Sb/Bi, kV and filtration, etc.), 
comparison of the findings is not straightforward. Effective dose reductions obtained from our MC 
simulations are also quite similar for lead and lead-free aprons. The reduction is around 3% less with 
the lead-free aprons. Schlattl et al. (2007) reported around 3% effective dose increase with tin/bismuth 
shielding at 75 kV compared to lead shielding. This moderate increase, compared to the one observed 
for air kerma by the same authors, was attributed to the fact that low-energy photons created by 
fluorescence cannot penetrate deeply into the body. Therefore, they observed a distinctive dose 
increase only in organs located very superficially, as glandular breast tissue for instance. 

The decrease of efficiency, noticed with numerical simulations, when the distance from the source 

increases may be attributed to two factors. On one hand, moving away from the source, the shadow 

mask created by the apron on the head and neck region could be reduced. This would explain the lower 

efficiency obtained for the brain and the thyroid at 70 cm. On the other hand, there are some holes in 

the apron in order to pass the arms. They are not wide, but their height can reach 20 cm; thus when 

the distance from the source increases, the trunk and organs like the heart are more exposed because 

not protected by the apron due to these holes. It should also be kept in mind that the absolute organ 

dose usually decreases further away from the primary x-ray field. For instance, the dose to the organs 

included in the effective dose calculations decreases on average by about 60% at 70 cm with respect 

to 40 cm. 
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Except for LLAT at 70 cm, there is a good agreement between the reduction for the dosimeters and 

the effective dose. Therefore, the dose reduction to the dosimeters is a good approximation of the 

apron efficiency for the effective dose.  

The conclusions from the MC simulations did not conflict with the study of the monthly dose 

monitoring above and underneath the apron and their average attenuation. On average, the 

attenuation was slightly (14%) higher when a lead-free or a light lead apron was used compared to 

when a lead apron was used. This might indicate that lead-free or light lead aprons are nearly as 

efficient as a lead apron and, therefore, are acceptable substitutes. Obviously, this is only indirect 

evidence and results are affected by the important number of measurements inferior to the LDL for 

both types of aprons and dosimeter position, as well as the relatively small number of cardiologists 

monitored and. 

The dose reduction obtained for the dosimeter placed under the apron on the phantom torso is close 

to the effective dose reduction. This is relevant in routine monitoring when a single dosimeter under 

the apron is used to estimate the effective dose, but not when double dosimetry is used. 

Zero-Gravity suspended system 
As demonstrated by MC simulations and measurements (both on staff and on phantom), the ZG is at 

least equivalent to the lead and lead-free aprons for the organs and dosimeters usually covered by the 

latter. In addition, MC simulations showed at least 90% dose reduction to the sensitive organs in the 

head region. In contrast with the mask and the cap which partially cover the head, the ZG efficiency is 

rather homogenous for all tissue and organs in the brain region.  

Reduction to the eye lens dose ranges from 83% to more than 95% depending on the projection. This 

is in agreement with the eye lens dose measurements in hospital I and K, and also with the study of 

Savage et al. (Savage et al., 2013) who reported 94% reduction during various types of interventional 

procedures and more effective than the 50% dose decrease to the eye lens reported by Haussen et al 

(Haussen et al., 2016) during interventional neuroprocedures. Difference in dose might be due to an 

incorrect placement of the ZG face shield, letting the eye partially exposed. The simulations are also 

consistent with the validation measurements performed on an anthropomorphic phantom showing 

dose reduction to the brain and eye lens from 65% up to 96%. 

In addition, dose reductions from 5% to 98% were calculated for organs normally protected by the 

apron, very likely because the apron of the ZG system has a higher lead thickness than a conventional 

apron. One should keep in mind, however, that the absolute dose to those organs is usually low when 

a lead apron is used, and can be 100 times lower than the dose to the unprotected left eye lens for 

instance. These reductions lead to decrease in effective dose around 60% for the different projections.  

Surprisingly, simulations also showed dose increases for some internal organs situated on the left side 

of the staff body in RLAT projections. For instance, 18% dose increase was observed at the lung and 

the stomach. Aside from the low magnitude of the dose to those organs covered by the lead apron as 

already mentioned, this was probably caused by an inaccurate modelling of the ZG, in particular the 

shoulder and upper arm protection: while this protection is flexible and in contact with the operator 

arms (Figure 5), this is not the case for the ZG system modelled in the simulations (Figure 14). 

