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In the Academic Medical Center ‘AMC’ in Amsterdam, interventional cardiologists and 
radiologists make use of ionizing radiation for fluoroscopy-guided procedures. Such 
interventional procedures expose both patients and interventional specialists to radiation. 
However, patients are mainly exposed to primary radiation beams, whereas 
interventional specialists are primarily exposed to scattered radiation beams.  
 
During the years, radiation exposure of interventional specialists has steadily increased, 
related to the increasing demand for interventional procedures. Consequently, some 
interventional specialists exceed the annual limit of occupational exposure of 20 mSv 
(the effective dose limit)1-4. Simultaneously, chances of developing fatal tumors 
(stochastic effects) increase proportionally. In addition to this, somatic effects such as 
cataract (deterministic effects) can occur if threshold doses are exceeded5. In order to 
prevent radiation effects, occupational exposure of interventional specialists is 
monitored6. 
 
The exposure of the interventional specialists is monitored by means of personal 
dosemeters. These are placed outside and/or inside a lead apron, which interventional 
specialist wear during procedures. The dose measured with the personal dosemeter 
placed outside the lead apron, is higher than the effective dose received by the 
interventional specialist. On the other hand, the dose measured inside the lead apron is 
lower than the effective dose of the interventional specialist7. Because of these 
differences, it is recommended to wear a personal dosemeter outside the lead apron as 
well as an additional personal dosemeter inside the lead apron8,9. If two personal 
dosemeters are used, additional information on radiation exposure of the interventional 
specialist can be collected (see Figure I).  
 
In the past, interventional specialists at the AMC wore one personal dosemeter. This 
personal dosemeter was placed outside the lead apron. As a result of the aforementioned 
arguments, the policy regarding personal dosemeters was changed in 1999. A second 
personal dosemeter was introduced. Initially, only three interventional cardiologists of 
the department of Cardiology were provided with a second personal dosemeter. Starting 
2004, all interventional cardiologists and radiologists in the AMC were provided with an 
additional personal dosemeter. 
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Currently, the added value of an additional personal dosemeter for routine personal 
dosimetry is unknown. Firstly, the measured dose is influenced by differences in 
placement of the personal dosemeter10. Secondly, reported dose can be inaccurate, as the 
measured dose is corrected for the contribution of natural background radiation11,12. 
Therefore, the doses measured both outside and inside the lead apron, have to be assessed 
in order to evaluate the usefulness of a second personal dosemeter.  
 

 
 
Figure I: Position of the personal dosemeter and the protective measurements during 
fluoroscopy-guided procedures. 
 
Personal dosemeters measure the radiation dose at the position of the dosemeter. In 
general, the exposure to ionizing radiation is non-uniform. Thus, the dose measured with 
a personal dosemeter has to be converted to an ‘effective dose’. The effective dose was 
introduced by the ICRP in the 1990 recommendations13. The effective dose is the 
weighted sum of equivalent doses to a selected group of organs that are sensitive to 
radiation exposure. For example, the sensitivity to radiation of gonads and bone marrow 
differs compared to other organs. Such differences are corrected which thus allows a 
comparison of the effects of radiation exposure on different parts of the body.  
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If interventional specialists wear a single personal dosemeter placed outside the lead 
apron, the effective dose can be calculated from the measured dose by means of using a 
correction factor. If an additional personal dosemeter is placed inside the lead apron, the 
effective dose can be estimated using an algorithm. In this case, doses measured inside 
and outside the lead apron are weighted separately. The application of a correction factor 
or algorithm in the process of estimating the effective dose, is described in several 
publications14-17. In these publications, it is assumed that the effective dose can be 
calculated more accurately using an algorithm instead of a correction factor. However, if 
the dose inside the lead apron is close to the detection threshold of the personal 
dosemeter, the effective dose is mainly determined by the weight of the dose outside the 
lead apron. In that case, a second personal dosemeter contributes only minimally to a 
more accurate estimation of the effective dose. 
 
Large and striking differences in measured doses are found among interventional 
cardiologists in the AMC. It appears that there are several reasons that contribute to these 
profound differences. Firstly, it is expected that differences in the amount of procedures 
performed by the interventional specialists influence the dose measured. Secondly, the 
complexity of interventional procedures may differ and could influence the exposure of 
the interventional specialist, simply because complex procedures are mostly 
accompanied by longer exposure times18-20. For the interventional cardiologists at the 
AMC, it was therefore assumed that differences in exposure are caused by the amount of 
procedures performed as well as the amount of complex procedures. If these variables 
cannot completely explain differences in radiation exposure, other potentially influencing 
factors have to be examined/evaluated.  This could further explain differences in 
exposure among interventional cardiologists at the AMC. 
 
The site of access is also indicated as a factor that influences the exposure of the 
interventional cardiologists during diagnostic and therapeutic procedures (CAG and 
PCI). The radial approach was introduced in the 90’s as an alternative for the femoral 
route. The major advantage of the arteria radialis is the reduction of bleeding 
complications for the patient21. However, this new technique requires a learning curve for 
interventional cardiologists and therefore it could result in higher radiation exposures for 
patients as well as interventional cardiologists. Several comparative studies were 
published regarding the radiation exposure of patients during both radial route procedures 



*+%',-./%0,+(,1(%"&(%"&202(

 

13 

and femoral route procedures. In general, these studies were carried out with a relatively 
small number of patients and yielded contradictory results22-27. Thus, additional analyses 
are required to determine differences in exposure between both methods. For a proper 
comparison of the exposure of both methods, it is important to correct the results for the 
complexity of the interventional procedures as well as for the experience of the 
interventional cardiologists with both procedures.  
In this thesis several studies are described with the aim to answer the following 
questions: 

1. which method to monitor personal doses is to be preferred to determine the 
occupational exposure of interventional specialists;  

2. which factors influence the radiation exposure of interventional specialists.  
  
To answer these questions the following studies were carried out. The studies are 
described in chapters 2-6. 
Chapter 2 describes a study that determines the effect of the position of the personal 
dosemeters on the body, on the dose measured. The study was performed during the 
period of 1999 – 2004 and describes dose measurements amongst interventional 
cardiologists. In the study, different positions of the personal dosemeter on the 
interventional cardiologists were evaluated e.g. on the arm, on the lead collar as well as 
on the outside and inside of the lead apron. The different positions hindered a proper 
evaluation of the results.  
 
Therefore in chapter 3 a follow up study is described. For this study the interventional 
specialists received special instructions concerning the positions of the dosemeters. The 
personal dosemeters were placed both outside and inside the lead aprons. The dosemeters 
were positioned with a special mounting device keeping the dosemeter (in place) on the 
predetermined position. The investigation focused on finding a relation between doses 
measured outside and inside the lead apron. 
 
Chapter 4 describes a study that evaluates three methods that allow calculations of the 
effective dose for interventional specialists. According to the first method, the dose 
measured outside the lead apron was corrected with a correction factor in order to 
estimate the effective dose. According to the two other methods, two different algorithms 
for double dosimetry were used to estimate the effective dose. Finally, the results of the 
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three estimation methods were compared.  
 
In order to determine a relation between the complexity of interventional procedures and 
radiation exposure of interventional cardiologists, parameters related to the radiation 
exposure of patients were analyzed in combination with data of doses measured for 
interventional cardiologists (chapter 5). 
 
Chapter 6 compares the radiation exposure of patients between procedures performed 
by the radial route to procedures performed by the femoral route. 
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Introduction 
At the AMC Heart Center, patients are examined and treated by means of fluoroscopy. 
Besides the AMC Heart Center, fluoroscopy-guided procedures are performed at the 
departments of Radiology, Gastro-Enterology and to a lesser extend at the departments of 
Urology, Anesthesiology and Surgery. During such procedures, patients as well as 
medical staff are exposed to ionizing radiation. Patients are mainly exposed to primary 
radiation beams, whereas the medical staff is exposed to scattered radiation beams. 
 
To determine the radiation exposure of physicians (referred to as interventional 
specialists), appropriate personal dose monitoring devices (personal dosemeters) should 
be provided. Measured doses of interventional cardiologists are recorded in the ‘National 
Dose Recording and Information System’ (NDRIS) as effective dose. When it is 
plausible that the measured dose deviates strongly from the effective dose, for example 
when a lead apron is worn, additional measurements or calculations have to be done. 
Subsequently the Dutch legislation requires the modified dose value to be registered as 
effective dose in NDRIS1 instead of the originally measured dose. 
 
Interventional specialists at the AMC wear a lead apron and a lead collar during the 
procedures. The personal dosemeter is positioned outside the lead apron/lead collar. As 
the lead apron protects the person who is wearing it, the measured dose outside the lead 
apron deviates from the effective dose. To enable an estimation of the effective dose 
these interventional specialists receive, additional dose measurements with dosemeters 
positioned inside the lead apron were performed. These additional dose measurements 
have been recommended by the International Commission on Radiological Protection 
(ICRP) in their ‘publication 85’2. It is stated that for the estimation of the effective dose 
of interventional specialists the use of two personal dosemeters is recommended: one 
positioned outside the lead apron and one positioned inside the lead apron. If two 
personal dosemeters are used, the effective dose could be more closely estimated. For the 
conversion of the measured dose of two personal dosemeters into an effective dose, 
several algorithms exist. An overview of algorithms has been published by Järvinen et 
al.3. 
 
In 1990, the ICRP reduced the occupational exposure limit to 20 mSv/year4. It was 
expected that the ICRP recommendation would be adopted by the Dutch legislation in 
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2001. For this reason, an additional personal dosemeter was introduced in the AMC in 
1999, because the annual dose of the interventional cardiologists exceeded the exposure 
limit.  
This study contains data of dose measurements of interventional specialists measured 
outside as well as the additional dose measurements inside the lead apron between 1999-
2004. For this study, the dose measurements of both dosemeters in relation to the 
position of the personal dosemeters were evaluated. Not only the influence of different 
positions of the dosemeters was studied, but also the possible existence of a relation 
between measurements outside and inside the lead apron was assessed. This paper also 
contains data on the estimated effective dose of interventional cardiologists. For this 
estimation two methods were applied: a method to estimate the effective dose by means 
of single dosemeter and a method to estimate the effective dose by means of two 
dosemeters. 
 
Materials and methods 
In the period from 1999 until 2004, three interventional cardiologists carried two 
personal dosemeters. One personal dosemeter was placed outside the lead apron and one 
inside the lead apron.  
 
From the start of this study until 2003, the interventional cardiologists were instructed to 
position the personal dosemeters on the left sleeve, outside the lead apron. The left sleeve 
is a position close to the primary beam during interventional procedures. No specific 
instructions were given concerning the positioning of the personal dosemeter inside the 
lead apron. This personal dosemeter was generally placed in, or on the pocket at breast 
height.  
 
In 2003, the instruction for positioning the personal dosemeter outside the lead apron was 
modified. From then on, the interventional cardiologists were instructed to place their 
personal dosemeter at the collar, outside the lead apron. No specific instructions were 
given concerning the positioning of the personal dosemeter inside the lead apron. This 
policy remained unaltered during the remainder of the research period.  
 
Two methods are used in order to estimate the effective dose of interventional 
cardiologists: a method based on the use of one personal dosemeter and a method based 
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on the use of two personal dosemeters. The correction factor, as published by the Dutch 
Association for Radiation Dosimetry (NCS), was applied for the estimation of the 
effective dose by one personal dosemeter5. The algorithm according to report 122 of the 
NCRP6 was used to estimate the effective dose based on the measurements of two 
personal dosemeters. 
 
The cardiologists used lead aprons and thyroid collars of 0.50 mm lead equivalent 
thickness 100 kVp (Medical Development and Technology B.V, Hilvarenbeek, 
Netherlands). Furthermore, the cardiologists used ceiling-mounted lead glass screens 
(Pb equivalent 0.50 mm, MAVIG, Munich, Germany) and table shield systems (Pb 
equivalent 0.50 mm, Kenex (Electro-Medical), Harlow, England). 
 
The personal dosemeters were provided by the Nuclear Research and Consultant 
Group (NRG, Arnhem, the Netherlands). The personal dosemeters were replaced 
every 4 weeks and were read out by NRG. In the dose reports the doses were presented 
by means of the personal dose equivalent at a depth of 10 mm, the Hp(10). The doses 
were reported in multiples of 0.01 mSv. Doses below 0.005 mSv were reported as 
<0.01 mSv. These values have been denoted report as 0 mSv. 
 
Results 
In the period from 1999 until 2004, a total of 420 dose measurements were performed. 
Hundred seventy-six dose measurements were performed outside the lead apron on the 
left sleeve, 34 outside the lead apron at the collar and 210 inside the lead apron. 
 
The measured doses (median) on the left sleeve varied between 1.5 and 6.0 mSv/4-weeks 
and at the collar between 0.5 and 2.8 mSv/4-weeks (Table 1). These results differed 
significantly between the three interventional cardiologists (left sleeve: p < 0.05; collar: p 
< 0.05 (Kruskal Wallis)). The measured doses on the left sleeve were significantly higher 
than the measured dose at the collar (p < 0.05 (Kruskal Wallis). The difference in 
measured doses on the left sleeve compared to at the collar for the group of interventional 
cardiologists was a factor 1.9.  
 
The results of the measurements inside the lead apron varied between 0.02 and 0.12 
mSv/4-weeks. The measurements inside the lead aprons differed significantly between 
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the three interventional cardiologists (p < 0.05 (Kruskal Wallis)). 
 
Figures 1 and 2 present scatter-plots reflecting the 4-weekly dose measurements outside 
the lead aprons compared to the 4-weekly dose measurements inside the lead aprons. In 
Figure 1 the results of the dose measurements on the left sleeve and the dose 
measurements inside the lead apron are presented. In Figure 2 the results of the dose 
measurements at the collar of the lead apron and the dose measurements inside the lead 
apron are presented. Using regression analysis, no significant linear relation could be 
found between the measurements outside the lead apron and the measurement inside the 
lead apron. This applies to the measurements on the left sleeve and the measurements 
inside the lead apron as well as to the measurements at the collar and the measurement 
inside the lead apron (ANOVA P > 0.05). 
 
 
Table 1: Measured doses (mSv/4-weeks) outside and inside the lead apron of 
interventional cardiologists. The dose measurements outside the lead apron are 
measured on the left sleeve (1999-2003) and at the collar (2003-2004). The dose 
measurements inside the lead apron are measured at the collar (1999-2004). 

 
 
Table 2: Effective dose (mSv/4-weeks) of interventional cardiologists. The effective 
doses are estimated for measurements on the left sleeve (1999-2003) and on the collar 
(2003-2004) according to the method for single dosimetry (NCS) and for double 
dosimetry (NCRP). 

 

Measured dose (Hp(10)) 1999-2004 (mSv/4-weeks) 

Outside Lead apron 

Left sleeve Collar 
Inside lead apron Interventional 

cardiologists 

25th 50th 75th 25th 50th 75th 25th 50th 75th 

1 3.05 6.02 8.26 2.08 2.84 3.48 0.05 0.12 0.35 
2 1.57 2.41 3.61 0.15 0.60 0.74 0.02 0.07 0.19 
3 0.70 1.46 2.29 0.00 0.45 2.79 0.00 0.02 0.05 

Left sleeve Single 
dosimetry (mSv/4-
weeks) 

Collar 
Single dosimetry 
(mSv/4-weeks) 

Left sleeve Double 
dosimetry (mSv/4-
weeks) 

Collar  
Double dosimetry 
(mSv/4-weeks) Interventional 

cardiologists 

25th 50th 75th 25th 50th 75th 25th 50th 75th 25th 50th 75th 

1 0.20 0.40 0.55 0.14 0.19 0.23 0.12 0.25 0.42 0.09 0.15 0.20 

2 0.10 0.16 0.24 0.01 0.04 0.05 0.06 0.11 0.20 0.01 0.05 0.06 

3 0.05 0.10 0.15 0.00 0.03 0.19 0.02 0.05 0.11 0.00 0.01 0.07 
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In Table 2 the estimated effective doses of the interventional cardiologists are shown. 
The estimation of the effective doses based on one dosemeter positioned on the left 
sleeve varied from 0.10 and 0.40 mSv/4 weeks. The effective doses estimated based on 
one dosemeter positioned at the lead collar varied from 0.03 and 0.19 mSv/4-weeks. 
Measurements based on two dosemeters revealed that the effective doses on the left 
sleeve varied between 0.05 and 0.25 mSv/4-weeks and r the effective doses at the collar 
varied between 0.01 and 0.15 mSv/4 weeks. The estimation of the effective doses based 
on one dosemeter located on the left sleeve was significantly higher than the estimated 
effective doses based on double dosimetry, for cardiologist 2 and 3 (p < 0.05 (Kruskall 
Wallis)). The estimated effective doses based on one dosemeter at the collar, did not 
differ significantly from the estimated effective doses based on double dosimetry (p > 
0.05 (Kruskall Wallis)). 
 

Discussion 
The measured doses on the left sleeve were higher compared to the measured doses at the 
collar. The difference in measured doses on the left sleeve and at the collar was a factor 
1.9. Similar results have been published by Vano et. al.(7). Vano et al. described that the 
dose measured on the left sleeve is at average a factor 2 greater than the dose measured at 
the collar.  
 
