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1 Introduction and aim 
The recommended occupational radiation dose limit to the eye lens has recently been greatly 

reduced, from 150mSv/year to 20mSv/year, as a result from new epidemiological data regarding the 

sensitivity of the lens of the eye [1]. At the operational ward, fluoroscopy is frequently used during 

many procedures. During these procedures, the lens of the eye on the operational staff is exposed to 

scattered radiation. The radiation can cause damage to the lens in the form of cataract, lens 

opacities. Due to this, a requirement to measure the eye lens dose the operators receive has arisen. 

These work places are very complex with many different professions and all have different positions 

in the room that change during the operation. No operation is like the other.  

The aim of this work is to do a survey of the eye lens dose levels that occur during orthopaedic femur 

procedures in an operational theatre.  Measurements were done both during operational activities 

and in a controlled phantom environment. The phantom measurements were done to get a detailed 

picture of the dose distribution when using a specific projection (lateral or posterior-anterior) and 

the measurement in the operating theatre was done to get the relation of the dose from various 

locations in the theatre with respect to the dose area product displayed by the machine. In this work, 

TLDs and APDs are used to measure the dose. During measurements these are placed in the same 

locations during both theatre and phantom measurements. A further aim is to evaluate a method to 

monitor the potential eye lens dose received by the orthopaedics performing femur procedures 

using a G-arm. 

2 Background 

2.1 Workplaces at risk 

2.1.1  Interventional rooms 

The workplaces with the most radiation dose intensive procedures are the labs using large fixed 

angiography systems. The occupational doses in this area are amongst the highest in the field of 

medical imaging [2]. A previous study at Karolinska University Hospital showed that interventional 

radiology (IR) personnel are at risk of receiving an eye lens dose larger than 20 mSv/ year.  

In the IR room different radiation protections are being used. Lead aprons and thyroid collars are 

worn by all personnel during interventions. Lead glasses should be worn by personnel in proximity of 

the patient. Ceiling mounted screens made of transparent lead acrylic are placed between the 

patient and operator. If positioned properly they provide a substantial protection for the operator’s 
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upper body [3]. As lower body protection lead curtains, attached to the tabletop, are a standard 

accessory in almost every angiography lab. 

2.1.2 The operating theatre 

In the operating theatres mobile C- and G-arms are used routinely. These x-ray systems do not have 

as high output as the larger angiography systems. However, the procedures can be complex and 

therefore result in long fluoroscopy times and high dose levels. The radiation protection equipment 

available is lead aprons and thyroid collars, which are very good at reducing the effective dose but 

there is no protection for the eyes. Since the operators often stand close to the patient, it may result 

in a non-negligible lens dose. During a typical procedure the members of the orthopaedic staff is an 

operator, a sterile instrument nurse, an anaesthetic nurse, and an assistant nurse. The sterile 

instrument nurse is in arm length behind the operators. The anaesthetic nurse stands at the patients 

head end. If there is no anaesthetic-complication during the surgery, they do not have to be close to 

the patient during fluoroscopy. Of the orthopaedic staff members the assistant nurse is working the 

furthest away from the irradiation field. 

 

2.2 Fluoroscopy unit 
The mobile C-arm is used by many specialists in the operational ward. It is a movable x-ray unit that 

can produce real time fluoroscopic images with up to 30 frames per second. The x-ray tube and 

detector are connected with a C-shaped arm, which is rotatable. This enables the operator to take 

pictures from almost any angle. The modern c-arm is compact and often only consists of a single unit. 

There is however some C-arms that use a separate control and monitor cart. 

 The G-arm is a mobile C-arm with two x-ray tubes located at 90 degrees from each other. This 

enables the operator to take frontal and lateral pictures simultaneously. This is very useful when 

doing orthopaedic surgeries in the hip, femur or spine region since this eliminates the time it takes to 

rotate a C-arm 90 degrees in order to get a lateral or frontal view. 

 

2.3 The radiation environment close to a C-arm and G-arm  
The radiation environment close to a C-arm is complex. The dose distribution in the operational room 

is dependent of many factors, i.e. body part irradiated, patient anatomy and x-ray spectrum. It is 

often represented by two dimensional ISO-dose curves shown in Figure 1.1. Stray radiation comes 

from different sources; scattered radiation from the patient, leakage radiation from the tube 

housing, and the primary beam exiting the patient, Figure 1.2. The biggest contribution to the 
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occupational dose is due to scattered radiation from the patient. The leakage is limited to 1mGy/h at 

a distance of 1m from the tube housing according to modern standards [4].  

The occupational doses are highly dependent of their position relative to the patient. A rule of thumb 

is that the radiation dose is decreased according to the inverse square law. That is if the distance to 

the source is increased by two the dose is reduced by a factor of four. 