Measurements at the level of the upper arm in hospital I did show a clear reduction of the dose due to 

the elbow and arm protection. In hospital K, the exposure for the ring finger of both hands increased 

considerably as compared to those resulting in the procedures performed without ZG system but with 

the ceiling suspended lead shield instead. However, the operators were not experienced with ZG 

system which could result in different position or manipulations as compared to usual practice.  
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5. Future work 
Various configurations were simulated using MC calculations and hundreds of clinical measurements 

were performed on the staff or on phantoms. However, the influence of some parameters would 

deserve to be further investigated. 

MC simulations and phantom measurements investigated separately the efficiency of the RP devices. 

The combined efficiency of RP devices (e.g. drape and ceiling-suspended screen) was only investigated 

by means of clinical measurements on the staff. Complementary MC simulations could lead to a better 

understanding of these combined effects and explain discrepancy between simulations and clinical 

measurements. 

Only one x-ray beam quality was presented for the simulations although sensitivity studies  were 

performed for some devices in PA projection but were not presented here. These showed no significant 

influence on the device efficiency. However, the influence of higher energy beam qualities should be 

further investigated.  

Simulations and measurements were performed for configurations and procedures commonly used in 

IC and considering three heads orientations where relevant. A large variability of the RP efficiency was 

observed. The influence of other interventional practice should also be investigated, in particular for 

different treatment regions, different access routes (position of the staff with respect to the primary 

x-ray beam) and different staff positions and anatomies. The use of a motion tracking system 

(Lombardo and Zankl 2018) to automatically generate a library of realistic staff position would be an 

invaluable tool for that purpose. 
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6. Recommendations 

Formulating recommendations is a challenging task since the potential for dose reduction of most 

devices strongly depends on their design and the exposure conditions. For those personal devices that 

are directly aimed at protecting the head region, such as the lead glasses and the masks, an extended 

face coverage and the smallest possible gap between the face and the device are crucial parameters 

to ensure adequate protection. By contrast, some devices, such as the ceiling-suspended screen (not 

studied in the present study) and the Zero gravity suspended system, can offer significant dose 

reduction in most circumstances if they are properly used.  

The user should also keep in mind that the dose reduction efficiency as measured on the staff or on 

phantoms, and as calculated in MC simulations can differ. In addition to the efficiency, the absolute 

dose should be considered when evaluating the performances of a RP device: low dose reduction 

efficiency for a specific tissue which is exposed to very low dose might not be of concern for radiation 

protection, while low dose reduction to a highly exposed tissue is of concern. For illustration purposes, 

the potential for brain dose reduction of three specific devices (a lead mask (M1), a lead cap and the 

ZG suspended system) over a 25-years career was calculated using efficiency from phantom 

measurements as presented in the report (Table 20). In particular, the following assumptions were 

made:(i) a physician who performed yearly 550 PCI procedures; (ii) an average PKA of 3000 µGy.m² per 

PCI procedure; and (iii) respective PKA contribution from PA, LAO, LLAT and RAO projections equals 

30%, 30%, 10% and 30%. The difference in cumulative doses over the whole career are considerable, 

with dose savings from 15 mSv to 154 mSv. All protective tools lead to a significant decrease in brain 

dose over the career. 

Table 20: Example of potential dose reduction over a 25-years career using specific a lead mask, a lead cap or the ZG 
suspended system for a physician who performed yearly 550 PCI procedures. Dose reduction factors from comparable 
configurations from phantom measurements are used; absolute brain dose values are taken from phantom measurements 
as presented in the report. An average PCI procedure is assumed to deliver 3000 µGy.m² and be composed of PA, LAO, LLAT 
and RAO projections with respective contributions of 30%, 30%, 10% and 30%. 

 Phantom measurements 

 Ref. dose 
mGy 
(no 
protection) 

Mask M1 
mGy 

Lead cap 
mGy 

ZG 
mGy 

PA (30%) 0.003 0.003 0.003 0.001 

LAO 30/45 
(30%) 

0.005 0.004 0.004 0.000 

LLAT (10%) 0.003 0.002 0.003 0.000 

RAO 30/45 
(30%) 

0.002 0.002 0.002 0.000* 

Dose per 
procedure 
[mGy] 

0.013 0.011 0.012 0.002 

Annual brain 
dose [mGy] 

7.2 6.2 6.6 1.0 

Annual dose 
reduction 
[mGy] 

- 0.9 0.6 6.2 

Career 
cumulative 
dose [mGy] 