The results show no relation between doses measured outside the lead apron and doses 
measured inside the lead apron. Consequently, it was not possible to determine the 
protection factor of the lead apron (transmission) for the interventional cardiologists. 
There are studies however, in which the transmission of lead aprons with a thickness of 
0.5 mm Pb equivalent could be determined8.9. For lead aprons with a thickness of 0.50 
mm Pb equivalent and an X-ray high voltage of 70 kVp, the transmission varies between 
0.6% and 1.6%.  
 

The lack of a relation between the measured doses outside the lead apron and inside the 
lead apron could possibly be caused by the lack of a standardized measuring method. 
Communication with the interventional cardiologists paid little attention to the exact 
positioning of the personal dosemeters. The interventional cardiologists were only 
instructed to wear the personal dosemeter on the outside of the lead apron on the left 
sleeve or later at the collar. No instructions were given concerning the position of the  
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Figure 1: Plot with doses (mSv/4-weeks) measured on the left sleeve outside the lead 
apron (X-axis) and doses measured inside the lead apron (Y-axis). 
 
 
 

 
Figure 2: Plot with doses (mSv/4-weeks) measured at the collar outside the lead apron 
(X-axis) and doses measured inside the lead apron (Y-axis). 
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personal dosemeter inside the lead apron. Moreover, the dosemeters outside the lead 
apron were possibly not always exchanged simultaneously with the dosemeters placed 
inside the lead apron. These factors could have influenced the accuracy of the dose 
measurements. In order to determine a relation between the measurements outside the 
lead apron and inside the lead apron, it is important that positions of the personal 
dosemeters are fixed and that both personal dosemeters are changed at the same time. 
 
The effective doses estimated according to the method of the NCS (single dosimetry) 
were sometimes higher compared to the estimated effective doses according to the NCRP 
(double dosimetry). This difference could be explained by differences in the policy of 
both organizations, because estimations of effective doses according to NCS-method are 
never underestimated, whereas this does occur using the method of the NCRP. The 
underestimation of the effective dose according to NCRP-method can be up to a factor of 
3.36, 10. In spite of this, the effective dose can also be overestimated with both methods. 
With the NCS-method, the overestimation of the effective dose can reach a factor 12, 
whereas the NCRP-method has a maximum overestimation of a factor 25, 11. 
 
In the Netherlands, interventional specialists generally used single dosimetry. The 
personal dosemeter is usually positioned outside the lead apron. The positioning of the 
personal dosemeter in the hospitals in other European countries may also deviate from 
the recommendations of the ICRP. In 2008, Foti et al.12 published results of a study 
concerning the positioning of the personal dosemeter in several European hospitals. It 
appears that double dosimetry is only applied in some of the examined European 
hospitals. This study also shows that in most of the hospitals single dosimetry is applied, 
with the personal dosemeter positioned either outside or inside the lead apron.  
 
The results of this study do not provide a definite answer regarding the use of two 
personal dosemeters. Thus it remains unknown whether this effectively leads to a more 
precise estimation of the effective dose compared to the use of a single personal 
dosemeter. However, the results reveal, that the dose measurement inside the lead aprons 
cause a lot of uncertainty. The results of the dose measurements inside the lead apron are 
generally below the detection threshold of the personal dosemeters. For this reason, the 
contribution of the natural background radiation will exert a large influence on the 
measurements13. Furthermore, the results of this study show that the contribution of the 
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dose measured inside the lead apron to the estimation of the effective dose is negligible. 
For the lead aprons with a thickness of 0.50 mm lead equivalent, as applied in this 
research, the measured dose outside the lead apron contributes on average for 93% to the 
estimated effective dose. 
 
Additional studies are warranted to determine whether the effective dose can be 
estimated more closely by the use of two personal dosemeters compared to one personal 
dosemeter. 
 
Conclusion 
It is important to wear the personal dosemeter at a predetermined, fixed position, as the 
position of the personal dosemeter influences the dose measured. 
 
The results of this study did not show a relation between the measured dose outside the 
lead apron and inside the lead apron. To determine whether a relation exists between both 
measurements, the position of the personal dosemeters is important. Moreover, the 
personal dosemeters placed outside and inside the lead apron must to be replaced 
simultaneously. 
 
The effective doses estimated with the NCS method for single dosimetry were in this 
study sometimes higher than those estimated according to the NCRP method for double 
dosimetry. However, when the NCS method is applied for single dosimetry the effective 
dose may be over-estimated, compared to the NCRP method to estimate the effective 
dose for double dosimetry.  
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Abstract 
The aim of the present study was to determine whether there is a linear relation 
between the doses measured above and those measured under the lead apron of the 
radiologists performing interventional procedures. To monitor radiation exposure the 
International Commission of Radiological Protection (ICRP) recommends the use of a 
single dosemeter under the protective apron. To determine the exposure more 
accurately an additional dosemeter is recommended above the protective apron. The 
exposure of eight radiologists was monitored with two personal dosemeters during 3 
consecutive years. To measure the doses uniformly the two dosemeters were worn in a 
special holder attached to the lead apron. The two personal dosemeters were replaced 
every 4 weeks on the same day. The doses above and under the protective aprons of 
seven radiologists did not differ significantly. A significant lower dose above and 
under the protective apron was measured for one of the radiologists. During a 4-week 
period the average dose measured above the lead apron was 3.44 mSv (median, 3.05 
mSv), while that under the 0.25-mm lead apron was 0.12 mSv (median, 0.1 mSv). The 
coefficients of the regression line result in the equation Y = 0.036X - 0.004, with Y as 
the dose under the lead apron and X as the dose above the lead apron. The statistical 
analysis of the data established a linear relation between the doses above and those 
under the lead apron (R2 = 0.59). Before the special holder was introduced it was not 
possible to derive a relation between the doses above and those under the lead apron, 
as the doses were measured at varying places above and under the lead apron. There is 
no evidence that the effective dose can be estimated more accurately when an 
additional dosemeter is used. The present study revealed a threshold before doses 
under the lead apron were measured. Due to the threshold it can be concluded that the 
doses under the lead apron will not be underestimated easily when doses above the 
lead apron are used to calculate them. This is not the case when the doses above the 
lead apron are calculated for the doses under the lead apron. 
 
 



?8#5.#%0,+(,1(%"&(,//.$#%0,+#5(-,2&2(,1(0+%&'8&+%0,+#5('#-0,5,902%2(

 

33 

Introduction 
Like many other hospitals the Academic Medical Centre (AMC) in Amsterdam uses 
personal dosemeters to monitor the occupational doses from X-ray procedures to 
clinical staff. The occupational doses of the majority of the clinical staff do not exceed 
1 mSv in a single year. However, for clinical staff involved in fluoroscopically guided 
interventional procedures significant doses are measured. As a consequence of the 
radiation exposure, the risk of fatal cancer for the radiologists performing 
interventional procedures increases. This stochastic risk can increase to a value of 
about 0.1% for radiologists performing these procedures during many years1. In recent 
years the number of fluoroscopically guided interventional procedures at the AMC has 
increased, as has the number of radiologists performing the procedures. Moreover the 
discipline to wear personal dosemeters has improved. As a result the number of 
radiologists with doses exceeding 20 mSv in a single year has increased. Whenever the 
dose exceeds 20 mSv in a single year a report has to be sent to the Dutch labor 
inspection, even when the doses are measured above the lead apron. In the report 
evidence has to be given that the limit for stochastic effects is not exceeded. In order to 
prove that the doses of 20 mSv measured above lead aprons do not exceed the 
stochastic dose limit, it was decided to provide additional personal dosemeters to the 
radiologists performing interventional procedures at the AMC. These additional 
personal dosemeters were meant to monitor the occupational doses under the lead 
apron.  
 
When in 2004 it was decided to provide the radiologists with an additional dosemeter, 
the AMC had already substantial data of doses monitored on both sides of the lead 
apron. These data were collected at the Department of Cardiology, where additional 
dosemeters were introduced in 1998. Until 2004 the data collected at the Department 
of Cardiology established no relation between the doses measured above and those 
measured under the lead apron. This was thought to be caused by the fact that the two 
dosemeters were often transposed, that the dosemeters were not always returned at the 
same time and that unmistakable instruction regarding the position of the two personal 
dosemeters was missing. To rule out the influence of these factors on the dose 
measured, it was decided to develop a special holder for the two dosemeters at the time 
the radiologists were provided with additional dosemeters. Moreover it was decided to 
replace all personal dosemeters in the study on the same day by one person, to 
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preclude the influence of differences in measuring periods and problems with 
transposed dosemeters. 
For this department the doses measured under the lead apron were considered to be a 
substitute for the effective dose as recommended by the ICRP2 while the doses 
measured above the lead apron were used to estimate the effective dose more 
accurately. 
 
The aim of the present study was to determine whether a relation exists between the 
doses measured above and those measured under the lead aprons of radiologists 
performing interventional procedures and whether two personal dosemeters provide 
additional information compared to a single dosemeter. 
 
Materials and Methods 
From 2004 onward the occupational doses of eight radiologists involved in 
interventional fluoroscopically guided procedures were monitored by means of two 
personal dosemeters. The personal dosemeters were used to measure the doses above 
and under the lead aprons of the radiologists. To receive consistent measurements the 
two dosemeters were worn in a specially designed holder that was fixed to the lead 
apron (Figure 1 and Figure 2). The holder with the two personal dosemeters was worn 
breast-high. The two dosemeters were replaced every 4 weeks on the same day, while 
the holder remained fixed to the lead apron during the whole study.  
 

The doses were measured during 39 periods of 4 weeks in 3 consecutive years.  At the 
start of the study six of the radiologists were provided with two personal dosemeters, 
while throughout the study another two radiologists were provided with two 
dosemeters. Three radiologists left the AMC before the end of the study. 
 
The personal dosemeters were provided by the Nuclear Research and Consultant 
Group (NRG, Arnhem, the Netherlands). The personal dosemeters were read by the 
NRG and reported to the AMC. The dosemeters contain LiF:Ti, Mg (TLD100) 
detectors behind 2 mm of aluminum for the measurements at a depth of 10 mm. In the 
dose reports the doses were presented by means of the personal dose equivalent at a 
depth of 10 mm, the Hp(10). The doses were reported in multiples of 0.01 mSv. Doses 
below 0.005 mSv were reported as <0.01 mSv3. 
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Figure 1: The specially designed holder fixed to the lead apron breast-high. 
 
 
 
At the Department of Radiology the interventional procedures were performed with 
two Philips Integris Allura machines (Philips Medical Systems, Best, the Netherlands) 
with the same potential range of 50-133 kVp. 
 
During all interventional procedures the radiologists used wraparound lead aprons 
(skirts and vests, Scanflex Medical AB, Täby, Sweden) with an overall lead 
equivalence of 0.25 mm at 100 kV. The wrap around apron has an overlap due to 
which the actual thickness of the protective apron in the front is 0.5 mm lead 
equivalent. The doses were monitored above and under a layer of 0.25 mm lead 
equivalence.  
The doses measured above and under the lead apron were statistically analyzed using 
SPSS-software (release 11.5.1 for Windows). Under the lead apron doses <0.01 mSv 

were treated as 0 mSv for the statistical analysis. Above the lead apron doses <0.01 
mSv were entered as missing values. For the statistical analysis the doses under the 
lead apron were entered as dependant variables while the doses above the lead apron 
and the eight radiologists were independent variables. Statistical significant differences 
were set at a level of 5% (p= 0.05). 
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Figure 2: The specially designed holder with the two personal dosemeters. 
 
 
 
Results 
During the study 392 dosemeters were provided to eight radiologists. All dosemeters 
were returned to the NRG. The doses were read and reported in 13 4 weekly dose 
reports. In total 196 doses were recorded above the lead apron, ranging from <0.01 
mSv to 16.78 mSv. Under the lead apron the doses ranged from <0.01 mSv to 0.83 
mSv. Five readings were excluded from the study as the doses measured above and 
under the lead apron were reported to be <0.01 mSv. In 27 cases the doses measured 
under the lead apron were <0.01 mSv. These doses were treated as 0 mSv in the 
statistical analysis. 
  
In Tables 1 and 2 and in Figures 3 and 4 the mean dose, the median and the quartiles 
above and under the lead apron are presented for the eight radiologists. A 
Kolmogorov-Smirnov test showed that the doses of the eight radiologists were 
normally distributed (p>0.05). The doses measured above and under the lead apron 
differed significantly among the eight radiologists (one-way ANOVA, p<0.05). The 
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Levenes test established that the variance of the doses measured above and under the 
lead apron of seven radiologists was equal (p>0.05). The doses of these seven 
radiologists did not differ significantly (one-way ANOVA, p>0.05). The average dose 
of the seven radiologists was 3.85 mSv in 4 weeks above the lead apron and 0.13 mSv 
in 4 weeks under the lead apron. The average dose of radiologist 5 was 1.79 mSv in 4 
weeks above the lead apron and 0.07 mSv under the lead apron. The dose above the 
lead apron of radiologist 5 differed significantly from the doses of radiologists 6, 7 an 
8 (Tamhane post hoc analysis, p<0.05). Under the lead apron the dose of radiologist 5 
differed significantly from the dose of radiologist 7 (Tamhane post hoc analysis, 
p<0.05). 
 
 
Table 1: The number of measurements, mean dose, standard deviation and the 
percentiles (25th, 50th [median] and 75th) of the doses measured above the lead apron of 
the radiologists 1 to 8.  

Radiologist N Mean 
[mSv] 

St. Dev. 25th 
[mSv] 

50th 
[mSv] 

75th 
[mSv] 

Minimum 
[mSv] 

Maximum 
[mSv] 

1 4 3.41 1.22 2.16 3.58 4.48 1.88 4.58 
2 34 3.67 3.21 1.32 3.15 5.26 0.03 16.78 
3 9 2.33 1.24 1.38 2.17 3.59 0.28 4.00 
4 9 3.65 2.61 1.76 3.56 4.72 0.35 9.24 
5a 38 1.79 1.09 0.88 1.70 2.29 0.14 5.40 
6b 39 3.68 2.37 2.25 3.26 4.18 0.13 11.52 
7b 21 3.66 1.71 2.49 3.08 4.57 0.66 6.94 
8b 37 4.75 2.31 3.10 4.87 6.13 1.05 13.23 
Total 191 3.44 2.41 1.74 3.05 4.61 0.03 16.78 

Doses marked by a superscript  a differ significantly from doses followed by a superscript b (p < 0.05). 
 
 
 
Table 2: The number of measurements, the mean dose, the standard deviation and the 
percentiles (25th, 50th [median] and 75th) of the doses measured under the lead apron of 
the radiologists 1 to 8.  

Radiologist N Mean 
[mSv] 

St. Dev. 25th 
[mSv] 

50th 
[mSv] 

75th 
[mSv] 

Minimum 
[mSv] 

Maximum 
[mSv] 

1 4 0.18 0.09 0.10 0.17 0.27 0.09 0.29 
2 34 0.13 0.15 0.03 0.11 0.17 0.00 0.83 
3 9 0.06 0.06 0.01 0.07 0.11 0.00 0.15 
4 9 0.14 0.09 0.06 0.15 0.21 0.00 0.24 
5a 38 0.07 0.09 0.00 0.06 0.09 0.00 0.49 
6 39 0.12 0.08 0.06 0.11 0.19 0.00 0.37 
7a 21 0.20 0.12 0.12 0.18 0.27 0.02 0.50 
8 37 0.13 0.12 0.05 0.12 0.18 0.00 0.66 
Total 191 0.12 0.11 0.05 0.1 0.17 0.00 0.83 

a These doses differ significantly (p < 0.05). 
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In Figure 5 the doses measured under the lead apron are plotted against the doses 
above the lead apron. The statistical analysis of the data established a linear relation 
between the doses above and those under the lead apron (ANOVA, p< 0.05, R2 = 
0.59). The coefficients of the regression line representing the relation between the 
doses measured above and those under the leaded apron were derived resulting in the 
equation Y = 0.036 X – 0.004 with Y as the dependant variable (dose under the lead 
apron) and X as the predictor value (dose above the lead apron). The 95% confidence 
interval for the coefficients ranged from 0.034 to 0.038. The standard error of the 
models tested was 0.07. The standard error of the model was lower than the standard 
deviation of the average dose under the lead apron (0.11). The residuals were normally 
distributed (p>0.05) (Figure 6).  
 
 
 

 
Figure 3: Boxplot of the doses (mSv) measured above the leaded apron. The black 
line in the box marks the median, the box boundaries the 25th and 75th percentiles and 
the whiskers the minimum and maximum observed values that are not statistically 
outlying. In the plot the extreme values are marked with an asterisk. The extreme 
values are more than 3 box lengths from the upper edge of the box. The box length is 
the interquartile range. 
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The linear relation was not influenced by the doses measured for radiologist 5. The 
equation remained the same. With the equation and the lowest detectable dose under 
the lead apron (<0.005 mSv) the corresponding dose above the lead apron was 
calculated: <0.25 mSv. Above this threshold the relation between doses above and 
those under the lead apron was determined another time. The statistical analysis once 
again established once more a linear relation (ANOVA, p<0.05). The coefficients of 
the regression line remained the same. Only the strength of the model was lower (R2 = 
0.57). 
 