 

 

Figure 1.1: Isodose curves for a hip procedure. a) is the anterior-posterior projection and b) is the lateral projection. The 
values are the percentage of the ratio between the measured and maximum dose. The arrow in a) represents the 
direction of the radiation field. Figures from [5] (Used by permission of Wolters Kluwer Health, Inc.). 
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Figure 1.2: Different “sources” of radiation from a fluoroscopy unit. The primary beam is shown in a). In b) leakage 
radiation from the tube housing shown, contribute to staff dose only and should be minimized by the manufacturer.  
c) Primary beam scattered radiation in the patient. 

 

2.4  Dose limit to the lens of the eye 
Dose limits used today are mainly based on the data from the Life span study (LSS), survivors from 

the atomic bombs in Hiroshima-Nagasaki. New epidemiologic evidence shows that the eye lens is 

more sensitive to ionizing radiation than previously thought. For example, studies amongst 

Chernobyl clean-up workers and A-bomb survivors show an increased risk of lens opacities, like 

cataract, already at 0,1-0,7 Gy [6]. A prospective study amongst 35000 U.S. radiologic technologists 

also suggests that there may be an increased risk for cataract well below the previous limit [7]. The 

reason for this is that cataract was previously thought of as a deterministic effect and that the 

latency period was rather short, but with a longer follow up time, lens opacities can be seen at much 

lower doses. Therefore, the International Commission on Radiological Protection (ICRP) have revised 

the dose limits to the lens of the eye and decreased the dose limit from a dose mean value of 

150 mSv/year to 20 mSv/year for workers.  The dose mean value is averaged over a five year period 

and should not exceed 50 mSv in a single year [1]. 

Recommendations and guidelines regarding radiation protection standards come from both 

international and national organizations and authorities. The national regulations are often based on 

international recommendations. The ICRP is one of the major organizations that provide guidance 

and recommendations in the radiation protection area. In Europe there is the Euratom directive that 

has to be followed and implemented in the national laws and is built from the ICRP 

recommendations. The national directive in Sweden is published by the Swedish radiation safety 

authority(SSM). They all lean upon the same three principles: justification, optimization and dose 

limitation.  
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The Swedish radiation safety authority has not yet changed their annual eye lens dose limit for 

personnel working with ionizing radiation, which still is 150 mSv/year [8]. A change is however likely 

to occur in the near future [9]. 

According the Euratom directive 2013/59/Euratom workplaces where x-ray equipment are used 

should be categorized into controlled areas (category B) and supervised areas (category A) based on 

the expected annual dose for different body parts [10].  Potential extra radiation, for example 

accidents and their magnitude should also be taken in to account. For the eye lens dose the limit for 

supervised area is 15 mSv. 

 

2.5 Cataract 
Cataract is the major cause for blindness in the world [11]. It causes a clouding of the lens which 

leads to a vision dysfunction. There are three major forms of cataract that affect different parts of 

the lens. These are cortical, nuclear, and posterior subcapsular cataract. Posterior subcapsular 

cataract is the least common and the one associated with ionizing radiation. Other factors that cause 

posterior capsular cataract are UV-B [12] diabetes and steroid intake[13]. Because the lens posterior 

capsular opacities are on the visual axis it has great impact on vision and cause blurriness, glare and 

halos around light. Cataract surgery is one of the most common surgical procedures in the world and 

currently the only way to get rid of cataract. 

 

2.6 Dose quantities 
The radiation protection quantities, e.g. effective dose and equivalent dose, are defined by the ICRP 

and describe in detail in Report 103 [14]. The recommended occupational dose limits are stated in 

these quantities and are listed in Table 1.1. 

 

 

 

 

 

 



6 
 

Table 1.1: The recommended dose limits to workers, stated by the ICRP in ref [14] except for the eye lens dose which 

have been revised in ref [1]. 

Organ/ Body part Recommended dose limits 

Whole body 20 mSv/year averaged over a predefined period 

offiveyears. Maximum 50 mSv in a single year.* 

Lens of the eye 20 mSv/yearƚ 

Skin 500 mSv/yearƚ 

Hands and feet 500 mSv/yearƚ 

Pregnant women – dose to the foetus 1 mSv to the foetus 
 

* Effective dose 
ƚ Equivalent dose 
 

In Equation 1.1 is the equivalent dose, HT,  

 

         (1.1) 

  

is the mean absorbed dose, DT, in an organ or tissue T, multiplied with a radiation weighting factor 

wR. The factor wR is introduced due to that different types of radiation have different biological 

effectiveness.  wR has a value 1 for photons, like x-rays, and beta radiation.  

The effective dose, E, is the sum of all equivalent doses HT, for tissues T, multiplied by a tissue 

weighting factor, wT. The tissue weighting factor take the radiation sensitivity of the tissues into 

account, Equation (1.2). 

 

        

 

 (1.2) 

 

It is not possible to measure the effective dose, therefore operational quantities are used. Personal 

dose equivalent is one of these and is denoted, HP(d), and is defined at the depth d (mm) in soft 

tissue. Three different depths are defined by the ICRP, 10 mm, 3 mm, and 0,07 mm. The estimate of 

effective dose, Hp(10), is the equivalent dose at 10 mm depth in International Commission on 

Radiation Units and measurements (ICRU) tissue. The equivalent dose to the skin and the eye lens is 
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estimated with personal dose equivalent at depth 0,07 mm, Hp(0,07) and 3 mm, Hp(3) respectively 

[15]. 