179 156 164 24.8 

*Reduction efficiency from LAO 30 used 

Besides, not all combinations of factors that can adversely affect the efficiency of the RP devices were 

investigated. Although various configurations were simulated using MC calculations and hundreds of 



MEDIRAD  D2.19: Effectiveness of protective devices 

49 

clinical measurements were performed, only a limited number of RP device models and designs can 

be tested. In particular, clinical practice in other hospitals can strongly differ from the ones observed 

during the measurement campaigns, not forgetting the potential effect arising from difference in 

physician anatomy and posture. The lead equivalence of the RP device should not be overlooked 

either, since it might be considerably lower than the one stated on the device label. Therefore, 

reported efficiency levels of a RP device, whether reported in the scientific literature or claimed by the 

manufacturers, should always be considered with caution and, if feasible, validated in the planned 

conditions of use. 

Finally, in addition to the mere dose reduction efficiency, factors not directly related to radiation 

protection such as ergonomics, frequency of use, expected exposure, price and protection of other 

organs, should also be considered in the selection process. 

Specific advantages and disadvantages of each of the five RP devices tested are report below. Although 

this list is based on procedures and configurations frequently used in IC practice, the results should 

apply to other specialities provided the configurations are similar. 

 

Caps 

• PRO: potential for dose decrease to the brain in specific conditions 

(MC) Results of MC simulations showed a dose reduction of 35% averaged over several 

configurations. (PH) Phantom measurements showed a considerably lower average reduction 

(7%), indicating the great influence of the irradiation conditions. 

• PRO: protection comparable for lead and lead-free caps 

(MC) Results of MC simulations showed comparable reduction of the brain dose, ranging from 

10% to 43% depending on the configuration.   

• PRO: more comfortable than the lead mask 

In general, a lead cap is considerably lighter than a mask (e.g. 3 times lower weight for a lead 

cap) and does not impair vision. 

• CON: strongly depends on staff position and head orientation 

(MC) The closer the staff to the centre of the incident x-ray field, the smaller the dose reduction. 

Indeed, if the staff is close to the beam, the backscattered x-rays reach the brain through region 

not covered by the cap. The height of the staff (and of the table) has logically an influence too. 

• CON: dose reduction to the brain is not the attenuation characteristics of the device 

The lead equivalence of the cap and the resulting x-ray attenuation in a direct x-ray beam 

stated by the manufacturer are not representative of the dose reduction to the brain. (MC and 

PH). Therefore, dosimeters placed under the cap may strongly overestimate the dose reduction 

to the brain. 

• CON: only limited parts of the brain are protected 

(MC & PH) MC simulations and phantom measurements have shown that only some upper 

parts of the brain were protected. Dose reduction was lower for all regions when the physician 

was close to the primary beam; further away from the beam, protection of the hippocampus 

and the right side of the white matter was low. 
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Masks 

• PRO: potential for dose decrease to eyes and brain  

(MC) MC simulations indicated average dose reduction of 65% and 25% to the eyes and the 

brain, respectively. (PH) Phantom measurements indicated dose reduction to the eye and the 

brain up to 10% and 17%, respectively. The mask was the most effective to protect the brain 

for LLAT projection which delivers the highest exposure to the physician. 

• PRO: More efficient than a lead cap for protecting the brain 

(MC & PH) Both simulations and measurements showed that a mask was more efficient than a 

cap to protect the brain. 

• PRO / CON: efficiency strongly affected by design 

(MC) From three mask models investigated, the length of the mask and the lateral protections 

had a strong effect on the efficiency. Different designs could result in an additional 50% 

reduction in specific configurations. Long and enveloping masks offer a better protection. 

• PRO / CON: efficiency strongly affected by staff position and head orientation 

(MC) The staff distance from the x-ray beam entrance on the patient and the orientation of the 

staff head with respect to the beam could have a strong influence on the mask efficiency. For 

instance, the dose reduction to the brain and the left eye were very limited close to the beam 

(on average, 12.5 % and 0.5 %, respectively), further away from the beam, the reduction 

improved (on average, 43% and 4.1 %, respectively). (PH) The mask may not be effective in the 

frequently used PA projection in case, it cannot be adjusted close enough to the physician’s 

face.  

• CON: heavier than lead-free cap 

A mask can weigh about 400 g, while a lead-free cap can be three to four times lighter. 

• CON: dose decrease to eye-lens dosimeter is not representative of eye lens dose decrease 

(MC& PH) Dedicated eye-lens dosimeter underestimates the actual dose to the eye lens. 