Discussion 
The dose measurements above and under the lead apron established that the 
occupational exposure of the radiologists performing interventional procedures in the 
AMC is comparable. There was only one exception: radiologist 5. As radiologist 5 
performed fewer procedures than his colleagues his exposure was expected to be 
lower. It was, however, unknown what reduction in doses was to be expected, as data 
on the number and the lengths of procedures were not collected for the study. Despite 
this, it is likely that the lower exposure of radiologist 5 was caused by a lower 
workload as the doses above and under the lead apron decreased proportionally 
compared to the other radiologists: 46% and 50%.  
 
Results of doses measured above and under the lead apron of physicians performing 
interventional procedures have been published by several authors. Moreover, 
measurements for cardiologists performing interventional procedures were carried out. 
Renaud et al.4 reported about measurements above and under the lead aprons of in-
room personnal during cardiac catheterization. Vano et al.5 published measurements of 
cardiologists during a 15-year follow-up. However, differences in the way radiologists 
and cardiologists perform interventional procedures make it difficult to compare the 
doses of cardiologists and radiologists. A limited number of clinical studies on doses 
above and under the lead apron have been carried out amongst radiologists. Williams 
et al6. reported average monthly doses above the lead aprons of radiologists that 
ranged from 1.08 to 6.55 mSv. The highest average dose in this study was found for a 
radiologist who performed all interventional procedures in patients with liver disease. 
The average dose of the other radiologists in the study was 1.56 mSv. The findings of  
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Figure 4: Boxplot of the doses (mSv) measured under the lead apron. The black line 
in the box marks the median, the box boundaries the 25th and 75th percentiles and the 
whiskers the minimum and maximum observed values that are not statistically 
outlying. Extreme values are marked by an asterisk. The extreme values are more than 
3 box lengths from the upper edge of the box. The box length is the interquartile range. 

 
Figure 5: Plot of doses (mSv) measured above the lead apron (X-axis) and under the 
lead apron (Y-axis). The line in the plot represents the equation for the regression. 
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Williams et al. are comparable to the average dose above the lead apron in the present 
study, where the doses varied between 1.09 mSv and 3.21 mSv.  
 
Niklason et al.7 published annual radiation doses above the lead aprons of 28 
radiologists. The average annual dose in their study was 48 mSv. The average annual 
dose in the study by Niklason et al. was higher than the average annual dose in the 
present study: 45 mSv. However, the average annual dose found by Niklason et al. 
was lower than the average annual dose when radiologist 5 was excluded. The average 
annual dose of the seven remaining radiologists was 50 mSv.  
 
In the studies by Williams et al. and Nicklason et al. the doses under the lead apron 
were also measured. Williams et al. found that the average monthly dose under the 
lead apron ranged from 0 to 0.48 mSv. As for the results above the lead apron, 
Williams et al. reported that the highest average dose was caused by the differences in 
the nature of work of one of the radiologists. The average monthly dose under the lead 
apron of all other radiologists (the radiologist with the highest dose was excluded) was 
0.08 mSv. In the present study the doses under the lead apron varied between 0.06 and 
0.2 mSv in a 4-week period weeks. The average dose, 0.12 mSv, was higher than the 
average dose reported by Williams et al.. The differences between the two studies are 
possibly caused by the differences in thicknesses of the lead aprons between them. 
Williams et al. reported that the doses were measured under lead aprons of 0.35 and 
0.5 mm while in the present study doses were measured under a layer of 0.25 mm.  
 
Niklason et al. measured doses under lead aprons of 0.25 mm and 0.5 mm. As for the 
doses measured above the lead apron, the doses under the lead apron were annual 
doses. The average annual dose under the lead apron reported by Niklason et al. was 
0.88 mSv while in the present study the average annual dose was 1.6 mSv (median 1.3 
mSv). As for the results reported by Williams et al, the differences in doses were 
probably caused by the variation in thickness of the lead aprons worn by the 
radiologists.  
 
In the study reported by Williams et al, the radiologists ensured that the personal 
dosemeters were worn in all cases. However, the personal dosemeters under the lead 
aprons were worn not only worn during interventional procedures but also during other 
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radiology procedures. The authors described that the dedication of the radiologists to 
wearing additional dosemeters under the lead apron was probably less consistent than 
for the other dosemeters. In the present study the dedication of the radiologists was not 
tested as the dosemeters were simultaneously worn in the special holder. Moreover the 
dosemeters in this study were worn exclusively during interventional procedures.  
 
The duration of the measurements in the study by Niklason et al. was approximately 2 
months while in the present study the doses of the majority of the radiologists were 
measured during 3 consecutive years.  
 
The regression analysis revealed a linear relationship between the doses measured 
above and those measured under the lead apron. The relation was described by the 
formula Y = 0.036X – 0.004. The slope of the line (0.036) is a measure of the 
transmission of the lead aprons. In the present study a transmission of 3.6% was found 
for lead aprons of 0.25 mm. This transmission was derived breast-high, at the height of 
the lead collar of radiologists. According to Kharrati et al.8 the energy of the scattered 
radiation at the height of the lead collar of radiologists is ~ 70 kVp. The transmission 
fraction in the present study (3.6%) is in accordance with the data on transmission 
factors of different primary beam energies found by other authors. Murphy et al.9 
found a transmission factor of 3% for lead aprons of 0.3 mm in the primary beam of 80 
kVp. Vano et al.5 found a fraction transmitted through lead aprons of 0.25 mm lead 
aprons of between 3.3% at 70 kVp and 5.7% at 80 kVp. Christodoulou et al.10 reported 
about transmission fraction through lead aprons of 0.25 mm at a tube potential of 70 
kVp. The transmission fraction ranged from 4.3% up to 10%. 
 
From the formula Y = 0.036X – 0.004 the intercept of the regression line can be 
calculated. The intercept with the X-axis lies at 0.11 mSv. This value theoretically 
represents the threshold of the doses above the lead apron before doses under the lead 
apron. This means that for the doses above the lead apron of < 0.11 mSv, only doses 
below the diction limit are expected. The doses will be reported as < 0.01 mSv. As 
doses up to 0.005 mSv are below the detection limit of the dosemeters and are reported 
as doses < 0.01 mSv, the theoretical threshold is even higher: 0.25 mSv versus 0.11 
mSv for the doses above the lead apron. As a matter of fact, in the present study for all 
measurements above the lead apron < 0.25 mSv the corresponding doses under the 
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lead apron were reported to be below the detection limit of 0.01 mSv. The lowest dose 
in this study above the lead apron for which a dose under the lead apron of 0.01 mSv 
reported was 0.59 mSv. 
 
The minimum thickness recommended by the IAEA11 for lead aprons of radiologists 
performing interventional procedures is 0.35 mm. In the present study the doses were 
measured at 0.25 mm. The doses were measured under one layer of wrap around lead 
aprons. Due to the overlap of these aprons the thickness of the lead apron in the front 
of the radiologists was 0.5 mm. For practical reasons it was decided to measure the 
doses under one layer of 0.25 mm despite the fact that the doses measured were higher 
than the occupational doses to the body of the radiologists. The occupational doses of 
the radiologists under the lead apron in this study are therefore overestimated.  
 

 
Figure 6: Distribution of the residuals (mean = 0, standard deviation = 1). 
 
 
The present study showed that additional monitoring under the lead apron is not 
necessary to estimate the occupational exposure more accurately. This result is in 
agreement with the conclusions of Schultz et al.12 who came to the conclusion based 
on dose calculations with Monte Carlo simulations. A transmission of 3.6% for lead 
aprons " 0.25 mm does not underestimate the exposure for radiologists. 
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In the present study the doses under the lead apron were determined almost at the same 
place as the doses above the lead apron. This was possible as a special holder was 
used. Before the special holder was introduced it was not possible to derive a relation 
between the doses above and those under the lead apron.  
 

Conclusion 
The aim of the present study was to determine whether a relation exists between the 
doses measured above the lead apron and those measured under the lead apron of 
radiologists performing interventional procedures and whether two personal 
dosemeters provide additional information compared to a single dosemeter. It might be 
concluded that a linear relation between the measurements above and under the lead 
apron is proved in this study. With this, there is no evidence for a more accurate 
estimation of the effective dose when an additional dosemeter is used.  
 
As the results of this study were derived from measurements by radiologists 
performing interventional procedures, it is not known whether a factor of 0.036 is 
applicable for other specialists performing interventional procedures such as 
interventional cardiologists and electro physiologists.  For this reason, more 
investigation is needed to derive correction factors for other physicians performing 
interventional procedures.  
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Abstract 
The exposure of eleven physicians performing interventional procedures was 
measured by means of two personal dosemeters. One personal dosemeter was worn 
outside the lead apron and an additional under the lead apron. The study was set up in 
order to determine the added value of a dosemeter worn under the lead apron. With the 
doses measured, the effective doses of the physicians were estimated using an 
algorithm for single dosimetry and two algorithms for double dosimetry. The effective 
doses calculated with the single dosimetry algorithm ranged from 0.11 up to 0.85 mSv 
in 4 weeks. With the double dosimetry algorithms, the effective doses ranged from 
0.02 mSv up to 0.47 mSv. The statistical analysis revealed no significant differences in 
the accuracy of the effective doses calculated with single or double dosimetry 
algorithms. It was concluded that the effective dose cannot be considered a more 
accurate estimate when two dosemeters are used in stead of one. 
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Introduction 
In the Academic Medical Centre (AMC) in Amsterdam, cardiologists and radiologists 
perform interventional procedures. During these interventional procedures the 
physicians are exposed to ionising radiation. In the past, the AMC monitored the 
exposure of the physicians by means of a single dosemeter worn outside their lead 
apron as recommended by the provider of the personal dosemeters.1 Over the years the 
doses of the physicians increased and some doses exceeded 20 mSv per year. 
Therefore it was decided to provide the physicians with an additional personal 
dosemeter to estimate the exposure of the physicians under their lead apron as well. 

 
In publication 85 the ICRP recommends the use of two personal dosemeters (double 
dosimetry) to estimate the effective doses of physicians performing interventional 
procedures more accurately.2 Despite the ICRP recommendations, double dosimetry is 
not common practice in the Netherlands. As in the Netherlands many European 
physicians use a single personal dosemeter to determine their exposure from 
interventional procedures.3 

 
Recently the Dutch Commission on Radiation Dosimetry (NCS) released a code of 
practice for the personal dosimetry of professionals wearing a lead apron.4 In this code 
of practise the use of a single personal dosemeter outside the lead apron is 
recommended. In addition to this, conversion factors to calculate effective doses from 
these measurements are suggested. The NCS recommends single dosimetry as it is 
their opinion that double dosimetry leads to a higher administrative (and financial) 
burden while it is questionable whether the accuracy increased by double dosimetry. 
 
In this context the effective doses of the physicians of the AMC were calculated using 
the doses measured outside the lead aprons as recommended by the NCS. The 
effective doses were also calculated with algorithms for double dosimetry. The results 
of these calculations were compared in order to quantify differences between both 
methods. The purpose of the study was to determine whether additional dose 
measurements under the lead apron provide supplementary information to estimate the 
effective doses more accurately. Moreover, the advantages and disadvantages of the 
single and double dosemeters were reviewed. 
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Materials and Methods 
Starting from 2004 the exposure of 11 physicians (8 radiologists and 3 cardiologists) 
was monitored by means of two personal dosemeters. All physicians were involved in 
interventional procedures. The physicians were provided with a personal dosemeter to 
measure doses outside their lead aprons and an additional dosemeter to measure doses 
under their lead aprons. Both dosemeters were mounted in a special holder that was 
fixed to the lead apron. The holder remained in place during the whole study, while the 
two dosemeters were replaced simultaneously every 4 weeks. 
 
The 11 physicians used lead aprons of 0.25 mm lead equivalent thickness at 100 kVp 
(Medical Development and Technology B.V, Hilvarenbeek, The Netherlands; 
Scanflex Medical AB, Täby, Sweden). As the lead aprons had overlapping pieces on 
the front, the protection of the front of the physicians was 0.50 mm lead equivalence. 
For practical reasons doses were measured outside and under one layer of 0.25 mm. 
Besides the lead aprons, the physicians used thyroid collars of 0.50 mm during the 
interventional procedures. 
 
The personal dosemeters were provided by the Nuclear Research and Consultant 
Group (NRG, Arnhem, the Netherlands). The dosemeters contained LiF:Ti, Mg 
(TLD100) detectors. The dosemeters were returned every 4 weeks to NRG for reading 
out the doses from the dosemeters. The doses were reported as personal dose 
equivalent at a depth of 10 mm (Hp(10)). The doses were reported in multiples of 0.01 
mSv while doses below 0.005 mSv were reported as <0.01 mSv.5 
 
The physicians performed interventional procedures with Philips X-ray systems 
(Philips Medical Systems, Best, the Netherlands). At the department of Cardiology 
two Integris H5000systems and one Allura 9 machine were used. At the department of 
Radiology two Integris Allura machines were in use. 
 
The doses reported by NRG were used to estimate the effective doses of the 
physicians. The effective doses were calculated by means of three different algorithms 
(Table 1). First, the effective doses were calculated using the NCS conversion factor. 
The conversion factors according to the NCS were applied to the doses measured 
outside the lead apron. Additionally effective doses were calculated with two 
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algorithms for double dosimetry. The effective doses were calculated using the NCRP 
algorithm6 and an algorithm described by Clerinx.7 

 
Table 1: The three algorithms used to calculate the effective doses (E) were Hunder is 
the dose measured under the lead apron and Houtside the dose measured outside the lead 
apron. 
 

Name Algorithm 

NCS Houtside / 5 

NCRP E = 0.5 Hunder + 0.025 Houtside 

Clerinx et. al. E = 1.64 Hunder + 0.058 Houtside 

 

 
The doses reported by NRG as well as the effective doses were statistically analysed 
using SPSS-software (release 16.0.2 for Windows). The doses outside and under the 
lead aprons were entered pair wise. Dose pairs with doses under the lead apron 
exceeding the dose outside the lead aprons as well as dose pairs where either the dose 
outside or under the lead aprons were missing were excluded from the statistical 
analysis. Doses reported as < 0.01 mSv were entered as 0 mSv. In the regression 
analysis the effective doses calculated with the NCS single algorithm were entered as 
dependent variables. The effective doses calculated with the algorithms for double 
dosimetry as well as the individual physicians were entered as independent variables. 
Effective doses for doses measured under the lead aprons of 0 mSv were not included 
in the regression analysis. Statistical significant differences were set at a level of 5 % 
(p = 0.05). 
 
Results 
In Table 2 the mean and the median of the doses measured outside and under the lead 
aprons of the physicians are shown. Additionally the 25th and 75th percentiles as well 
as the minimum and maximum doses are displayed in Figures 1 and 2.  
 
The mean doses measured outside the lead aprons ranged from 0.53 mSv up to 4.24 
mSv in 4 weeks while the mean doses under the lead aprons ranged from 0.01 mSv to 
0.18 mSv in 4 weeks. The highest dose measured outside the lead apron was 16.78 
mSv in 4 weeks, while under the lead apron a dose up to 1.17 mSv at maximum was 
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measured in 4 weeks. The lowest dose measured on both sides of the lead apron was < 
0.01 mSv. This was the case for 2.8% of the measurements outside the lead aprons 
while under the lead apron 22% of the measurements were < 0.01 mSv. Six dose pairs 
had to be excluded form the statistical analysis. Two dose pairs had to be excluded 
because of reading problems and 4 dose pairs were excluded as the doses measured 
under the lead apron were equal to or higher than the doses measured outside the lead 
apron. 
 
The effective doses of the physicians calculated by means of the three algorithms are 
shown in Figure 3. The effective doses estimated with the NCS conversion factor were 
higher than the effective doses calculated with the two algorithms for double 
dosimetry. The effective doses estimated with the NCS conversion factor ranged from 
0.11 up to 0.85 mSv (mean 0.42 mSv). The effective doses calculated with the Clerinx 
algorithm ranged from 0.05-0.47 mSv (0.29) and the effective doses calculated with 
the NCRP algorithm varied between 0.02 mSv and 0.17 mSv (mean 0.10). 
 
The weighted least-squares regression analyses (WLS regression) revealed a linear 
relation between the effective doses calculated with the NCS-single algorithm and the 
effective doses estimated with the two algorithms for double dosimetry (ANOVA, 
p<0.05). In Table 3 the regression constants and the regression coefficients are listed. 
The slope of the regression line for the effective doses according to the NCRP 
algorithm was 4.19 and according to Clerinx 1.50. In both tests no significant 
difference between physicians were found (ANOVA, p>0.05).  
 
Two-Related-Sample test were performed between the effective doses according to 
NCS and the effective doses according to double dosimetry (NCRP and Clerinx). For 
the tests the effective doses according to NCS were divided with the slope of the linear 
relation between the NCS algorithm and the algorithms for double dosimetry (4.19 for 
NCS/NCRP and 1.50 for NCS/Clerinx). The two-related-sample tests revealed no 
significant differences between effective doses calculated from single dose 
measurements outside the lead apron and effective doses calculated from double 
dosimetry (Wilcoxon, p > 0.05).  
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In Figure 4 the effective doses calculated with the NCRP algorithm were plotted 
against the effective doses calculated according to the NCS algorithm. The effective 
doses determined with the NCRP algorithm were plotted on the X-axis while those 
determined with the NCS algorithm are plotted on the Y-axis. The r-squared (r2) value 
of the plot in figure 4 was 0.86. A similar plot was made for the effective doses 
calculated with the Clerinx algorithm and the NCS algorithm (Figures 5, r2 = 0.81).  
 