 

2.7 Dose meters 
There are two main groups of personal dosimeters, active and passive, that are used when 

measuring occupational doses. Passive dosimeters are small in size as they do not need any 

electronics to operate. They accumulate information about the dose over time and require a readout 

station to get the dose.  The active, or electronic, dosimeters have a built in battery which enables a 

direct readout of the accumulated dose from the built in screen. They also often have the function to 

give sound warnings based on predefined dose or dose rate.  

2.7.1 Passive dosimeters 

2.7.1.1 TLD 

Thermoluminescence dosimeters (TLD) are crystals doped with impurities.  When ionizing radiation 

interacts with the crystal it produces energetic electrons. The electrons are trapped and stored 

within the impurities. During readout the TLD is heated and the electron is released from the trap 

and in this process light is emitted. The light is recorded by a photomultiplier tube in the reader and 

the resulting signal is transferred to a computer for evaluation.  The intensity of the light from the 

dosimeter is proportional to the amount of radiation it has been exposed to. The system, both the 

reader and dosimeters, has to be calibrated in order to display the correct dose.  

There are many different types of TL materials but only a couple of these are used in the clinical 

practice. Two of the more common are LiF: Mg, Ti (MTS-N, TLD-100) and LiF: Mg, Cu, P(MCP-N). The 

MCP-N is the more sensitive one and have a linear dose response between 200 nGy to 5 Gy [16] . Its 

energy dependence can be seen in Figure 1.3.   
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Figure 1.3: The energy response, relative to 
137

Cs, of MTS-N (■), sMTS-N (Δ) and LiF:Mg, Cu, P (+) thermoluminescence 

detectors. The solid line is response calculated using the mass energy absorbtion coefficients for doped LiF. The TLDs 

where exposed to about 2 mGy, kerma in air. Figure from [17] (Used by permission of Oxford University Press). 

The MTS-N, LiF: Mg, Ti, was developed during the 60ies and considered to be the “gold standard” 

TLD material and have been used for several decades [18]. The newer material MCP-N, LiF: Mg, Ti, is 

about 30 times more sensitive than MTS-N and has in recent years gained in popularity [19].  

The ICRP recommend using the operational quantity Hp(3) when measuring eye lens dose. However 

there are no conversion factors for Hp(3) in the international standards. A good approximation for 

Hp(3), is to calibrate the TLDs in Hp(0,07) on an ISO slab phantom. This over estimates the eye lens 

dose with a maximum of 10% [20].  

2.7.1.2 OSL-dosimeters 

Optical stimulated luminescent (OSL) dosimeters function in the same way as TLDs, but are made of a 

different material. The difference is that the readout is done by stimulating the dosimeter with a 

green laser or light emitting diode. They are also less sensitive to temperature, which can be an 

advantage during in vivo measurements, and experience less fading over time.  
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2.7.2 Active dosimeters 

2.7.2.1 EED-30 
EED-30 is made by Unfors Raysafe (Billdal, Sweden). The small detector is connected to the housing 

unit via a 1,5m long cable. It is calibrated in a N-80 spectrum (80kV, 4mm Al. 2mm Cu) and can 

measure the personal dose equivalents Hp(10) and Hp(0,07). It has a spherical dose response which 

makes the signal decreasing with increasing incidence angle.  The accuracy according to the 

specification is ± 6%.  

2.7.2.2 Raysafe DoseAware 

The Raysafe DoseAware system consists of a number of active personal dosimeters (APDs) that are 

connected wirelessly to a central base station. The base station has a large colour display that gives 

real time feedback to the personnel about their dose rate. The APD is worn outside of the lead 

equivalent apron and is calibrated to measure Hp(10). Due to the position outside of the apron the 

dose does not represent the personal dose equivalent received by the wearer. The recorded 

accumulated doses and dose rates are stored within the APD and can be exported to a computer 

with the help of a USB cradle connected to a computer, and software (DoseManager, Unfors).  

 

3 Material and Method 

3.1 X-ray machine 
All fluoroscopy during measurements are done using a Swemac Biplanar 500e (Swemac; Täby, 

Sweden). Biplanar 500e has dual x-ray tubes and image intensifiers (II). The II has a nominal size of 23 

cm. The x-ray tube and housing has a built in beam filtration of 3,0 mm aluminium. This filtration 

hardens the beam by removing the low energy photons. By hardening the beam you reduce the 

patient skin dose but also the contrast in the image. The machine is equipped with an iris collimator 

and two semi-transparent wedges. The collimator is used to limit the radiation field and the wedge 

filters are used to shape the beam where there is excessive image brightness. It can operate either in 

continuous or pulsed fluoroscopy mode. With pulsed fluoroscopy the number of frames per seconds 

is reduced. This also reduces the dose rate.  