• CON: some parts of the brain are less protected than others 

(MC& PH) Results from both simulations and measurements showed that the protection might 

be very heterogeneous and only limited regions, closer to the skull, might be protected. For 

instance, (MC) dose reduction for the left side of the white matter could twice as much as for 

the right side. However, when no shielding was used, the right side was exposed to lower 

absolute doses than the left side. 

Drapes  

• PRO: significant dose decrease to hands, fingers and whole body dosimeter 

(ST) Clinical measurements showed considerable dose reduction to the hand and fingers (20-

40%) and to WB dosimeter (30-50%). (MC) Although MC simulations supported the decrease 

to the hands, no effect was observed on the WB dosimeter. 

• PRO: no significant effect on patient dose 

Literature) MC simulations and phantom measurements have shown no significant effect on 

patient dose if the drape stays outside the primary beam. 
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• PRO / CON: influence of the positioning 

(MC and PH) The drape efficiency increases when it is placed closer to the primary beam and 

when it covers the patient side closer to the cardiologist without gap at the level of the table. 

In addition, the drape protects better the organs in its direct vicinity such as the hands and the 

forearms. 

• CON: limited effect on eyes and brain 

(ST) Measurements on staff have showed dose reduction up to 50% to eye lens; however, this 

was not observed in all participating hospitals, possibly indicating a strong influence of local 

practice. (MC) Besides, MC simulations showed very limited dose reduction to eye lens and 

brain, between 0 to 10%. 

• CON: risk to increase the dose if in the beam 

(Literature) If the drape is positioned partially in the primary beam, it will interfere with the 

automatic exposure system, which will increase the delivered dose. 

Aprons  

• PRO: protection comparable to that of conventional lead aprons for covered organs 

(MC) For two models of lead-free and one model of lead apron, results of MC simulations 

showed comparable reduction of the effective dose E, ranging from 71% to 94%. (ST) From 

routine dosimetry measurements, no significant dose increase was observed for staff who 

changed a conventional lead apron for a light lead or a lead-free apron. 

• PRO: potentially lower weight than conventional aprons 

(Literature) Lead apron have been known to be the cause of back-pain. Lead-free apron can be 

lighter, although the weight difference might be little. 

• CON: Lead-equivalence claimed by manufacturers might not be met 

(Literature) Studies reported many cases of lead equivalence thicknesses being smaller than 

the values claimed by the manufacturers. 

• CON: Dose enhancement for superficial organs with lead-free aprons 

(Literature) Dose enhancement reported in the literature for superficial organs (breast for 

instance) with lead-free apron has to be further investigated in realistic clinical conditions as a 

possibly increased risk for cancer induction cannot be fully excluded. 

Zero-Gravity suspended system 

• PRO: protection comparable to that of conventional lead aprons for covered organs 

(PH& ST) For the regions normally covered by the lead apron, including the WB dosimeter, no 

meaningful difference could be observed during measurements. (MC) Simulations have shown 

a potential for dose reduction to organ normally covered by the lead apron.  

• PRO: significant dose decrease to the eyes and brain 

(ST) In clinical practice, 75% and 90% reduction to the eyes and the whole body dose were 

observed, respectively, when compared to ceiling suspended shield only. (MC) MC simulations 

delivered comparable reduction magnitude when comparing the device to a configuration with 

only a lead apron. 
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• PRO: lower weight on the operator than lead apron 

(ST) Thanks to the suspending system, none of the weight of the ZG lies on the operator. 

• CON: limited visibility of pedals 

(ST) Due to the design of the ZG and its face mask, the operator cannot see the pedals of the X-

ray system. 

• CON: big investment 

Compared to the price of conventional protective equipment, the price of the ZG is considerably 

higher and might not be accessible to all medical centres.  
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7. Conclusions 

The efficiency of five RP devices to reduce staff dose were assessed using MC simulations and 

measurements on the staff and phantoms. (i) lead and lead-free caps and masks have a potential for 

brain and eye lens (for the latter); (ii) Lead and lead-free- drapes positioned on the patients have a 

clear effect on the exposure of the staff fingers and potentially on the whole-body and the eye lens 

dose; (iii) lead-free- aprons can offer comparable protection to a lead apron; (iv) and the ZG system 

offers a considerable dose reduction to all organs covered. Nevertheless, it should not be overlooked 

that even if similar trends were generally found between measurements and simulations, 

discrepancies were frequent because numerous factors such as device design and local clinical practice 

can strongly affect the shielding efficiency. 
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