Table 2: The number of measuring periods (N), the median doses and the mean doses 
of 4-weekly measurements outside and under lead aprons. 

Median doses 
(mSv/4-weeks) 

Mean doses 
(mSv/4-weeks) Physician N 

Outside apron under apron Outside apron Under apron 

1 4 3.58 0.17 3.41 0.18 

2 54 1.02 0.11 2.46 0.13 

3 8 2.09 0.07 2.12 0.07 

4 9 3.56 0.15 3.65 0.14 

5 59 1.40 0.06 1.54 0.07 

6 59 3.09 0.13 3.42 0.15 

7 42 2.56 0.15 2.82 0.16 

8 57 4.16 0.10 4.24 0.13 

9 59 0.41 0.01 0.53 0.01 

10 58 0.63 0.01 0.74 0.03 

11 58 1.04 0.04 1.14 0.06 

Total 454 1.43 0.06 2.12 0.09 

 
 
 
 
Table 3: The regression coefficients (B), standard errors, significance levels and 95% 
confidence intervals of the linear regression model. 

95% confidence interval  
Algorithm Dependent variable B Std. Error Significance 

(p < 0.05) Lower Bound Upper Bound 

Constant 0.00 0.01 No -0.03 0.02 

NCRP 4.19 0.1 Yes 4.00 4.37 

NCS 
 
 

NCRP Physicians Group 0.00 0.00 No 0.00 0.00 

Constant 0.02 0.02 No -0.01 0.04 

Clerinx 1.50 0.04 Yes 1.42 1.57 

NCS 
 
 

Clerinx Physicians Group 0.00 0.00 No 0.00 0.00 
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Figure 1: Boxplot of the 4-weekly measurements (mSv/4-weeks) outside the lead 
aprons of physicians. The black lines in the box marks the median, the box demarks 
the 25th and 75th percentile. 
 

 
Figure 2: Boxplot of the 4-weekly measurements (mSv/4-weeks) under lead aprons of 
physicians. The black lines in the box marks the median, the box demarks the 25th and 
75th percentiles. 
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Figure 3: Effective doses (mSv/4-weeks) of the physicians. The black bars represent 
the effective doses of the physicians by means of the doses measured outside lead 
aprons (NCS single). The grey and light gray bars represent the effective doses by 
means of doses measured outside and under lead aprons (NCRP double and Clerinx 
double). 
 

 
Figure 4: Effective doses (mSv/4-weeks) according to the algorithm of NCS (single 
dosimetry) compared with the effective doses according to the NCRP (double 
dosimetry). 
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Figure 5: Effective doses (mSv/4-weeks) according to the algorithm of NCS (single 
dosimetry) compared to the effective doses according to Clerinx et al. (double 
dosimetry). 
 
 
Discussion 
The doses measured outside the lead apron of cardiologists and radiologists in the 
AMC are comparable with the doses measured by other authors. The mean annual 
dose outside the lead aprons of physicians in the AMC was 28 mSv (from 7.02 mSv to 
56.16 mSv). Vano et al.8 reported doses of cardiologists during three consecutive 
periods of 5 years. In the most recent period (1999 and 2004) the average annual dose 
was 18 mSv outside the lead apron. Renaud et al.9 reported an average annual dose of 
20-30 mSv outside the lead aprons of cardiologists. Niklason et al.10 published doses 
measured outside the lead aprons of radiologists. He reported mean annual doses of 48 
mSv. Williams et al11. reported mean monthly doses outside the lead aprons of 
radiologists that ranged from 1.1 to 6.6 mSv. Per year the doses ranged from 13 mSv 
to 79 mSv. In the present study, the mean dose of the physicians during a measuring 
period of 4 weeks varied between 0.5 mSv and 4.3 mSv. 
 
The mean annual dose under the lead aprons of cardiologists and radiologists in the 
AMC was 1.2 mSv. Vano et al. also reported doses measured under the lead aprons. 
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He reported an average annual dose of 1.4 mSv. Niklason et al. published annual doses 
of radiologists measured under their lead aprons. They determined a mean annual dose 
of 0.9 mSv. In the study of Renaud et al. doses under the lead aprons hardly exceeded 
the minimum reportable value (0.2 mSv) of the TLDs they used. Doses below this 
value were reported as zero by the dosimetric service. The doses measured in this 
study were therefore low. Lower than the doses measured under the lead aprons of 
physicians in the AMC. In the present study the minimal reportable dose was 0.01 
mSv.  Despite the lower detection level of the TLD’s 21% of the doses measured 
under the lead aprons were still below the minimal reportable value of 0.01 mSv and 
were therefore treated as 0 mSv. Williams et al. also reported average monthly doses 
under the lead aprons of radiologists. He reported doses that varied from 0 up to 0.48 
mSv. In the present study average doses in 4 weeks under the lead apron of physicians 
varied from 0.01 up to 0.18 mSv. 
The doses measured outside the lead apron were used to estimate the effective doses of 
the physicians in the AMC. The effective doses were calculated with the NCS 
conversion factor for single dosimetry. The conversion factor is the same for all 
exposure circumstances: different tube voltages and variation in irradiation geometry. 
According to NCS the effective doses will not be underestimated by using the 
conversion factor. This was confirmed by Franken et al..12 His research determined the 
conversion factors to estimate effective doses from single dose measurements outside 
the lead apron. His study showed that lead aprons of 0.25 mm need conversion factors 
from 5 up to 63. A factor 5 is the conversion factor used in the NCS algorithm (Table 
5).  
 
The effective doses of the physicians in the AMC calculated with the NCS algorithm 
were higher than the effective doses calculated with the double dosimetry algorithms. 
The effective doses according to NCS were on an average 4.2 times higher than the 
effective doses calculated with the NCRP-algorithm and 1.5 times higher than with the 
Clerinx-algorithm. This underpins the idea that with the NCS algorithm the effective 
dose is overestimated. On the other hand the double dosimetry algorithms still leads to 
an overestimation of the effective dose. However, the double dosimetry algorithms 
also carry the risk of underestimation.  
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The estimated effective dose calculated with the NCS algorithm was 0.42 mSv. As this 
might be an overestimation by a factor of 12.6, the average effective dose of the 
physicians in the AMC range between 0.03 mSv and 0.42 mSv. With the NCRP 
algorithm an average effective dose of 0.10 mSv was calculated. Taking an 
overestimation of 2.036 and an underestimation of 3.313 into account the average 
effective dose of the physicians in the AMC ranges between 0.05 mSv and 0.33 mSv. 
As the algorithm of Clerinx can lead to either an underestimation of the effective dose 
(10%) or an overestimation (105%), the mean effective dose of the physicians in the 
AMC (0.29 mSv) actually ranges between 0.13 mSv and 0.32 mSv.  
 
The circumstances under which doses of the present were measured did not completely 
meet the assumptions for the algorithms. The doses in the present study were measured 
outside and under a lead apron of 0.25 mm while the front side of the physicians was 
actually covered with 0.50 mm (two flaps of 0.25 mm). The doses were measured 
under a single layer of the lead apron as it was practical to leave the special holders for 
the dosemeters attached to the lead aprons. By mounting the holders on the frontal 
layer of the lead aprons, the position of the personal dosemeter remained unaltered 
during the whole study. The doses measured under the lead aprons were therefore 
higher than the actual exposure of the physicians.  
The purpose of the study was to determine whether the doses measured under the lead 
aprons provide the additional information that is necessary to estimate the effective 
doses more accurately. In this study, the added value of measurements under the lead 
aprons could not be demonstrated. In the end, the statistical analysis revealed no 
significant difference between the effective doses calculated with the algorithm for 
single dosimetry and the algorithms for double dosimetry. A similar conclusion was 
earlier reported by present authors based on a study among radiologists.14 as well as by 
Schultz et al.15 
 
The critical comments in the NCS report regarding double dosimetry instead of single 
dosimetry are endorsed by authors of the present study and all workers who 
contributed to this study. More discipline is needed when two dosemeters are used: 
from the physicians, regarding the use of the dosemeters and from the radiation 
protection advisors, regarding the organisational measures. Moreover attention has to 
be paid to the labelling system to avoid mixing up personal dosemeters. Mixing up of 
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the personal dosemeters could not be avoided during this study despite all extra 
measures taken, like using of special devices and appointing one person to change both 
dosemeters simultaneously every 4 weeks. As special attention was paid to the 
physicians involved in this study, the mixing up of the personal dosemeters could 
always be reversed. But the authors experienced that under normal circumstances this 
is not always possible. As in this study the personal dosemeters were changed by the 
same person at the same time, the measurements of the dosemeters always related to 
the same measuring period and the two personal dosemeters to the same procedures. 
Without special attention this is not always the case as physicians often unintentionally 
forget to change their dosemeters on time, at the same time or change them at all.  
Of course the use of two personal dosemeters instead of one is more expensive. The 
extra annual costs for the extra the personal dosemeters was # 63.75 per physicians in 
2009. It is difficult to calculate the cost of the administrative burden: all persons 
involved in the study were working as radiation protection advisors. They spent more 
time on this project and less on other points of interest in radiation protection. 
However, this was not formally registered. 
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Abstract 
Data on the exposure of seven cardiologists and over 10 000 patients undergoing 
interventional procedures were collected. The data were collected in a study that was 
set up in order to evaluate the differences in exposure of seven cardiologists 
performing interventional procedures. The study revealed a linear relation between the 
exposure of the seven cardiologists and the exposure of their patients (R2 = 0.55). The 
exposure of the cardiologists ranged from 0.43 mSv up to 2.85 mSv in 4 weeks while 
for the patients the exposure ranged from 1633 Gy·cm2 up to 5943 Gy·cm2 in 4 weeks. 
It was concluded that the height of the doses of the cardiologists is associated with the 
number of procedures but not with the complexity of the procedure. In order to reduce 
the exposure of cardiologists it is recommended to optimise the exposure techniques. 
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Introduction 
At the Department of Cardiology of the Academic Medical Centre (AMC) in 
Amsterdam, fluoroscopy-guided procedures are performed on a regular basis. Between 
2004 and 2008, over 10 000 interventional procedures were performed by 
interventional cardiologists. During these interventional procedures, patients and 
cardiologists are exposed to ionising radiation. Patients are particularly exposed to the 
primary beam while as a rule physicians are exposed to scattered radiation. The 
exposure of patients is often described by the dose-area product (DAP), whereas the 
exposure of the cardiologists is generally described by the personal dose equivalent 
(Hp(10)). 
 
The International Commission on Radiological Protection (ICRP) stated that the 
exposure of physicians correlates with patient exposure (1). Moreover, ICRP pointed 
out that the exposure of physicians is influenced by equipment design, technical 
settings and clinical protocols and to some extent by the degree of clinical experience. 
In 2006 the European DIMOND research cardiology group investigated the correlation 
between patients’ exposure by means of DAP data and cardiologists’ exposure(2). The 
study revealed a correlation between the exposure of patients and cardiologists. It was 
concluded however, that it remained difficult to predict the exposure of cardiologists 
from the DAP data they collected as different protective measures were used and the 
number of procedures included in the study was limited. 
 
Over the years the exposure of the interventional cardiologists in the AMC increased. 
In the years prior to the investigation, the doses outside the lead apron of some 
cardiologists even exceeded 20 mSv. Since all cardiologists used the same protective 
measures it was assumed that the differences in doses between the cardiologists were 
primarily caused by differences in number and complexity of the procedures. 
 
The purpose of the present study was to analyse the differences in exposure between 
the cardiologists performing interventional procedures. It was assumed that there is a 
relation between the doses measured outside the lead aprons of the cardiologists and 
the exposures of their patients. It was expected that there is an association between the 
exposure of cardiologists and the number and the complexity of the procedures.  
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Materials and Methods 
Starting in 2004, data on the exposure of cardiologists and patients at the Department 
of Cardiology in the AMC were collected. Cardiologists and patients were exposed 
during coronary angiography (CAG) and percutaneous coronary interventions (PCIs).  
 
A CAG is an X-ray photograph with radio contrast in the coronary arteries. It is 
performed for both diagnostic and interventional (treatment) purposes. Coronary 
catheterization is the method used to bring the radio contrast fluid into the heart. 
Catheterization is a minimally invasive procedure to access the coronary circulation and 
blood filled chambers of the heart using a catheter. The catheter can be inserted in the 
arteria radialis or in the arteria femoralis and is then moved through these arteries until it 
reaches the coronary arteries. With this method possible constrictions or clogging of the 
coronary arteries are made visible by X-ray fluoroscopy.  
  
A PCI is a therapeutic procedure used to treat the narrowed coronary arteries of the heart 
found in coronary heart disease. A coronary artery can be widened using a balloon 
catheter. At the place of constriction a balloon is blown, as a result of which the 
cholesterol plaque is shoved aside under high pressure. At the place of the balloon the 
artery is widened. In a number of cases a metal stent is placed to guarantee a durable 
widening of the artery. 
 
The department of Cardiology of the AMC is a high volume, tertiary cardiologic center. 
In this center annually more than 2000 CAG’s and PCI’s are carried out. The department 
acts as a training institute. The procedures are routinely carried out by experienced 
interventional cardiologist or by a fellows-in-training with experience interventional 
cardiologists. 
 
The exposure of seven cardiologists was monitored by personal dosemeters worn outside 
the lead apron. The dosemeters were mounted in a special holder that was fixed to their 
lead apron. The holder remained in place during the study period, while the dosemeters 
were replaced every 4 weeks. The exposure of 10 341 patients was monitored with DAP-
meters. The DAP-meters (Diamentor, PTW-Freiburg, Germany/KermaX-plus, 
Wellhöfer, Germany) were integrated in the X-ray systems and were calibrated at regular 
intervals with a reference dosemeter (Unforse Xi, Bildall, Sweden). The DAP in the cine 
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mode (DAPC), the DAP in the fluoroscopy mode (DAPF) and the fluoroscopy time were 
displayed on the monitor of the X-ray system and were registered at the end of each 
interventional procedure. 
 
The seven cardiologists used lead aprons and thyroid collars of 0.50 mm lead 
equivalent thickness at 100 kVp (Medical Development and Technology B.V, 
Hilvarenbeek, Netherlands). Furthermore, the cardiologists used ceiling mounted lead 
glass screens (Pb equivalent 0.50 mm, MAVIG, Munich, Germany) and table shield 
systems (Pb equivalent 0.50 mm, Kenex (Electro-Medical), Harlow, England). 
 
The personal dosemeters were provided by the Nuclear Research and Consultant 
Group (NRG, Arnhem, the Netherlands). The dosemeters contained LiF:Ti, Mg 
(TLD100) detectors. The dosemeters were returned every 4 weeks to the NRG for a 
read out. The doses were reported as the personal dose equivalent at a depth of 10 mm 
(Hp(10)). The doses were reported in multiples of 0.01 mSv. Doses below 0.005 mSv 
were reported as <0.01 mSv(3). 
 
The interventional procedures were performed with Philips X-ray systems (Philips 
Medical Systems, Best, the Netherlands). Two Integris H5000 systems, and an Allura 
9C flat-panel system were used with field of views (FOVs) of 25, 19 and 15 cm 
diagonal square. Each fluoroscopy dose mode had different dose rate settings starting 
in the low dose mode with an entrance exposure rate up to 40 mGy·min–1, followed by 
the normal dose mode up to an entrance exposure rate of 80 mGy·min–1 and up to 160 
mGy·min–1 in the high dose mode. The inherent filtration of the X-ray systems was 2.4 
mm Al. equivalent. In the low and normal dose mode, additional filters of 0.4 mm Cu 
and 0.1 mm copper (Cu) were automatically inserted. In the high fluoroscopy mode 
and in the cine mode no additional filters were used. All X-ray systems used 25 
pulse·s-1 in the normal and high dose mode, while the dose rate differed in the low 
dose mode. For the Allura 9C the pulse rate was 12.5 pulse·s-1 while for the Integris 
H5000 the pulse rate was continuously adjusted. In the cine mode the number of 
frames was variable: either 12.5 frames·s-1 or 25 frames·s-1.  
 
Study population 
The data concerning the radiation exposure of the patients have been collected in AMC 
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in the period of June 2004 to December 2008. Beside the data concerning the radiation 
exposure of patients, clinical data of the treated patients were collected together with the 
data of the procedure (CAG/PCI). However, the clinical data and procedure data were 
registered in separate databases. For the study the data from both databases have been 
brought together. The patient characterizations and the data concerning the nature of the 
procedures are presented in Table 1.  
 
Table 1: Patient and procedure characteristics. 