Prior to doing the phantom measurement a performance control of the machine where done and all 

measurements where within limits. 
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3.2 Detectors 

3.2.1 TLD 

The thermoluminescence dosimeters used are the MPC-N (equivalent to TLD100H) produced by 

Radcard (Krakow, Poland). The MPC-N are lithium fluoride detectors, LiF:Cu, P, doped with copper 

and phosphorus [18]. The MPC-Ns that are used are circular, 4,5mm diameter and 0,9mm thick. 

Thermoluminescence dosimeters are routinely used at Karolinska University Hospital for various 

research projects and an accredited calibration procedure is in use [21].  

The readout is done in a Harshaw 5500 automatic TLD reader. The time temperature profile is shown 

in Table 2.1. Before readout, the TLDs are preheated at 100 °C for 10 min in a separate 

microprocessor-controlled oven, TLD/24 (Carbolite, Derbyshire, UK). The annealing procedure, during 

which all information about previous irradiation is erased, is done at 10 min in 240 °C in the TLD/24 

oven, whereupon they are rapidly cooled on an aluminium block.      

 

Table 2.1: The time-temperature setting for the Harshaw 5500 automatic TLD reader. * Preheat and anneal is done in a 
separate microprocessor-controlled oven.  

TTP  MPC-N 

Preheat * Temperature 100 °C 

 Time 10 min 

Acquire Temperature 260 °C 

 Time 23 1/3 s 

 Rate 10 °C/s  

Anneal* Temperature 240 °C 

 Time 10 min 
 

 

Two different series with 25 TLDs each were used. Besides the measuring dosimeters, 3-4 TLDs were 

used for background measurements. These values were subtracted from the measuring dosimeters. 

The TLDs were calibrated in the narrow beam N80 spectrum. 

3.2.2 APD 

The active personal dosimeters from Raysafe were used as a complement during measurements, to 

see how the response compared to that of the TLD, in two different positions. They were also used to 

see if it is possible to use the APD on the chest as an estimator of the eye lens dose as has been done 

for interventional radiology [22]. During the clinical measurements in the operating theatre the APDs 

were used as “stand alone” detectors, i.e. no monitor is used to avoid the operator from being biased 
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by the dose rate information. The detectors were place on the thorax outside of the apron and on 

the G-arm between the x-ray tubes, in position I, Figure 2.2. The recorded dose rates were collected, 

stored and evaluated in a computer. The uncertainty for the dose rate is ±10%, and the angular 

response is within +/-5% within +/- 5°, +/- 30% within +/- 50°, and +200%/-100% within +/- 90°. The 

APDs measure the dose in Hp(10). 

 

3.3 Phantom measurements 
The phantom measurements were done simulating a hip examination using a Biplanar 500e G-arm 

(Swemac; Täby, Sweden). The G-arm can provide both lateral and frontal projections simultaneously.  

The irradiated anthropomorphic phantom used was the PBU-60 phantom, (PBU-60, Kyoto Kagaku Co. 

Ltd., Kyoto, Japan). A PMMA phantom along with the head from a Rando-Alderson phantom 

(Alderson Research Laboratories, Inc.) was used to simulate the operator. It was placed 35 cm from 

the centre of the beam (AP-projection) in the horizontal direction, Figure 2.1.  

 

 

Figure 2.1: Schematic picture of the phantom measurement setup. 
The point C is the centre point of the beam in the PA-projection.  
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During the phantom measurements, TLDs are placed both on the G-arm and on the head and chest 

of the operator phantom, see Figure 2.2. Two TLDs were placed in each position to get better 

statistics. Two APDs were also used, one placed on the chest of the phantom and one next to the TLD 

on the C-arm between the x-ray tubes.  Measurements were carried out by using one tube at a time 

and irradiating for seven minutes. That resulted in two different ratios between the eyes and the 

dose on the G-arm. Eight measurements, four with each tube, where made with this setup. 

 

Figure 2.2: a) The phantom measuring setup. The patient is a PBU-60 phantom. The operator is a PMMA pelvis phantom 
and the head of a Rando-Alderson phantom. b) A schematic picture of the dosimeter placement, both during phantom 
and clinical measurement. 

There is a 15 second time limitation per fluoroscopy sequence. Each time a new sequence starts, the 

automatic exposure rate control (AERC) tries to adapt the best kV and mA which make it fluctuate. To 

reduce these fluctuations, the tube settings were manually set to the values the AERC was adapted 

to for each projection. After each measuring series the KAP value was recorded. See Table 2.2 for 

technical factors during measurements. 
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3.4 Operating theatre measurements 
Measurements were done during orthopaedic femur procedures. The dosimeter placements were 

the same as during the phantom measurements. Ten TLDs were placed at five different locations 

close to the eyes on the operator using frames of disposable eye shields, Figure 2.3. Two TLDs and 

one APD were placed on the chest outside of the lead apron of the operator. On the C-arm, two TLDs 

and one APD were placed in the position I between the x-ray tubes. Another APD was placed next to 

the TLDs on the chest outside of the lead apron of the operator.  

 

 

Figure 2.3: Frames of the disposable eye shields where the TLDs were fastened. A 
total of 10 TLDs were placed on five different locations of the frame.  

 

 

Table 2.2: Technical factors used during the phantom measurements. No 
collimation and no semi transparent wedges where used. 

 kV mA FOV (cm) SID (cm) 

Lateral 80 4 23 101 

AP 70 3 23 101 
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3.5 Method to monitor the potential eye lens dose 
The purpose of the monitoring method was by continuously measure the radiation output from the 

G-arm, be able to rule out that the operators are at risk exceeding the eye lens dose limit. A factor 

that relates the radiation output, measured with a TLD on the machine, to eye lens dose was 

developed. The factor was chosen such as it overestimates the potential eye lens dose for a certain 

output. The point, on the C-arm, to which the eye lens dose was correlated, is position I between the 

x-ray tubes. From the phantom measurements a ratio was calculated for the eye lens dose to the 

position I. In order to simulate a worst case-scenario the eye lens dose was taken from one of the 

dosimeter positions, A-E, that had the highest dose per KAP (normalized dose). The dose per KAP will 

here on forward be called normalized dose. The Equation 2.1 was used to calculate the estimated 

annual dose to the eye, EDeye. 

 

 
        

    

  
 

          

         

   

 
         

 

   

 
(2.1) 

   

Where                          
          is the ratio of the dose measured for the eye dosimeter for projection p 

at one of the positions A-E and the dose during the same measurement in position I. N is the number 

of monthly measurements preformed during the year. The monthly doses that are measured during 

monitoring on the C-arm, at position I, Di,C-arm is then summed. The fraction 12/N extrapolates the 

sum of monthly doses to annual dose. EDeye should not exceed the action level of 15 mSv. The action 

level is used to estimate the potential eye lens dose if only one operator used the x-ray unit 

exclusively. If the 15 mSv is exceeded an action has to be taken, for example investigate the workload 

of the operators using the machine or if necessary perform eye lens dose measurements. 

A correction factor for the workload can be calculated with the KAP-values from the logbook 

according to Equation 2.2 

 
         

      

        

 

   

 

 

(2.2) 

Where KAPi,m is the sum of the KAP for operator m during the measuring period i. KAPi,tot is the total 

KAP from the G-arm during the same period. 
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3.6 Estimating the annual eye lens dose 
Based on the result from both phantom measurement and operating theatre measurements the 

annual eye lens dose, Deye, for year 2015 could be estimated by using Equation 2.3. 

        
     

   
 

          
         (2.3) 

 

Where                              is the mean normalized dose from the one position, A-E, with the highest mean 

dose. KAP is the mean KAP value from all the phantom measurement. The ratio is the amount of eye 

lens dose the operator will receive per KAP. At Karolinska University Hospital all procedures including 

KAP values are registered in logbooks, so the total annual KAP value for the operators can be 

summed,          . 
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4 Result 

4.1 Phantom measurement 
The normalized dose, in µSv/(Gy cm2) for the phantom measurements are listed in Table 3.1. Doses 

are measured in personal dose equivalent Hp(0,07). Each value represents the mean dose of eight 

dosimeters used during the four measurements. The measurements were done at 80 kV and 4 mA 

for the lateral-projection and 70 kV and 3 mA for the PA-projection. All statistical uncertainties in this 

work are given as one SD. In theory, the uncertainties for the TLDs comes from the calibration factor 

converting absorbed dose to Hp(0,07) in accordance to the ISO-standard, geometrical factors, and 

radiation field inhomogeneities during the calibration. The uncertainties in the KAP are for example 

in the calibration towards the reference normal, geometrical factors, and variations in the signal.  

 

Table 3.1: The mean normalized dose for each position and their standard 
deviation for both PA- and Lateral-projection. Dosimeters are calibrated in 
terms of Hp(0,07) on an ISO slab phantom.  

Dosimeter 
position 

PA SD Lateral SD 

    (µSv/(Gy cm2)) (µSv/(Gy cm2)) 

Head A 7,1 0,6 10,2 1,0 

 B 9,1 0,3 19,2 0,2 

 C 8,8 0,4 19,8 0,5 

 D 8,7 0,3 20,0 0,5 

 E 6,5 0,6 15,1 0,7 

Thorax F 14,6 0,5 19,3 0,8 

C-arm I 11,8 0,4 12,7 0,6 
 

 

 

The KAP value from each phantom measurement is listed in Table 3.2.  

Table 3.2: The mean KAP-value from the phantom 
measurement and its standards deviation. 

 

 
AP 

(Gy cm2) 

Lateral  

(Gy cm2) 

Mean 15,6 23,8 

Standard deviation 0,1 0,3 
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4.2 Operating theatre measurement 
Doses were measured during five orthopaedic femur procedures. Four different operators performed 

the surgeries. The technical data from all the procedures are listed in Table 3.3. During each 

procedure dosimeters were placed in the same positions as during the phantom measurements.  