Baseline characteristics N = 6919 

Demographics  

Age (years) 63 ± 12 

Male gender   72 % 

Body mass index (kg/m2)  27 ± 4 

Diabetes mellitus  18 % 

Known hypertension  43 % 

Family history of coronary heart disease  49 % 

Hypercholesterolemia   36 % 

Current cigarette smoking   28 % 

History of PCI  31% 

 History of CABG 6 % 

Angiography  

CAG  15 % 

Primary PCI 28 % 

Elective PCI 57 % 

Location of culprit lesion   
LAD 44 % 

RCX 22 % 

RCA 34 % 

No. of lesions treated per PCI  

1 63% 

2 27% 

3 10% 

Multivessel disease 32% 

Bifurcation lesion 10% 

CAG; Coronair Angiogram, PCI; Percutaneous Coronary Interventions, LAD; left anterior descending artery, RCA; right 
coronary artery; RCX; Ramus Circumflexes, CABG; Coronaire Artery Bypass Graft 
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In the period of June 2004 to December 2008 in the AMC 10.905 cardiological 
procedures have been carried out. As a result of mistakes in data registration and due to 
lacking data it was not possible to use the data of all procedures. The number of 
procedures of which the data of the radiation exposure as well as the clinical data and the 
data of the procedures were available is 6919 (63%) in total. Of these data 15% regards 
CAG (N = 1023), 28% primary PCI (N = 1952) and 57% elective PCI (N = 3944) 
procedures. 
 
Statistical analysis 
The doses measured outside the lead apron of the cardiologists were analysed as well 
as the sum of exposures of patients in the same period of 4 weeks. For each of the 
cardiologists all exposures in the fluoroscopy mode (DAPF) and in the cine mode 
(DAPC) in 4 weeks were added to the sum of exposures. The sum of these exposures 
was addressed as DAPF+C, 4 weeks. The doses measured outside the lead apron were 
plotted against the DAPF+C, 4 weeks. To determine the relation between both variables, a 
regression analyses was performed. For the analysis, the dose outside the lead apron 
was entered as a dependent variable. The DAPF+C, 4 weeks as well as the individual 
cardiologists were entered as independent variables. 
 
The exposure of patients was also analysed per procedure. For the analysis the DAPC, 
DAPF, DAPF+C and the fluoroscopy time as well as the DAPF per minute (DAPF, min.) 
were examined. The variables were analysed with a nonparametric test (Kruskall-
Wallis H-test). All data were analysed using SPSS-software (release 16.0.2 for 
Windows) where the statistical significant differences were set at a level of 5% (p= 
0.05). 
 
Results 
Figure 1 is a plot of the doses outside the lead apron of the cardiologists (Hp(10)) and 
the exposures of patients in the same period of 4 weeks (DAPF+C, 4 weeks). The relation 
between the doses outside the lead apron and the exposures of patients was linear (R2 
= 0.55; p = 0.00). The equation of the doses outside the lead apron and the exposures 
of patients was Hmeasured (mSv) = 0.36 ! 10-3 " (DAPF+C, 4 weeks). The relation between 
the doses outside the lead apron and the exposures of patients did not differ 
significantly between the cardiologists (p = 0.55). 
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In Table 2 and Figure 2 and 3 the median and the 25th and 75th percentiles of the doses 
outside the lead apron of the cardiologists (Hp(10)) are shown. In the same table the 
percentiles of the exposures of patients (DAPF+C, 4 weeks) are shown for each of the 
cardiologists. The median doses outside the lead apron ranged from 0.43 mSv up to 
2.85 mSv in 4 weeks. The doses outside the lead apron differed significantly among 
the seven cardiologists (Chi2 = 161; df = 6; p = 0.00). The median exposures of 
patients (DAPF+C, 4 weeks) ranged from 1633 Gy·cm2 up to 5943 Gy·cm2 in 4 weeks. The 
lowest exposure of patients in 4 weeks was 7 Gy·cm2, the highest was 11931 Gy·cm2. 
The exposure of patients (DAPF+C, 4 weeks) differed significantly between the seven 
cardiologists (Chi2 = 147; df = 6; p = 0.00). 
 
Table 2:  Results of 4 weeks: median, 25th and 75th percentiles of measured doses 
outside the lead apron (Hp(10) in mSv/4-weeks) and the exposure of patients (DAPF+C, 

4 weeks in Gy·cm2/4-weeks). 
DAP in 4 weeks 

 fluoroscopy +cine 
(Gy!cm2/4-weeks) 

Measured doses 
(mSv/4-weeks) Cardiologist 

Number of  4-
weekly 

measuring 
periods 25th 50th (median) 75th 25th 50th (median) 75th 

1 57 1054 1633 1967 0.27 0.43 0.67 

2 58 1274 1809 2388 0.39 0.63 0.99 

3 59 4198 5943 7808 1.99 2.85 3.70 

4 58 1005 1974 2584 0.52 0.86 1.18 

5 58 1927 2723 3838 0.60 1.04 1.48 

6 53 1250 2122 3105 0.70 1.11 1.76 

7 59 1099 1694 2850 0.44 0.71 1.02 

 402 1370 2183 3253 0.49 0.87 1.60 

 
Table 3: Results per procedure: median, 25th and 75th percentiles of the exposure of 
patients (DAPF+C in Gy·cm2). 

DAP/procedure fluoroscopy + cine 
(Gy!cm2) Cardiologist Number of 

procedures 
25th 50th 

(median) 75th 

1 1392 31 51 81 

2 1574 30 50 83 

3 2308 67 114 201 

4 937 62 96 147 

5 1853 44 73 123 

6 1320 41 66 107 

7 957 56 89 148 

 10341 44 74 129 
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Table 3 and Figure 4 shows information on the exposure of patients per procedure 
(DAPF+C). The median exposure of a patient per procedure as well as the total number 
of procedures during 2004-2008 are shown. The median exposure per procedure 
(DAPF+C) ranged from 50 Gy·cm2 up to 114 Gy·cm2. The lowest exposure per 
procedure was 3 Gy·cm2 while the highest was 1471 Gy·cm2. The exposure per 
procedure (in DAPF+C) differed significantly between the seven cardiologists (Chi2 = 
1485; df = 6; p = 0.00). 
 
Information about exposure in the cine mode (DAPC) and in the fluoroscopy mode 
(DAPF) is summarized per procedure in Table 4 and Figure. 5. In the same table the 
fluoroscopy time is shown too. The median exposure per procedure in the cine mode 
(DAPC) ranged from 21 Gy·cm2 up to 45 Gy·cm2 while the median exposure in the 
fluoroscopy mode (DAPF) ranged from 19 up to 71 Gy·cm2 per procedure. Both, the 
DAPF and DAPC differed significantly between the seven cardiologists (DAPC : Chi2= 
1591 and DAPF : Chi2 = 1639; df = 6; p = 0.00). 
 
The normalized exposure of patients in the fluoroscopy mode (DAPF, min) is shown in 
Table 5 and Figure. 6. The median DAPF, min ranged from 2 Gy·cm2/min. up to 6 
Gy·cm2/min. The DAPF, min. differed significantly between the seven cardiologists 
(Chi2 = 2524; df = 6; p = 0.00). 
 
Table 4: Results per procedure: median, 25th and 75th percentiles of the exposure of 
patients in the fluoroscopy mode (DAPF in Gy·cm2) and in the cine mode (DAPC in 
Gy·cm2). 

Cardiologist 
DAP/procedure 

Cine mode 
(Gy!cm2) 

Fluoroscopy time 
 (min) 

DAP/procedure 
Fluoroscopy mode 

(Gy!cm2) 

 25th 50th 

(median) 75th 25th 50th 
(median) 75th 25th 50th 

(median) 75th 

1 14 21 31 7 11 17 15 26 51 

2 17 29 55 4 8 13 9 19 39 

3 28 43 43 8 13 21 36 71 136 

4 28 45 45 10 15 24 26 45 80 

5 16 25 25 8 13 20 25 47 88 

6 15 23 23 7 12 19 21 41 47 

7 16 27 27 7 10 17 34 61 108 

 18 29 46 7 12 19 20 43 85 
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Table 5: Results per minute: median, 25th and 75th percentiles of the exposure of 
patients in the fluoroscopy mode per minute (DAPF/min in Gy·cm2/min). 

Cardiologist DAP/min. fluoroscopy 
(Gy!cm2/min) 

 25th 50th 

(median) 75th 

1 2 2 3 

2 2 2 4 

3 4 6 8 

4 2 3 4 

5 2 4 5 

6 3 3 5 

7 4 6 9 

 2 4 6 
 

 
 
 
 
 

 
Figure 1: Results in 4 weeks: measured dose outside the lead apron (Hp(10) in mSv/4-
weeks) versus the exposure of patients in the same period of 4 weeks (DAPF+C, 4 
weeks inGy·cm2/4-weeks) (r2 = 0.55; 95 CI = 0.33!10-3 (lower bound) – 0.39!10-3 

(upper bound); RSD = 0.68; SE = 0.17!10-4). 
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Figure 2: Results in 4 weeks: boxplots of doses measured outside the lead apron 
(Hp(10) in mSv/4-weeks). The black lines in the box marks the median, the box 
demarks the 25th and 75th percentile (the interquartile range), the whiskers represent 
the highest and lowest values that are not outliers (values that are more than 1.5 times 
the interquartile range). 
 

 
Figure 3: Results in 4 weeks: boxplots of the exposure of patients (DAPF+C, 4 weeks in 
Gy·cm2/4-weeks). The black lines in the box marks the median, the box demarks the 
25th and 75th percentile (the interquartile range), the whiskers represent the highest and 
lowest values that are not outliers (values that are more than 1.5 times the interquartile 
range). 
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Figure 4: Results per procedure: boxplot of exposure of patients (DAPF+C) (Gy·cm2). 
The black lines in the box marks the median, the box demarks the 25th and 75th 
percentile (the interquartile range), the whiskers represent the highest and lowest 
values that are not outliers (values that are more than 1.5 times the interquartile range). 
 
Figure 5: Results per procedure: bar chart of the median exposure in the fluoroscopy 

mode (DAPF in Gy·cm2) and the cine mode (DAPC in Gy·cm2). 
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Figure 6: Results per minute: bar chart of median exposure of fluoroscopy mode per 
minute (DAPF, min) (Gy·cm2/min). 
 
 
Discussion 
It was expected to find a strong relation between the exposure of patients and the doses 
measured outside the lead apron of cardiologists in the AMC because all cardiologists 
used the same protective measures during the interventional procedures. Moreover, the 
relation was expected to be precise as a high number of procedures were included in 
the study. Despite the reduction of confounding factors compared with previous 
studies the squared correlation of the relation between the exposure of patients and 
cardiologists in the AMC (0.55) was only slightly higher than the squared correlation 
found by the European DIMOND research cardiology group (0.43 for CA and 0.47 for 
PCI). According to the linear model for the relation, 55% of the variation in the 
exposure of the cardiologists can be explained by the variation in exposure of the 
patients. The other 45 % of the variation is caused by variables that were not included 
in the model.  
 
One of the variables that was not included in the model was the dose mode during 
fluoroscopy. In the low and normal dose mode additional filters of 0.4 mm Cu and 0.1 
mm copper (Cu) were automatically inserted while in the high dose mode fluoroscopy 
was performed without additional filters. As a consequence, the characteristics of the 
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primary as well as the scattered radiation beam differ between the various fluoroscopy 
modes resulting in differences in exposure of cardiologists. The same phenomenon 
occurred in the cine mode when comparing the exposure from the cine mode to the 
fluoroscopy mode. In the department under investigation exposures in the cine mode 
were performed without additional filtration. It is therefore likely that the mode of 
operation contributed to the variation in cardiologists’ exposure. Since the 
cardiologists in the department have different preferences regarding the use of the cine 
mode and the three different fluoroscopy modes, the mode of operation is responsible 
for the variation in doses between cardiologists. It is also likely that differences in 
distance to the patients during exposures contributed to the variation in cardiologists’ 
exposure as well as other variables. Like for example the position of the X-ray tube, 
the height of the table, the distance between the patient and the image intensifier and 
the position of the cardiologists during the procedures. Since these variables were not 
included in the study it is uncertain to what extend the variation in the model is caused 
by these variables. 
 
With the linear model the doses of cardiologists (Hp(10)) per unit of exposure of 
patients (DAPF+C) can be calculated. The model makes it possible to estimate the 
exposure of cardiologists from the exposure of patients. In the present study the 
Hp(10) per unit of DAPF+C was 0.36 $Sv/Gy·cm2. This value can not be compared 
directly to data in the literature. Vano et al.(4) found a Hp(10) per unit of DAP ranging 
between 8.4 $Sv/Gy·cm2 and 12 $Sv/Gy·cm2. In the study of Vano et al, the 
cardiologists did not use protective screens while in the study personal dosemeters 
were worn on the left arm of the cardiologists. Doses on the left arm are more than two 
times higher than doses measured at the neck(4)

. Furthermore, the use of protective 
screens can reduce the exposure of cardiologists by a factor of 20(5). Taking these 
aspects into account the Hp(10) per unit of DAP found by Vano et al. are in the same 
order of magnitude as the values in the present study. 
 
Over the years the exposure of the interventional cardiologists in the AMC increased, 
especially the exposure of Cardiologist 3. From the start of the study the doses 
measured outside the lead apron of Cardiologist 3 exceeded the annual dose limit of 20 
mSv as recommended by the ICRP(6) while in the same period the doses of two other 
cardiologists in the group exceeded the annual dose limit once. The measured doses 
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were reported as personal dose equivalent at a depth of 10 mm (Hp(10)). The Hp(10) is 
generally used to estimate the effective dose. However, the effective doses of the 
cardiologists were considerably lower than the doses measured since lead aprons and 
thyroid collars were worn during the interventional procedures (7, 8). The person dose 
equivalent at a depth of 0.07 mm (Hp(0.07)) represents the dose to soft tissue. The 
Hp(0.07) was not reported in the present study and equivalent doses to organs close to 
the personal dosemeters were not be estimated.  
 
It was assumed that the doses measured outside the lead apron of Cardiologist 3 were 
higher than the doses of his colleagues because he performed a higher number of 
procedures than his colleagues and he performed more complex procedures than the 
other Cardiologists. The results showed that the interquartile range (between the 25th 
and the 75th percentiles) of the doses measured outside the lead apron of Cardiologist 3 
was between 1.99-3.70 mSv/4 weeks, while for the whole group of Cardiologists the 
doses ranged between 0.49-1.60 mSv/4 weeks. The doses outside the lead apron of 
Cardiologist 3 were higher than the doses described by other authors, while the doses 
of the group of Cardiologists were comparable (9, 10). 
 
In line with the doses outside the lead apron, the interquartile range of the exposure of 
the patients (DAPC+F, 4 weeks) of Cardiologist 3 was higher than the interquartile range 
of the whole group: 4198-7808 Gy·cm2 versus 1370-3253 Gy·cm2. Since Cardiologist 
3 performed more procedures than the other Cardiologists (2308 procedures versus 
1477 for the group), the high doses outside the lead apron of Cardiologists 3 were 
associated with the high number of procedures Cardiologist 3 performed. However, 
when looking at the exposure per procedure (in DAPC+F) the differences between 
Cardiologist 3 and the group was less pronounced: the interquartile range was 67-201 
Gy·cm2 per procedure for Cardiologist 3 versus 44-129 Gy·cm2 per procedure for the 
group. The median exposure per procedure for the group of Cardiologists (74 Gy·cm2) 
was slightly higher than the exposure of patients reported in other studies. Vano et 
al.(4) reported DAP values of 66 and 48 Gy·cm2 for interventional cardiology (CA and 
PCI) and radiology procedures with two different types of x-ray systems. Sandborg et 
al.(11) published DAP values of 40 Gy·cm2 for femoral procedures and 69 Gy·cm2 for 
radial procedures. Livingstone et al.(12)  reported DAP values before and after 
optimisation by increasing the existing filtration and by increasing tube potentials. 
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Before optimisation additional filters of 0.4 mm, 0.2 mm and 0.1 mm copper (Cu) in 
the low, medium and highdose mode were automatically inserted. The DAP values 
before optimisation were 66 and 123 Gy·cm2 for single and multiple stent replacement 
while these values were 49 and 65 Gy·cm2 after optimisation. 
 
In order to determine whether the higher doses of Cardiologist 3 were associated with 
the complexity of the procedures, the fluoroscopy time per procedures was analysed. 
Tsapaki et al.(13) reported a significant correlation between the complexity of PCI 
procedures and the fluoroscopy time per procedure. In the present study the 
fluoroscopy time per procedure of Cardiologist 3 was in the same order of magnitude 
compared with the other Cardiologists: the interquartile range of the fluoroscopy time 
for Cardiologists 3 was 8 - 21 minutes while for the whole group 7 - 19 min was 
found. Departing from this assumption that the fluoroscopy time is a measure of the 
complexity of the procedure, the present study did not reveal that the higher doses of 
Cardiologists were caused by the fact that Cardiologist 3 performed more complex 
procedures than his colleagues.  
 
In comparison with the group, the normalised exposure of patients in the fluoroscopy 
mode (DAPF, min) for Cardiologist 3 was high. The high exposures of patients by 
Cardiologist 3 compared with the other Cardiologists were either caused by 
differences in dose modes (high instead of normal or low), differences in field size or 
differences in the distance between the image intensifier/detectors and the patient. 
Since neither dose mode nor field size or distance of the image intensifier/detectors to 
the patients were registered, it can not be estimated what the effect of these factors 
was. 