 

Table 3.3: Technical factors that were used during the measurements in 
the operating theatre.   

 Measurement number 

 1 2 3 4 5 

kV PA* 74 77 82 69 76 

mA PA* 2,4 2,4 2,9 2,1 2,6 

kV Lat* 87 90 100 84 80 

mA Lat* 3,3 3,4 4,0 2,9 2,8 

SID PA (cm) 98 98 98 98 98 

SID Lat (cm) 114 128 128 125 98 

KAP ƚ (Gy cm2) 4,309 6,131 8,125 7,223 3,599 

Time(min) 1:54 4:16 3:19 4:12 1,55 
 

* The kV and mA are varying during the procedure; these values are an 

observed mean value during the operations.  

ƚ The displayed KAP value is the sum of both the lateral and PA tubes.  

 

The resulting mean normalized dose and from the measurements are listed in Table 3.4. Four of the 

measurements (1-4) where done during gamma nail insertions, the last (5) was done during an 

insertion of the Hansson pin system. Four of the five procedures were done at the left side of the 

patient. For the right sided procedure the doses for position A-E will come in reverse order, this was 

corrected so that all procedures resembles a left sided procedure.  

During all procedures continuous fluoroscopy along with the ½-dose mode was used. The standard 

deviation for the normalized dose was calculated with the error propagation formula and the 

standard deviations from the measured TLD doses and KAP-values.  
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 Table 3.4: The measured normalized doses during the 
operational theatre measurement. Refer to Figure 2.2b for 
details about dosimeter positions. 

 

 
Dosimeter position 

Normalized 

dose 
SD 

(µSv/(Gy cm2)) 

Head A 1,1 0,8 

 B 3,6 0,7 

 C 4,8 0,8 

 D 5,2 0,8 

 E 6,3 0,8 

Thorax F 7,7 1 

C-arm I 10,4 1,1 
 

 

 

4.3 APD 
APDs were used simultaneously as TLD chips in two locations, F and I.  The normalized dose during 

both the phantom measurement and in the operational theatre is tabulated in Table 3.5.   

 

Table 3.5: The measured dose by the APDs in position F and I during the phantom measurements and the operational 
theatre measurements.    

  
Phantom measurements 

Operational theatre 
measurement  

Projection 
Dosimeter 

position 

Normalized dose  SD 
Normalized dose 

 
SD Number of 

measurements 
       (µSv/(Gy cm2))            (µSv/(Gy cm2)) 

PA F 16,2 0,6 
 

 4 

 
I 11,8 0,4 

 
 4 

Lat F 18,7 0,6 
 

 4 

 
I 11,1 0,8 

 
 4 

Combined 
Lat + PA 

F 
  

5,1 1,4 5 

I 
  

12,4 1,2 5 
 

 

To see how the dose to the APD on the chest are relative to the dose to the eye dosimeters, the 

ratios have been calculated for the different measurements and are shown in Table 3.6.  
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 Table 3.6: The calculated ratios for the eye lens dose (maximum dose in position 
A-E) and the APD on the chest. 

 

 

  
Normalized dose  (µSv/(Gy cm2)) 

Dosimeter Dosimeter position PA LAT Operational theatre 

APD F 16,2 18,7 5,1 

TLD  Maximum (A-E) 9,1 20 6,3 

Ratio 
 

0,56 1,06 1,23 
 

 

 
 

  

4.4 Monitor the potential eye lens dose 
To monitor the potential eye lens dose, the ratio between the eye dosimeter and the dosimeter in 

position I is needed. According to the method the eye lens dosimeter with the highest mean dose 

should be used, which was for the dosimeter placed at position D, see Table 3.4. The mean dose for 

dosimeter I was 10,4 and for D 20,0 which gives a ratio of 1,57 mSv/mSv. By using the Equation 2.1 

and the measured dose for a trial period of two weeks, the following result was given. 

   

          
  

   
                

 

The calculated workload for the same period using the Equation 2.2 and the recalculated ED*eye using 

Equation 3.1 for the two operators with the highest KAP value are listed in Table 3.7 

 

      
              (3.1) 

   

 

 Table 3.7: The calculated workload for the operators during the period the output 
was measured with TLDs on the G-arm. 

 

 
 

Operator Workload (%) ED*eye (mSv)  No of procedures 

Orthopaedic  1 0,334 7,1 2 

Orthopaedic  2 0,293 6,2 2 

 

 

 

4.5 Eye lens dose estimation 
Two different estimations of the eye lens dose were made. Both estimations use Equation 2.3 but 

with different sets of values. Method 1 use data obtained from the phantom measurements. Method 

2 use data from measurements in the operational theatre.  
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The estimation with method 1 is a worst case calculation of the eye lens dose for the operator. The 

highest ratio                          was obtained for the position D using the lateral tube and was 20,0 

(µSv/(Gy cm2)).  

Method 2 is a more realistic way to calculate the eye lens dose. Data from these measurements are 

arranged to represent left sided procedures, an assumption is that all procedures take place on the 

same side of the patient. This assumption will over estimate the eye lens dose. As previously 

mentioned the annual dose comes from logbooks. The result from both calculations is listed in Table 

3.8.  

Table 3.8: The annual KAP-value for the six most active operators during year 2015. The estimated annual doses using 
data from either the phantom measurement, method 1, or operational theatre measurements, method 2.   

  Estimated eye lens dose  

Operator 
Annual KAP 

(Gy cm2) 

Method 1 SD Method 2 SD No of 
procedures (mSv) (mSv) 

Orthopedic  1 610 12,2 0,33 3,8 1,1 103 

Orthopedic  2 318 6,4 0,17 2,0 0,6 41 

Orthopedic  3 137 2,7 0,07 0,9 0,3 12 

Orthopedic  4 126 2,5 0,07 0,8 0,2 29 

Orthopedic  5 109 2,2 0,06 0,7 0,2 25 

Orthopedic  6 63 1,3 0,04 0,4 0,1 11 

 

  



21 
 

5 Discussion 
The aim of this study was to measure the occupational dose during orthopaedic procedures and to 

create a monitoring method that, based on measuring the radiation output on the C-arm, will 

estimate the potential eye lens dose. The annual eye lens dose for the orthopaedic was calculated 

using data from both the operational theatre and the phantom measurement. It can be seen from 

Table 3.6 that the estimation with method 1 and data from the phantom measurement is about 3 

times higher than with method 2 that uses data from the operational theatre measurement.  

Based on the results from the phantom measurements, a method to monitor the potential eye lens 

dose has been developed. The result from using the method for a short two week trial period 

showed that the action level was initially exceeded. By applying a workload factor the estimated dose 

was below the action level. See chapter 4.5 for the proposed method. 

    

5.1 Choosing detector, why TLD and APDs? 
In this study both TLDs and APDs from Raysafe DoseAware were used. The advantage with passive 

dosimeters, such as TLDs or OSL, is that due to their small sizes they are easy to place at different 

locations during measurements, even during real operating theatre procedures. This is important 

since you get more detailed information about the radiation environment during that procedure. 

Measuring personal doses are a time consuming task and it is important to get as much information 

as possible during each measurement. The reason to choose TLDs over OSL as a passive dosimeter is, 

as previously mentioned, that there exist an accredited calibrating method for TDLs in use at 

Karolinska University Hospital [21]. 

The APDs are relatively small and provide time resolution to the measured doses. They are easy to 

use and do not need the time consuming handling as TLD does. A previous study at Karolinska 

University Hospital used APDs worn at the chest to estimate eye lens dose in the angiography lab 

[22]. The results in this work will be compared to this study at Karolinska University Hospital. 

  

5.2 The difference between the phantom and operating theatre 

measurements 
The phantom measurement is a static, worst case-measurement setup. Not just in each 

measurement but across all eight measurements, all distances are almost exactly the same. In the 

operating theatre every procedure is unique, although they resemble each other. The operator 

position and the distance from the patient, i.e. the source of scattered radiation, vary throughout the 
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procedure. Also during phantom measurement, the operator was only standing on the left side of the 

patient. During the operating theatre, procedures on both left and right side occurred. The difference 

with a right and left sided procedure is that during a left sided surgery the right eye will receive the 

highest dose and vice versa.  

By comparing the result from both the phantom, Table 3.1, and operating theatre measurement, 

Table 3.4, it is seen that the distribution of the dose for the head dosimeters, position A-E, differ 

from each other. In the phantom measurement the highest doses are for the dosimeters in position 

B, C and D while for the theatre measurements the highest dose are at position E. This difference is 

because the operator phantom is looking at the patient while the orthopaedist is looking at the 

monitor that is located down at the patients’ feet. 

 

5.3 Phantom measurement 

During the phantom measurements the normalized doses are measured for both PA-projection and 

lateral-projection.  The dose per KAP in A and E are slightly smaller than the corresponding value in B, 

C and D. This is due to the fact that the operator phantom is facing the patient and dosimeters are 

placed at the side of the head, meaning they are further away from the patient and also at an angle 

relative to incident radiation field.  

For the AP-projection the normalized dose in position A and E does not differ much. But for the 

lateral projection the normalized dose in position A is relatively smaller than E. The reason for this 

might be since, during the lateral-projection, a part of the scattering portion of the patient is shielded 

by the head for position A.  

The normalized dose in position I does not vary much between the two projections (11,8 for the PA-

projection and 12,7 for the lateral-projection). This result reinforces us in using this measuring 

position to get a good estimation of the total radiation output, since it was supposed to be 

independent of the projection that is used. 

 

5.4 Operating theatre measurement 
One of the measurements in the operating theatre was taking place at the right side of the patient. 