Another difference between Cardiologists 3 and the other Cardiologists is the 
exposure in the cine mode: for Cardiologists 3 the inter-quartile range was 28-43 
Gy·cm2 per procedure while for the group 18-46 Gy·cm2 per procedure was found. 
Since exposures in the cine mode were performed without additional filtration, the 
exposure of Cardiologist 3 was relatively high compared with the exposure of 
Cardiologists who perform more often in the fluoroscopy mode with additional 
filtration. As previously mentioned, the preferences of Cardiologists for special dose 
modes were not registered during this study. It was therefore not possible to estimate 
to what extent the dose of Cardiologists 3 was caused by exposures in the cine mode. 
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It is likely that the more frequent use of the cine mode was an important reason of 
higher doses of Cardiologist 3.  

 
Conclusion 
The present study revealed a linear relation between the exposure of patients and 
Cardiologists. Since all Cardiologists in the study used the same protective measures 
during interventional procedures it is likely that other variables are also associated 
with the variation in exposure of the Cardiologists. Although the variation in exposure 
of Cardiologists can not completely be explained by variations in exposure of patients, 
a fair relation was found for all the Cardiologists. For radiation protection purposes it 
can therefore be concluded that the exposure of patients is a useful predictor for the 
exposure of Cardiologists.  
 
The present study showed that the height of the doses of the Cardiologists in the AMC 
is associated with the number of procedures they perform. The study did not indicate 
that the exposure of the Cardiologists is influenced by the complexity of the 
procedures they perform. It is more likely that the exposure of Cardiologists is 
influenced by their preferences for dose mode settings, field size and frequency of use 
of the cine mode. As the exposure of the Cardiologists is influenced by these personal 
preferences, standardisation of these variables may result in a reduction of the 
exposures of the Cardiologists. In order to optimise the exposure of Cardiologists, the 
use of shielding materials as well as discussion on preferred settings has to be 
considered continuously. For this reason, protective measures as well as optimal use of 
preference settings should be the subjects continuously discussed and upgraded in 
education programmes for Cardiologists. In order to determine to what extend 
variables like the use of the cine mode and the three different fluoroscopy modes, the 
position of the X-ray tube, the height of the table, the distance between patient and 
image intensifier and the position of the Cardiologists during the procedures influence 
the exposure of Cardiologists further investigation is needed. In general, it is 
recommended to optimise the filtration of the beam in the fluoroscopy as well as in the 
cine mode. 
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Background 
There is limited and contradictory data on the radiation exposure of patients during 
percutaneous coronary interventions (PCI) and coronary angiograms (CAG) 
performed by the radial route compared to the femoral route. 
 
Methods 
Data on the radiation exposure of patients from 3973 PCI and CAG procedures 
between 22 June 2004 and 31 December 2008 were prospectively collected and 
analysed. The radiation exposure of patients was measured using dose-area product 
(DAP)-meters and was expressed in Gy·cm2. We compared DAP-values between 
procedures accessed by the femoral route to the radial route (operator’s choice). To 
reduce the effect of selection bias and potential confounding in this observational 
study, we made a prediction model for radiation exposure based upon the femoral 
access group, and compared it to the group of radial performed procedures to assess 
differences between observed and expected radiation exposure. 
 
Results 
The mean exposures of the patients undergoing a PCI via the femoral route (n=2309) 
is 112 ±115 Gy·cm2 compared to 106 ±102 Gy·cm2 for radial performed procedures 
(n=1212) (p=0.14). The mean exposure for CAGs was 59±51 Gy·cm2 and 52±46 
Gy·cm2 for respectively femoral (n=314) and radial performed procedures (n=138), 
(p=0.21). Also, the observed radiation exposure in the patients undergoing radial PCI 
and CAGs was not higher than the expected exposure of patients as predicted by the 
femoral access-based prediction model (101± 98 Gy·cm2 versus 117 ±66 Gy·cm2).  
 
Conclusion 
The study shows that after multiple regression analysis, radial access route is not 
associated with higher radiation exposure for patients.  
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Introduction 
The femoral route has traditionally been the preferred access site for percutaneous 
coronary intervention (PCI) and coronary angiograms (CAG). In 1989, the radial route 
was first introduced and since then, the number of procedures performed by the radial 
route increased as the technique evolved with improvement in catheter design and 
interventional cardiologists experience1. The advantages of the radial access route are 
less bleeding and vascular complications, while the success rate is similar compared to 
procedures performed by the femoral route2. 
 
The radiation exposure during fluoroscopy-guided procedures is a topic of concern as 
the number of procedures increased during the years. In publication 85 of the 
International commission on Radiological protection3 (ICRP) the risks of radiation 
exposure from fluoroscopy-guided procedures are described. The ICRP reported an 
increase of radiation-induced injuries to patient’s skin (deterministic effect) as well as 
the risk to develop radiation-induced cancers (stochastic effect). 
 
Over the years, contradictory results were reported on the radiation exposure of 
patients from procedures performed by the radial route4-8. In the present study, we 
report radiation exposure data of a large real-world patient population undergoing 
routine PCI or CAG. The aim of the study was to compare radiation exposure of 
patients during PCI and CAG by either the radial or the femoral route. 
 
Methods 
Setting 
This study used data that were prospectively collected between 2004 and 2008 as part 
of a local cardiac catherization registry at a high volume tertiary cardiac care center in 
Amsterdam, the Netherlands. Over 2000 PCIs and 1200 CAGs are performed at this 
center each year. The center is a teaching institution, and procedures are routinely 
performed by a staff interventional cardiologist alone, or together with an 
interventional fellow-in-training. There were 6 interventional cardiologists working 
within the unit during the entire observation period with experience in both the radial 
and femoral approach. Radial approach was right sided. At PCI or CAG, the patient-
specific data were entered into an electronic database by qualified catheterization 
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laboratory personnel and interventional cardiologists. Patient variables included 
clinical (i.e. age, risk factors, gender and cardiac history), angiographical and 
procedural characteristics (i.e. number of stent implantation, type of lesion).  
 
Patient population 
Our present study included all patients in the Academic Medical Center who had 
undergone PCI or CAG between 22 June 2004 and 31 December 2008. Patients were 
excluded if in general they were treated using femoral approach: 1) patients were 
referred for an emergency PCI (e.g. rescue or primary for ST-segment elevation 
myocardial infarction) or procedures for noncoronary interventions 2) patients had a 
history of coronary artery bypass graft (CABG), 3) patients had a chronic total 
occlusion or more than 2 bifurcated lesions. A bifurcated lesion was defined as " 50% 
narrowing of the vessel diameter involving both the main and side branch, based on 
visual assessment on the angiogram as assessed by the operator. PCIs and CAGs were 
performed using standard techniques. Patients where PCI was performed have been 
classified as such. This rule also applied to patients who went for CAG with the option 
of PCI.  
All patients were treated with heparin and aspirin before PCI. All procedural 
decisions, including device selection and adjunctive pharmacotherapy, were made at 
the discretion of the operator. For this analysis, we only included procedures 
performed by a licensed interventional cardiologist.  
 
DAP-values and Catheterisation laboratory equipment 
The radiation exposure of patients undergoing PCI and CAG was measured using 
dose-area product-meters (DAP-meters). The DAP is the product of the dose value of 
the incident radiation and the irradiated field size and is expressed in Gy·cm2. The 
DAP-meters (Diamentor, PTW-Freiburg, Germany/KermaX-plus, Wellhöfer, 
Germany) were integrated in the X-ray systems. The X-ray systems provided direct 
feedback of the radiation exposure on the monitor of the x-ray systems. The radiation 
exposure from fluoroscopy mode and cine mode as well as the total radiation exposure 
(fluoroscope mode and cine mode) was displayed on the monitor of the x-ray systems. 
Moreover, the fluoroscopy time (in minutes) was displayed on the monitor. The DAP-
meters were calibrated at regular intervals with a reference dosimeter (Unforce Xi, 
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Bildall, Sweden).The DAP-values as well as the fluoroscopy time were entered into a 
dedicated electronic database which was linked to the catherization registry database.  
The procedures were carried out in three different catheterisation rooms. The 
catheterization rooms were equipped with Philips X-ray systems (Philips Medical 
Systems, Best, the Netherlands). Two Integris H5000 systems, and an Allura 9C flat 
panel system were used with field of views (FOVs) of 25, 19 and 15 cm diagonal 
square. The entrance exposure rate in the fluoroscopy mode of the X-ray systems 
varied between 40 mGy·min–1 in the low dose mode up to 80 mGy·min–1 and 160 
mGy·min–1 in the normal and high dose mode. The inherent filtration of the X-ray 
systems was 2.4 mm Al. equivalent. In the low and normal dose mode, additional 
filters of 0.4 mm Cu and 0.1 mm copper (Cu) were automatically added. In the high 
fluoroscopy mode and in the cine mode no additional filters were inserted. All X-ray 
systems used 25 pulse·s-1 in the normal and high dose mode. In the low dose mode the 
pulse rate for the Allura 9C was 12.5 pulse·s-1 while for the Integris H5000 the pulse 
rate was continuously adjusted. In the cine mode the number of frames was variable: 
either 12.5 frames·s-1 or 25 frames·s-1. 
 
The interventional cardiologists used lead aprons and thyroid collars of 0.50 mm lead 
equivalent thickness at 100 kVp (Medical Development and Technology B.V., 
Hilvarenbeek, Netherlands). Furthermore, the interventional cardiologists used ceiling 
mounted lead glass screens (Pb equivalent 0.50 mm, MAVIG, Munich, Germany) and 
table shield systems (Pb equivalent 0.50 mm, Kenex (Electro-Medical), Harlow, 
England). 

 
Statistical analyses 
We compared DAP-values between procedures accessed by the femoral route to the 
radial route by unpaired Student’s t test. To reduce the effect of selection bias and 
potential confounding of all clinical and procedural characteristics in this 
observational study, we made a prediction model for radiation exposure based upon 
the femoral access group. Then, we compared it to the group of radial performed 
procedures to assess differences between observed and expected radiation exposure. 
Clinical and procedural characteristics were described by category of access route. 
Continuous variables were expressed as mean and standard deviation (s.d.). 
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Differences between groups were assessed by unpaired Student’s t test or Mann–
Whitney U test as appropriate. Categorical variables were expressed as count and 
percentage and were tested with chi square test or Fisher’s exact test, as appropriate. 
Covariates of interest as predictors of radiation were investigated using multivariable 
linear regression. Baseline variables that were significant at P % 0.10 on univariate 
analysis were entered into a multivariate model. The prediction model was used to 
correct for differences in patient and procedural characteristics treated by the radial 
and femoral route. Statistics were performed with SPSS version 18.0.1, 2008, Chicago, 
Illinois. Statistical significance was considered as P-value < 0.05. 
 
Results 
Patients 
The total number of procedures included in the study was 2623 for procedures 
performed by the femoral route and 1350 for procedures performed by the radial route. 
In total, 10905 PCI and CAG procedures were performed during the study period. 
Excluded procedures were: procedures performed by a fellow in training (n=1217), 
emergency PCIs, (n=2985), patients with a history of CABG (n=670), chronic total 
occlusion (n=424), patients with more than 2 bifurcated lesions (n=760), and missing 
radiation exposure data (n=876). In table 1, patient and procedure characteristics are 
shown, stratified by access route. 
 
Mean DAP-values was 105 ± 110 Gy·cm2 for femoral performed procedures compared 
to 101 ± 98 Gy·cm2 for procedures performed via radial route. (p=0.33).  Fluoroscopy 
time is 15±12 minutes versus 14±10 minutes for respectively femoral and radial access 
route (P<0.001). Mean radiation exposures of the patients undergoing a PCI via the 
femoral route (n=2309) is 112 ±115 Gy·cm2 compared to 106 ±102 Gy·cm2 for radial 
performed procedures (n=1212) (p=0.14).  The mean exposure for CAGs was 59±51 
Gy·cm2 and 52±46 Gy·cm2 for respectively femoral (n=314) and radial performed 
procedures (n=138) (p=0.21).  
 
The results of the multiple regression analysis from procedures performed by the 
femoral route are shown in table 2. Multivariate predictors of radiation exposure are: 
male gender, BMI, number of lesions, type C lesions, right coronary artery lesions and 
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left circumflex coronary lesions. Moreover, each interventional cardiologist was 
considered as a predictor for the radiation exposure.  
 
In table 3, the results of the expected radiation exposures based upon the prediction 
model derived in the femoral access group is compared to the observed radiation 
exposures of procedures accessed via radial route. The observed radiation exposure in 
the radial access group was not higher than the expected exposure of patients (101± 98 
Gy·cm2 versus 117 ± 66 Gy·cm2). Table 3 also shows decreased radiation exposure 
with increased operator experience (130± 147 Gy·cm2 in 2004-2005 versus 94 ± 87 
Gy·cm2 in 2007-2008). 
 
Discussion 
In our study, the exposure of patients did not differ between procedures performed by 
the radial route or femoral route. The mean exposure was 101 Gy·cm2 in procedures 
performed by the radial route and 105 Gy·cm2 in procedures performed by the femoral 
route (PCI and CAG). Even after correction for complexity of the procedures, 
procedures via the radial route are not associated with higher radiation exposure for 
patients than procedures via the femoral route. 
 
In table 4 radiation exposure of patients reported by Sandborg et al., Lange et al., 
Brasselet et al. and Geijer et al. are shown. Sandborg et al. reported higher exposure of 
patients from procedures performed by the radial route than procedures performed by 
the femoral route for both PCIs and CAGs. In their study, the interventional 
cardiologists were experienced in performing the procedures by the femoral route 
while the radial route was used as a complementary technique to the femoral route. 
Lange et al. reported higher exposure of patients for CAG procedures assessed by the 
radial route while for PCI procedures, the exposure did not differ between both 
entering locations. The higher exposure for CAGs performed by the radial route was 
explained by a higher fluoroscopy time due to difficulties in advancing the catheter 
across the aortic arch. Brasselet et al. reported the exposure of patients for CAGs and 
PCIs. They found higher exposure of patients from procedures performed by the radial 
route. However, the results reported in their study were biased as the mean body 
weight of the group of patients treated by the femoral route was lower compared to the 
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mean body weight of the group of patients that underwent the procedures by the radial 
route. The findings in the present study were comparable to the findings reported by 
Geijer et al. concerning PCIs. They reported radiation exposure of patients for PCIs. 
They concluded that the exposure of patients does not increase when using the radial 
artery instead of the femoral artery. Mercuri et al. reported about the air Kerma (in Gy) 
as a measure for the exposure of patients while in the present study the DAP was used 
as the measure for the exposure of patients. They reported higher exposures of patients 
from procedures accessed by the radial route compared to the femoral route 
(femoral/radial p < 0.05). However, estimations of effective doses9 of patients using 
DAP measurements may be more accurate than using air kerma measurements, as 
DAP allows for variations in field size10. The Rival study was a large randomized trial 
comparing radial and femoral access for coronary angiography and intervention11. 
Duration of fluoroscopy was higher in the radial access group, 9.3 (5.8-15) compared 
to 8.0 (4.5-13) minutes in the femoral access group. However, the authors did not 
directly measure radiation exposure. Moreover, average annual operator’s volume was 
relatively low compared to our high volume center. As our data suggest, increased 
radiation exposure decreases with increasing experience. 
 
In the present study, data on the radiation exposure of patients undergoing routinely 
performed PCI or CAG were reported. All data included in the study were from 
procedures performed in a tertiary primary PCI center by interventional cardiologists 
with extensive experience in performing procedures by the radial and the femoral 
route. In the multiple regression analysis, each interventional cardiologist is described 
as a predictor of the exposure of the patients. It is likely that the mode of operation 
contributed to the variation in exposure of the patients. Since the interventional 
cardiologists in the department have different preferences regarding the use of the cine 
mode and the three different fluoroscopy modes, the mode of operation is responsible 
for the variation in exposure of patients. It is also possible that differences in distance 
to the patients during exposures contributed to the variation in patients’ exposure, for 
instance the position of the X-ray tube, the height of the table, and the distance 
between patient and image intensifier during the procedures. We did not measure these 
variables and it is uncertain to what extend the variation in the model is caused by 
these variables. Moreover, the results of the exposure of the interventional 
cardiologists were not measured in the present study. During interventional procedures 
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performed by the radial route, the interventional cardiologists are usually closer to 
patients than during procedures performed by the femoral route. Since the intensity of 
scattered radiation close to patients is higher than the intensity at greater distances, it is 
possible that the radiation exposure of interventional cardiologists from procedures 
performed by the radial route is higher compared to exposure from procedures 
performed by the femoral route. However, in a previous study12, a linear relation was 
found between the exposure of 4-weekly measurements measured outside the lead 
aprons of the interventional cardiologists and the exposure of patients, irrespective of 
the interventional cardiologists and the number of radial/femoral performed 
procedures by the interventional cardiologists. 
 
The procedures in the study were performed at a high volume center by interventional 
cardiologists with extensive experience in performing procedures by the radial and the 
femoral route. Therefore, our results can only be applied to centers were procedures 
are performed by interventional cardiologists with sufficient experience in both, the 
femoral and the radial route. It is not known to what extend the results can be applied 
to others centers were the radial route is used as a complementary technique to the 
femoral route and interventional cardiologists are less experienced in performing 
procedures by the radial route. 
 