The only difference that will occur in the dose distribution is that the doses A-E will be in reversed 

order since the left side of the operators head will be closest to the patient. Therefore these doses 

where adjusted to represent a left-sided procedure.   



23 
 

The standard deviation for the measurements in the operating theatre are large compared to the 

phantom measurements. This is due to the fact that the variation in measuring setup, both due to 

the fact that the operator move during the procedure and that the source, i.e. the patient, and the 

distance to the source is different for each procedure.   

 

5.5 Monitor the potential eye lens dose 

The action level is set to 15 mSv because this is the eye lens dose limit for supervised areas according 

to the Euratom directive. However, it should be noted that the action level is not a dose limit in that 

sense, but rather a level below which no further action is needed. The Action level might be adjusted 

based on future experience and knowledge.  

The result from the two week survey period in this study was an EDeye of 21,2 mSv. This means that 

the action level of 15 mSv was exceeded. The recalculated ED*eye using the workload factor are found 

in Table 3.7 indicated that no further action was needed. 

 The method proposed after these measurements are the following: 

1. Measure the dose from the machine monthly, by placing TLDs, preferably three, in position I 

between the x-ray tubes. 

2. After each month use the Equation 2.1 and the value 1,57 for the ratio 

                                           
          to calculate EDeye. 

3. If EDeye is less than the action level 15 mSv, no action has to be taken and there is no need to 

investigate it further.  

4. If EDeye exceeds the action level of 15 mSv then an action has to be taken.  

5. The primary action is to control the workload of the orthopaedics in the logbook. Use the 

ratio of the KAP for the most active operator and the total KAP for the machine and multiply 

it with EDeye.. If the recalculated EDeye is less than the action level 15 mSv, no action has to be 

taken and there is no need to investigate it further.  

6. Another action is to interview the operator to see if they use any radiation protective eye 

wear, if so how often, and then take that into account.   

7. If EDeye still is grater then 15 mSv a better estimation has to be made by doing TLD 

measurements, according to the operational theatre measurements, on the operator that 

exceeds the action level. 
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The result from the estimation of the eye lens doses, by the two methods, show completely different 

results. The eye lens dose calculated with method 1 is three times bigger than the one calculated 

with method 2.  The result is not surprising since method 1 uses data from the phantom 

measurement which is supposed to be a worst case-scenario and also only uses the highest value 

from the lateral projection. It shows that by using data from the phantom measurement, as is done 

in the monitoring method, the lens dose is over estimated with a factor 3. It would therefore be 

extremely unlikely that any operator could get an eye lens dose >15 mSv from a G-arm unnoticed if 

the monitoring method is used.   

It also shows that the operator that does the most procedures and have the highest annual KAP, 

received an annual eye lens dose of 3,8 mSv. This result conforms to a study where the eye lens dose 

was measured during 26 orthopaedic procedures, also using a Swemac Biplanar G-arm [23]. Their 

median (minimum-maximum) dose per procedure for femur procedures was 47,2 (20,7-77,1) µSv. 

For 103 procedures, as was the maximum number of procedures for one operator in this study, that 

gives 4,9 (2,1-7,9) mSv.  

5.6 APD 
In Table 3.5 are the ratios for the APD on the thorax and the maximum dose from position A-E for 

each projection. This shows that the eye dose could be estimated by assuming that the     
        

 

     . This result conforms to the result in a study on eye lens dose during x-ray angiography  

[22]. 

Care should be taken if using these as an estimator of the eye lens dose due to the angular 

dependence of the APDs. Also the working position of the orthopaedic operator is rotated during 

fluoroscopy which makes it possible that the lead apron will shield the APD from the radiation field.  
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6 Limitations and future prospects 
One of the limitations in this study is that the numbers of operational theatre measurements are too 

few. More eye lens dose measurements in the orthopaedic department should be performed, to get 

a more detailed dose map for different procedures. The same operators also do procedures on C-

arms, so additional measurements needs to be done on C-arms as well to verify that the proposed 

method do not under estimate the dose for these procedures. The final goal is to be able to use the 

same method as proposed, in chapter 5.5, to estimate the eye lens dose in the whole operational 

department.  

Another limitation is the high filtration in the radiation quality N-80 used for calibration of the TLDs. 

The N-80 has the mean energy of 65 kV, and due to this the dose will be overestimated with <20% 

[17].  Since the factor will vary depending on the kV used during the procedure, this has not been 

corrected for. 

Also using the calibration procedure with the ISO slab phantom and the conversion factor for 

Hp(0,07) will also over estimate the eye lens dose with another 10%.  
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7 Conclusion 
This survey of the eye lens dose levels that occur during orthopaedic femur procedures in an 

operational theatre shows that the lens dose is estimated to be 3,8 mSv for the most active 

orthopaedic during  year 2015. However continuous measurements are needed and the result in this 

study also indicate that the proposed method is working well. The phantom measurements show 

that for position I the normalized dose for both lateral-projection and PA-projection is rather 

constant. This makes position I optimal for estimating the total radiation output in the room.   
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