Limitations 
This is an observational study in which patients were selected for the radial or the 
femoral access, quite likely based on the operators' perception of technical difficulty 
and procedural duration associated with one approach vs. the other. With technical 
difficulty being strongly associated with radiation exposure, it can be expected that the 
selection process greatly influenced the radiation exposure results. Also, we do not 
have data on conversion from radial access to femoral access site. 
 
Conclusion 
The study shows that, even after correction for the complexity of the procedures, 
procedures accessed by the radial route are not associated with higher radiation 
exposure of patients than procedures accessed by the femoral route.  
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Table 1. Patient and procedural characteristics by category of access route. 

Baseline characteristic 
Femoral route 

N = 2623 
Radial Route 

N = 1350 
P-value 

Age (years) 63±9 64±11 0.03 
Male gender  69% 74% 0.001 
Body mass index (kg/m2)  27±4 27±4 0.66 
Diabetes mellitus 50% 51% 0.93 
Known hypertension 47% 50% 0.12 
Family history of coronary heart disease  54% 47% 0.47 
Hypercholesterolemia  42% 40% 0.15 
Current cigarette smoking  24% 23% 0.38 
History of PCI  35% 39% 0.35 
Use of Vitamin K antagonist  3% 5% 0.001 
Multivessel disease  31% 28% 0.04 
Date of CAG or PCI     

Jul.2004–Dec.2005  40% 10% <0.001 
Jan.2006–Jun.2007  37% 36% 0.49 
Jul.2007–Dec.2008  23% 54% <0.001 

Operator     
          1 17% 11% <0.001 
          2 17% 17% 0.77 
          3 20% 36% <0.001 
          4 22% 13% <0.001 
          5 14% 14% 0.96 
          6 10% 10% 0.55 
CAG  12% 10% 0.10 
PCI    
          No. of lesions treated per PCI 

1  68% 68% 0.65 
2  25% 25% 1.00 
3 6%                  6% 0.65 

          Location of lesion  
LAD 51% 52% 0.44 
RCX 33% 33% 0.58 
RCA 

4 

35% 36% 0.37 
          Lesion Type 

A 8% 8% 0.28 
B1 28% 28%  0.84 
B2 39% 39%  0.045 
C 28% 27% <0.001 
Lesion calcification 30% 27% <0.01 
Proximal coronary vessel tortuosity 8% 8% 0.79 
Post dilatation 49% 49% 0.83 

         Thrombus aspiration 2% 2% 

% 

0.25 
          Bifurcation lesion 11% 10% 0.06 

 CAG; coronair angiogram, LAD; left anterior descending artery,  PCI; Percutaneous Coronary Interventions RCX;  Left 
circumflex artery, RCA; right coronary artery 
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Table 2: Multivariate analysis of predictors of radiation exposure performed by the 
femoral route. 

*Relative to operator 3 (reference); Operator was the most experience operator, with the highest volume. Operator 3 was also 
the operator with the highest radiation exposure.  
 
 
 
Table 3: Observed and Expected Dose Area Product (DAP in Gy·cm2) of procedures 
performed by the radial route. 

 N 
Observed DAP 

(Gy·cm2) 

Expected DAP 

(Gy·cm2) 

Observed-Expected 

(Gy·cm2) 

Overall 1350 101 ± 98 117 ± 66 -15 ± 79 

Date of PCI  

       July 2004 – Dec. 2005  135 130 ± 147 155 ±66  -25 ± 14 

       Jan. 2006– June 2007  482 106 ± 99 120 ±66  -14 ± 76 

       July 2007– Dec. 2008  733 94 ± 87 107 ±64 -13 ± 66 

Age (years) < 65  625 98 ± 88 111 ± 62 -13 ± 70 

Body mass index (kg/m2) < 29  382 125 ± 114 145 ± 63 -20 ± 97 

Lesion Type 

                               C 255 170 ±187 187 ± 61 -17 ±98 

PCI; Percutaneous Coronary Interventions, DAP; Dose Area Product 
 
 

 

Predictor B s.e. P-value 

Intercept - 45.268  13.561 0.001 

Male 24.212 3.926 <0.001 

Body mass index (kg/m2) 4.914 0.447 <0.001 

No. of lesions treated 32.964 2.914 <0.001 

Type C lesion 40.271 4.363 <0.001 

Location of lesion: 

Right coronary artery  

24.289 3.505 <0.001 

Location of lesion: 

Left circumflex artery 

10.479 3.786 0.006 

Operator 1* -81.865 6.119 <0.001 

Operator 2* -85.960 6.087 <0.001 

Operator 4* -57.407 5.668 <0.001 

Operator 5* -69.474 6.495 <0.001 

Operator 6* -19.018 7.083 0.007 
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Table 4: Radiation exposure of patients stratified by PCIs and CAGs reported in 
earlier studies. 

Author PCI CAG 

 Femoral access Radial access Femoral access Radial access 

 N 
DAP 

(Gy·cm2) 
N 

DAP 

(Gy·cm2) 

P 
N 

DAP  

(Gy·cm2) 
N 

DAP  

(Gy·cm2) 

P 

Present study 2309 112  1212 106 NS 314 59 138 52 NS 

Sandborg et 
al. 42 47 24 75 < 0.05 40 38 36 51 < 0.05 

Lange et al. 48 51 54 46 NS 103 13 92 15 < 0.05 

Brasselet et 
al. 83 103 90 126 < 0.05 98 38 150 59 < 0.05 

Geijer et al. 114 70 55 71 NS - - - - - 

PCI; Percutaneous Coronary Interventions; CAG; coronair angiogram, DAP; Dose Area Product 
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In the Academic Medical Center ‘AMC’ in Amsterdam, interventional cardiologists and 
radiologists use ionizing radiation for fluoroscopy-guided procedures. During the years, 
radiation exposure of interventional specialists has steadily increased, related to the 
increasing demand for interventional procedures. For a number of interventional 
cardiologists and radiologists the doses measured exceeded 20 mSv (limit for effective 
dose). If the radiation exposure keeps rising, chances to develop fatal tumors (stochastic 
effects) increase proportionally. Additionally, interventional cardiologists and 
radiologists will develop somatic effects like cataract (deterministic effects) if threshold 
doses remain exceeded. As a consequence, it is worthwhile to study the radiation 
exposure of interventional cardiologists radiologists in the hospital.  
 
The studies described in this thesis lead to the following conclusions: 
 
1. To monitor the radiation exposure of interventional cardiologists and 

radiologists, a single personal dosemeter can be used. This personal dosemeter 
must be placed outside the lead apron, on a predetermined position. 

 
2. The settings of X-ray equipment must be standardized, to limit radiation 

exposure of patients and interventional cardiologists.  
 
1. Monitoring of radiation exposure of interventional radiologists and 
cardiologists 
The results of this thesis show that, by using a single personal dosemeter, radiation 
exposure of interventional cardiologists and radiologists can be monitored adequately. 
The dose inside the lead apron can be estimated from the dose measured outside the 
lead apron. However, if the dose is measured inside the lead apron, an accurate 
estimation of the dose outside the lead apron cannot always be provided. In other 
words, this implies that radiation exposure of interventional specialists cannot be 
adequately monitored by means of a single dosemeter worn inside the lead apron. If 
doses measured outside the lead apron are below 0.25 mSv/4-weeks, doses inside the 
lead apron are below the measurement threshold. If this is the case, the radiation 
exposure of interventional specialists will be underestimated. Moreover, the doses 
measured are also influenced by the position of the dosemeter. For this reason it is 
important to place the personal dosemeter on a predetermined, fixed position. The 
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position of the personal dosemeter placed outside of the lead apron is dependent on the 
method used to estimate the effective dose. For example, a personal dosemeter placed on 
the left sleeve requires a higher correction factor compared to a personal dosemeter 
placed on the collar.  
 
If double dosimetry is applied, the effective dose can be estimated with an algorithm. 
The method used to estimate the effective dose when single dosimetry is applied, 
results in higher estimates of the effective dose compared to the method for double 
dosimetry. The methods for double dosimetry either lead to an overestimation or to an 
underestimation of the effective dose, whereas the method for single dosimetry results 
in an overestimation. Thus, from the perspective of radiation protection, the method 
for single dosimetry is preferred to the methods for double dosimetry, because 
radiation exposure of the interventional specialists will never be underestimated.  
 
Within the European Member States, there does not exist any harmonization with 
respect to the amount and position of the personal dosemeters for interventional 
specialists. In most of the Member States, interventional specialists use a single 
personal dosemeter placed either inside or outside the lead apron. In only a limited 
number of countries it is common to use two dosemeters: one outside and one inside 
the lead apron. This study revealed that a single personal dosemeter worn outside the 
lead apron allows the estimation of radiation exposure of interventional specialist. This 
provides valuable information that aids the discussion concerning the position of the 
personal dosemeter for interventional specialists in the AMC, as well as for 
interventional specialist in other departments, hospitals and European Member States. 
 
2. Limitation of the radiation exposure of patients and interventional 
cardiologists  
In this thesis, the differences in radiation exposure among interventional cardiologists 
during fluoroscopy-guided procedures are examined. This was essential, as the 
radiation exposure of interventional specialists could not only be explained by 
differences in amount of procedures performed and the complexity of procedures. It is 
more likely that the radiation exposure of cardiologists is influenced by their 
preferences for specific radiation-equipment settings such as dose mode settings, field 
size and frequency of use of the cine mode. As the exposure of cardiologists is 
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dependent on their personal preferences, standardization of these variables may lead to 
a reduction of radiation exposure of cardiologists.  
 
In order to optimize the radiation exposure of interventional specialists, the use of 
shielding materials as well as the preferred settings must be considered continuously. 
For this reason, protective measures as well as optimal use of preference settings must 
be subject of a continuous education program for interventional specialists. Therefore 
it is important to conduct further investigations in order to determine to what extend 
variables such as the use of the cine mode and the three different fluoroscopy modes, 
the position of the X-ray tube, the use of different shielding devices, the height of the 
table, the distance between patient and image intensifier as well as the position of the 
cardiologists during the procedures, influence the exposure of cardiologists. 
 
The study of this thesis was performed by employees of the department of radiation 
protection at the AMC. The primary task of this department is to set up guidelines for 
radiation protection, to develop and maintain a quality system for the safe use of 
ionizing radiation within the AMC, and to supervise the use of ionizing radiation in 
order to keep doses and accompanying risks as low as reasonably achievable 
(ALARA). Scientific research as presented in this thesis is considered a primary task 
by neither the institute nor the Dutch government that captures the tasks of a 
department of radiation protection through licensing and legislation. Nevertheless, the 
research presented in this thesis is an example of what can be established with data 
obtained from monitoring programs in combination with medical data. In general, 
radiation protection guidelines within institutions are based on recommendations of 
the ICRP, which are subsequently implemented in the European and Dutch legislation. 
These recommendations are often based on small pilot research projects carried out 
within well-described circumstances in a limited number of institutions, or such 
recommendations are sometimes based on common sense.  A similar situation applies 
for modifications of recommendations and the legislation. Collecting data of one’s 
own institution to conduct scientific research, does not only render possibilities to 
improve radiation safety within the own institution, but it will also contribute to the 
improvement of radiation protection recommendations, guidelines and standards. 
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This study used data regarding radiation exposure of intervention cardiologists and 
radiologists from procedures performed between 1999-2008. In addition, data 
regarding radiation exposure of patients from diagnostic and therapeutic procedures 
between 2004-2008 were used in this study. During the latter study period, more than 
10000 procedures were performed at the AMC Heartcenter. Several other authors have 
published results on radiation exposure of interventional cardiologists, radiologists and 
patients as well. However, the results in those studies are often based on smaller 
numbers of observations or lower number numbers of patients compared to the data in 
this thesis. Moreover, radiation exposure of interventional specialists in this thesis was 
measured at a predetermined position outside and inside the lead apron. The findings 
of this thesis therefore resulted in an important scientific contribution to the existing 
knowledge on radiation exposure of interventional specialists and patients from 
fluoroscopy-guided procedures. 
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In the Academic Medical Center ‘AMC’ in Amsterdam interventional specialists make 
use of ionizing radiation during fluoroscopy-guided procedures. During the procedures 
both, patients and interventional specialists are exposed to radiation. The patient is 
mainly exposed to primary radiation beams, whereas interventional specialists are 
primarily exposed to scattered radiation beams. 
 
Exceeding amounts of exposure to ionizing radiation increases the chance of 
developing fatal tumors (stochastic effects) proportionally. Additionally, interventional 
cardiologists and radiologists will be predisposed to develop somatic effects like cataract 
(deterministic effects). As a consequence it is worthwhile to study the radiation 
exposure of these employees in the hospital. Chapter 1 describes the different aims of 
the study on radiation exposure of employees on which this thesis is based.  
 
Chapter 2 contains data of personal dose measurements of 3 interventional 
cardiologists of the AMC Heartcenter during the period 1999-2004. In the study, the 
position of the personal dosemeters was evaluated. Moreover, the relation between the 
measurements obtained from dosemeters positioned outside and inside the lead apron 
were studied. Between 1999 and 2003, one personal dosemeter was placed on the left 
sleeve outside the lead apron and one personal dosemeter inside the lead apron. From 
2003 until 2004, one personal dosemeters was placed outside the lead apron at the 
collar and one inside the lead apron. The personal dosemeter inside the lead apron was 
generally placed in the breast pocket. The thickness of the lead aprons and lead collars 
of the interventional cardiologists was 0.50 mm. The measured doses on the left sleeve 
were higher than the measured doses at the collar. The difference in doses between 
both positions was a factor 1.9. A relation could not be determined between the 
measured dose outside and inside the lead apron. It was concluded that it is important 
to predetermine the position of the personal dosemeter to enable a study concerning 
the relation between the measured doses outside and inside the lead apron. To evaluate 
the relation between both measurements, it is also important to replace the two 
personal dosemeters simultaneously.  
 
In chapter 3 the relation between the measured doses outside and inside the lead 
apron was evaluated by means of applying a special mounting device to position the 
personal dosemeters. Moreover, the added value of a second personal dosemeter with 



I.66#'7(

 

105 

respect to additional information concerning radiation exposure of the interventional 
specialists was studied. For this study, a special mounting device for the personal 
dosemeters was developed. As a result, the positioning of the personal dosemeters was 
equal for all measurements. This investigation involved eight interventional 
radiologists wearing the personal dosemeters both outside and inside the lead aprons. 
The lead equivalent thickness of the aprons was 0.25 mm. The results of the study 
indicate that a linear relation exists between the doses measured outside and inside the 
lead apron. This relation can be described with the comparison: Hp(10)inside = (0.036 x 
Hp(10)outside) - 0.004. Moreover, it was found that if the measured dose outside the lead 
apron is less than 0.25 mSv/4-weeks, doses inside the lead apron cannot be measured. 
However, it is concluded that the measured dose inside the lead apron of the 
interventional radiologists can be estimated from the measured dose outside the lead 
apron. In this study, the use of two personal dosemeters did not provide additional 
information compared to the use of a single personal dosemeter. Finally, it was also 
concluded that an estimation of the dose outside the lead apron based on the measured 
dose inside the lead apron resulted in an underestimation of the effective dose of the 
interventional radiologists.  
 
Chapter 4 contains an evaluation concerning the accuracy of double dosimetry in 
determining the effective dose of interventional specialists (compared to single 
dosimetry). For the study, the radiation exposure of eleven interventional specialists 
(cardiologists and radiologists) was measured using personal dosemeters. The personal 
dosemeters were placed outside and inside the lead aprons of the interventional 
specialists. The lead apron of the interventional specialists had a lead equivalent 
thickness of 0.25 mm. Dose measurements were used to estimate the effective doses 
for the interventional specialists. Three methods were applied for this estimate. The 
first method calculates an estimate of the effective dose based on the dose measured 
outside the lead apron. For this, a correction factor was applied to convert the 
measured dose to the effective dose. For the other two methods, two specific 
algorithms for double dosimetry were applied. The study shows that the method for 
single dosimetry results in higher estimates of the effective dose compared to the 
method for double dosimetry. However, a comparison of the results obtained with the 
method for single dosimetry and the methods for double dosimetry revealed a linear 
relation between the effective doses. 
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In chapter 5 the individual differences between radiation exposures of interventional 
cardiologists were studied. For this study, it was assumed that a relation exists between 
the exposure of interventional cardiologists and the exposure of their patients. 
Moreover, it was assumed that the exposure of interventional cardiologists is 
associated with the amount and the complexity of their procedures. The doses 
measured outside the lead apron were used to determine the exposure of the 
interventional cardiologists. The exposure of the patients was measured with a DAP-
meter. Moreover, a separation was made between the radiation exposure of patients in 
the fluoroscopy mode and the cine mode. The results of the study confirm the linear 
relation between the exposure of patients and the interventional cardiologists. This 
relation can be described with the comparison Hp(10) (mSv) = 0.36·10-3 x DAP 
(Gy·cm2) and apply for all seven cardiologists. With this formula the radiation 
exposure of patients can be used as reliable predictor for the exposure of interventional 
cardiologists. Thus, it was concluded that the exposure of the interventional 
cardiologists was not related to the complexity of the procedures. The differences in 
radiation exposure may be explained by the choice between the fluoroscopy mode 
and/or the cine mode. These differences depend on the preferences of interventional 
cardiologists for equipment settings, among which dose mode settings, field size and 
the frequency in which equipment in cine mode is used. 
 
Chapter 6 concerned a study that compared radiation exposure of patients in 
procedures using radial or femoral route. The patient population consists of patients 
undergoing diagnostic or therapeutic coronary procedures. The radiation exposure data 
and clinical data of 3973 procedures performed during 2004-2008 were used. The 
mean radiation exposure of the patients who underwent a PCI via the artery femoralis 
was 112 ± 115 Gy·cm2 and via the artery radialis 106 ± 102 Gy·cm2. The mean 
radiation exposure for CAG was 59 ± 51 Gy·cm2 and 52 ± 46 Gy·cm2 for procedures 
via the femoral or radial route respectively. Multivariate analysis showed that sex, 
BMI, number of lesions, type c lesions and the presence of right coronary artery 
lesions and the presence of left circumflex coronary lesions are determinants for the 
radiation exposure of patients. Moreover, this analysis showed that all operators are 
also determents for the radiation exposure of patients. A prediction model was used 
based on DAP-values of the procedures performed via femoral route, to correct for 
selection bias and other confounding factors. The results from this model were used to 
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compare to the radiation exposure of patients that underwent a procedure via the radial 
route. The study indicates that a procedure performed via the radial route does not 
result in a higher radiation exposure of the patient compared to a procedure performed 
via the femoral route. 
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In het Academisch Medisch Centrum ‘AMC’ in Amsterdam maken de 
interventiespecialisten gebruik van ioniserende straling tijdens het onderzoeken en 
behandelen van de patiënt. Tijdens deze procedures worden zowel de behandelaar als 
de patiënt blootgesteld aan ioniserende straling. De patiënt wordt blootgesteld aan de 
primaire bundel, terwijl de interventiespecialist in hoofdzaak is blootgesteld aan 
verstrooide straling. De blootstelling aan ioniserende straling verhoogt de kans op het 
ontstaan van tumoren (stochastisch effect) en tevens het ontstaan van andere 
somatische effecten, bijvoorbeeld staarvorming (Cataract, deterministisch effect). Het 
is daarom van belang om de blootstelling van medewerkers die handelingen uitvoeren 
met ioniserende straling te bepalen en te volgen. Hoofdstuk 1 beschrijft de aanleiding 
tot en de verschillende doelstellingen van het onderzoek van dit proefschrift.  
 
Hoofdstuk 2 bevat gegevens van persoonsdosismetingen van 3 interventiecardiologen 
in het AMC in de periode 1999-2004. Er is voor het onderzoek gekeken naar de 
draagwijze van de persoonsdosismeters. Bovendien is er gekeken naar een relatie 
tussen de meetresultaten aan de buitenzijde en aan de binnenzijde van het loodschort. 
De twee persoonsdosismeter zijn tussen 1999 en 2003 gedragen op de linkermouw en 
onder het loodschort. Van 2003 tot 2004 zijn de twee persoonsdosismeters gedragen 
op de loodkraag en onder het loodschort. Onder het loodschort werden de 
persoonsdosismeter veelal gedragen in de borstzak. De loodequivalentdikte van de 
loodschorten en de loodkragen van de interventiecardiologen bedroeg 0.50 mm. De 
gemeten doses aan de linkermouw waren hoger dan de gemeten doses op de kraag. Het 
verschil in gemeten doses tussen beide posities bedroeg een factor 1.9. Er kon geen 
relatie worden aangetoond tussen de gemeten doses aan de buitenzijde en de 
binnenzijde van het loodschort. Er werd geconcludeerd, dat het van belang is om een 
vaste draagpositie van de persoonsdosismeter te bepalen, om vast te kunnen stellen of 
een relatie bestaat tussen de gemeten doses aan de buitenzijde en de binnenzijde van 
het loodschort. Voor het vaststellen van een relatie tussen de metingen is het ook van 
belang, dat de beide persoonsdosismeters gelijktijdig worden vervangen door nieuwe 
persoonsdosismeters.  
 
In hoofdstuk 3 is onderzocht of er een relatie bestaat tussen de gemeten dosis aan de 
buitenzijde en aan de binnenzijde van het loodschort bij het gebruik van een houder 
voor de persoonsdosismeters. Ook is gekeken of een tweede persoonsdosismeter 
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aanvullende informatie oplevert als het gaat om de blootstelling van de 
interventiespecialisten. Voor het onderzoek is een speciale houder ontworpen waaraan 
de persoonsdosismeters kunnen worden  bevestigd. Hierdoor was de draagpositie van 
de persoonsdosismeters bij alle metingen vergelijkbaar. Het onderzoek is uitgevoerd 
bij acht interventieradiologen. Voor het onderzoek is gebruik gemaakt van 
persoonsdosismeters die zowel aan de buitenzijde als de binnenzijde van de 
loodschorten zijn gedragen. De loodequivalentdikte van de loodschorten bedroeg 0,25 
mm. De resultaten van de studie wijzen uit, dat een lineaire relatie bestaat tussen de 
doses gemeten aan de buitenzijde en aan de binnenzijde van loodschort. Deze relatie 
kan worden beschreven met de vergelijking Hp(10)binnenzijde = (0.036  " Hp(10)buitenzijde) 
- 0,004. De resultaten van deze studie laten zien dat aan de binnenzijde van het 
loodschort geen dosis kan worden gemeten, wanneer de gemeten dosis aan de 
buitenzijde van het loodschort minder is dan 0.25 mSv in 4 weken. Op basis van de 
resultaten wordt geconcludeerd, dat de gemeten dosis aan de binnenzijde van het 
loodschort van de interventiespecialisten kan worden geschat uit de gemeten dosis aan 
de buitenzijde van het loodschort. In dit onderzoek levert het gebruik van twee 
persoonsdosismeter geen aanvullende informatie ten opzichte ten opzicht van het 
gebruik van één enkele persoonsdosismeter. 
 
In hoofdstuk 4 is onderzocht of de effectieve doses van interventiespecialisten 
nauwkeuriger kan worden geschat wanneer gebruik wordt gemaakt van dubbele 
dosimetrie. Voor het onderzoek is de stralingsblootstelling van elf 
interventiespecialisten (interventiecardiologen en -radiologen) gemeten met 
persoonsdosismeters. De persoonsdosismeters zijn door de interventiespecialisten 
gedragen aan de buitenzijde en aan de binnenzijde van hun loodschort. Het loodschort 
van de interventiespecialisten had een loodequivalentdikte van 0.25 mm. De 
dosismetingen zijn gebruikt om de effectieve doses voor de interventiespecialisten te 
schatten. Voor de schattingen is gebruik gemaakt van drie methodes. De eerste 
methode gaat uit van een schatting van de effectieve dosis op basis van de dosis 
gemeten aan de buitenzijde van het loodschort. De dosis wordt hiervoor gedeeld door 
een correctiefactor. Voor de andere twee methoden is gebruik gemaakt van twee 
specifieke algoritmen voor dubbele dosimetrie. De studie laat zien dat de methode 
voor enkele dosimetrie leidt tot hogere schattingen van de effectieve dosis in 
vergelijking met de methode voor dubbele dosimetrie. Er bestaat echter wel een 
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lineaire relatie tussen de effectieve doses die zijn geschat met de methode voor enkele 
dosimetrie en de methoden voor dubbele dosimetrie. 
 
In hoofdstuk 5 zijn de verschillen onderzocht in stralingsblootstelling tussen de 
interventiecardiologen die procedures uitvoeren. Hiervoor is aangenomen dat een 
relatie bestaat tussen de blootstelling van interventiecardiologen en van patiënten. 
Bovendien is aangenomen dat de blootstelling van inventiecardiologen is geassocieerd 
met het aantal en de complexiteit van de procedures. Voor het bepalen van de 
blootstelling van de interventiecardiologen is gebruik gemaakt van de dosis gemeten 
aan de buitenzijde van het loodschort. De blootstelling van de patiënten is gemeten 
met een DAP-meter. Voor het onderzoek is onderscheid gemaakt tussen de 
blootstelling van patiënten in de fluoroscopy mode en de cine mode. De resultaten van 
het onderzoek bevestigen een lineaire relatie tussen de blootstelling van patiënten en 
interventiecardiologen. Deze relatie kan worden beschreven met de vergelijking 
Hp(10) (mSv) = 0.36·10-3  " DAP (Gy!cm2) en is van toepassing voor alle zeven 
cardiologen. Met de vergelijking kan de blootstelling van patiënten als betrouwbare 
voorspeller worden gebruikt voor de blootstelling van interventiecardiologen. Er zijn 
geen aanwijzingen gevonden dat de blootstelling van de interventiecardiologen wordt 
bepaald door verschillen in de complexiteit van de procedures. De blootstelling van de 
interventiecardiologen wordt wel beïnvloed door het aantal procedures dat wordt 
uitgevoerd. Bovendien kunnen verschillen in de blootstelling worden verklaard door 
de keuze voor de fluoroscopy mode en de cine mode. Deze verschillen worden 
verklaard door verschillen in voorkeur van interventiecardiologen voor 
apparatuurinstellingen, waaronder dose mode settings, veldgrootte en de frequentie 
waarmee de apparatuur in cine mode wordt gebruikt. 
 
In hoofdstuk 6 is onderzocht of er verschillen zijn in blootstelling van patiënten tussen 
procedures die zijn uitgevoerd via de arteria radialis of via de arteria femoralis. Bij 
deze populatie zijn een diagnostische of therapeutische coronaire procedure 
uitgevoerd. Hiervoor is gebruik gemaakt van de blootstellinggegevens en van klinische 
data van 3973 PCI en CAG procedures die zijn uitgevoerd tussen 2004 en 2008. De 
gemiddelde blootstelling voor de patiënten die een PCI hebben ondergaan via de 
arteria femoralis was 112 ± 115 Gy·cm2 en via de arteria radialis 106 ± 102 Gy·cm2. 
De gemiddelde blootstelling voor CAG’s was 59 ± 51 Gy·cm2 and 52 ± 46 Gy·cm2 
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voor procedures uitgevoerd via de arteria femoralis respectievelijk radialis. Een 
multivariaat analyse laat zien, dat geslacht, BMI, aantal laesies, type C laesies, rechter 
coronaire arteria laesies en linker circumflex coronair laesies voorspellers zijn voor de 
blootstelling van patiënten aan röntgenstraling. Bovendien wijst de analyse uit dat 
interventiecardiologen eveneens voorspellers zijn voor de blootstelling van patiënten. 
Om het effect van selectie bias en confounding te beperken, is een predictor model 
gemaakt gebaseerd op de DAP-waarden van de procedures uitgevoerd via de arteria 
femoralis. De resultaten uit dit model zijn gebruikt voor het vergelijken van de 
blootstelling van de patiënten bij wie een procedure is uitgevoerd via de arteria 
radialis. De studie wijst uit dat een procedure uitgevoerd via de arteria radialis niet 
leidt tot een hogere blootstelling van de patiënt in vergelijking met een procedure 
uitgevoerd via de arteria femoralis. 
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In dit proefschrift zijn de resultaten beschreven van het onderzoek dat heeft 
plaatsgevonden op de afdelingen Cardiologie en Radiologie van het Academisch 
Medisch Centrum (AMC) te Amsterdam. Nu het einde van het promotietraject in zicht 
is ben ik aangekomen bij het laatste gedeelte: het schrijven van het dankwoord. 
Gedurende het traject zijn er veel mensen die een bijdrage geleverd hebben aan het tot 
stand komen van dit proefschrift. Een aantal van hen wil ik in het bijzonder bedanken.  
 
In de eerste plaats wil ik mijn promotor prof. dr. J.J. Piek bedanken voor de goede 
begeleiding en de kans die mij is geboden om te kunnen promoveren. Met name de 
laatste periode hebben wij veel met elkaar gesproken over het onderzoek. De 
supersnelle manier van werken en de enthousiasme voor het onderwerp zal ik daarbij 
niet snel vergeten.   
 
De tweede in rij die ik veel dank verschuldigd ben is mijn copromotor, dr. X.L. 
Velders. Xandra, onze samenwerking is begonnen in 2002 toen ik kwam werken bij de 
stralingsbeschermingsgroep van het AMC. Vanaf dat moment hebben wij intensief 
samengewerkt en hebben we, behalve dat we collega’s waren, ook een vriendschap 
mogen opbouwen. Ik kan me nog goed herinneren dat jij de eerste keer het voorstel 
deed om een proefschrift te schrijven. Hoewel ik zelf op dat moment nog wat 
aarzelingen had, gaf jij direct aan mij daarbij te willen helpen. Vanaf het begin tot aan 
de afronding van het traject heb jij me geholpen bij het schrijven van het proefschrift. 
We hebben veel discussies gevoerd over de inhoud van het proefschrift dat steeds weer 
tot nieuwe inzichten leidde. Bovendien maakt jouw gedrevenheid dat we altijd weer 
oplossingen vonden voor de problemen die we tegenkwamen. Ik heb veel van je 
geleerd en kijk met enorm veel plezier terug op de afgelopen periode waarin we 
intensief hebben mogen samenwerken. 
 
Leden van de promotiecommissie, prof. dr. T.J.F. Savelkoul, dr. J. Geleijns, prof. dr. 
R.J. de Winter, prof. dr. J.G.P. Tijssen, prof. dr. C.B.L.M. Majoie en prof. dr. C. van 
Kuijk ben ik zeer erkentelijk voor de kritische beoordeling van het proefschrift. 
 
Beste Theo, Ammy en Jose (de Groot), heel erg bedankt voor het wisselen van de 
persoonsdosismeters. Dankzij jullie hulp hebben we belangrijke data kunnen 
verzamelen voor het onderzoek. 
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Beste Jose (van Leeuwen), wat een enorme klus, het invoeren van de data van 10 000 
procedures. Heel erg bedankt! Bovendien denk ik nog vaak terug aan de plezierige 
periode dat jij, Xandra en ik hebben samengewerkt 
 
Beste Albert, dank voor het meedenken, meelezen en de hulp bij het opmaken van het 
proefschrift. 
  
Lieve Madoc en Eveline, ik heb heel wat uurtjes in jullie kantoor doorgebracht om te 
kunnen werken aan het onderzoek. De werkomgeving bood mij de rust zodat ik mij 
goed kon concentreren op mijn werk. Er stond altijd een kopje koffie en een 
boterhammetje klaar. Dank jullie wel voor onze vriendschap. Ennuhhh buurmannetje, 
triathlon:” here we come”. 
 
Mijn ouders en schoonouders wil ik bedanken voor alle hulp en medeleven. 
 
Als laatste wil ik mijn lieve vriendin Mariëtte en onze twee kindertjes Meindert en 
Lenneke bedanken. Dank jullie voor alle ruimte die ik heb gekregen om dit werk te 
kunnen verrichten. Ik houd van jullie! 
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Gerritjan Kuipers werd geboren op 24 september 1970 te Den Helder. In 1991 startte 
hij de studie Medische Beeldvormende en Radiotherapeutische Technieken aan de 
Hogeschool te Haarlem en studeerde hieraan af in 1996. In het laatste jaar van zijn 
studie behaalde hij tevens het diploma Stralingsbescherming deskundigheidsniveau 3 
aan het J.A. Cohen Instituut (IRS) te Leiden. 
 
Direct na het afronden van zijn studie begon zijn loopbaan als medische nucleaire 
werker op de afdeling Nucleaire Geneeskunde van het Dijkzigt Ziekenhuis te 
Rotterdam. Gedurende de periode 1997-2002 was hij werkzaam als docent 
stralingsbescherming aan het Interfacultair Reactor Instituut te Delft en later aan het 
J.A. Cohen Instituut (IRS) te Leiden. In 1999 behaalde hij het diploma 
Stralingsbescherming deskundigheidsniveau 2 georganiseerd door beide instituten: het 
Interfacultair Reactor Instituut te Delft en het J.A. Cohen Instituut (IRS) te Leiden. 
 
Zijn carrière bij de Stralingsbeschermingsgroep in het Academisch Medisch Centrum 
begon in 2002 en duurde tot 2009. In eerste instantie was hij daar werkzaam als 
stralingsdeskundige en later als algemeen coördinerend stralingsdeskundige. In deze 
periode startte hij tevens zijn onderzoek zoals beschreven in dit proefschrift. Sinds 
2009 is hij werkzaam als projectadviseur bij het team Stralingsbescherming van 
Agentschap NL, onderdeel van het Ministerie van Economische Zaken, Landbouw en 
Innovatie.  
 
Gedurende de periode 2002 tot 2009 heeft hij tevens advieswerkzaamheden gedaan 
voor het Adviesbureau voor Stralingsbescherming en heeft hij als gastdocent een 
inhoudelijk bijdrage geleverd aan de cursus Stralingsbescherming Niveau 3 
georganiseerd door het Leids Universitair Medisch Centrum. Tegenwoordig is hij 
betrokken als gastdocent bij de cursus Stralingsbescherming deskundigheidsniveau 5 
A/M voor tandartsen dat wordt georganiseerd door het Adviesbureau voor 
Stralingsbescherming. 
 

 

 




