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ABSTRACT 

Radioiodine has been used in nuclear medicine for the treatment of thyroid diseases such 

as Thyroid Cancer and Thyrotoxicosis for many years. The treatment renders the patient 

radioactive. To minimize the dose to the patients’ relatives and the general public, restric-

tions are imposed on the behaviour of the patient. This project presents the person dose 

equivalents actually received by family members of radioiodine patients following such 

restrictions. The family members wore hospital ID-bands on left and right wrists for up to 

four weeks. Each ID-band contained two LiF: Mg, Ti Thermo Luminescence Dosimeters 

(TLD) calibrated to measure air kerma. The TLDs were analysed and a total person dose 

equivalent received by the relative was calculated from the measured air kerma values. 

The results were compared to the dose constraints imposed by The Swedish Radiation 

Protection Authority (SSI FS 2000:3) in order to confirm that the new set of restrictions 

used at Karolinska University Hospital Huddinge maintains the dose to family members 

below the applicable limits.  

 A total number of 22 relatives were recruited, 8 elderly, 7 adults and 7 children. Of the 

recruited relatives 4 (2 adults, 2 children) were excluded from the study as they had lost 

their dosimeter ID-bands or had other reasons not to participate in the study. This leaves 

the number of relatives used for data analysis at 18 individuals (8 elderly, 5 adults and 5 

children) with a min age of 10 years and max age of 80 years.   

The observed average person dose equivalent of 0.43 mSv (max, 1.27; min, 0.12) indi-

cates that the new method of individualised restriction used at Karolinska University 

Hospital Huddinge work as desired in keeping the dose to family members at an accept-

able level. The accuracy of the clinical study has been shown to depend greatly on the 

method by which the dose is investigated but also on the properties of the TLD material 

used. There is a potential underestimation of air kerma due to fading of up to 30 %. In 

addition there are contributing uncertainties from both the calibration method and the 

conversion to person dose equivalent with the combined uncertainty estimated to be 14%. 
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1 INTRODUCTION & BACKGROUND 

Radioiodine, 131I, has been used for treatment of benign thyroid diseases since the early 

1940s when Hertz and others reported successful treatment of thyrotoxicosis (Becker and 

Sawin, 1996). As the field of nuclear sciences evolved radionuclides became more readily 

available and the use of radionuclides for medicine increased. Today radioiodine is used 

very commonly for treatment of thyrotoxicosis and has a very high success rate. The ma-

jor downside with 131I therapy is that the patient becomes radioactive and thus becomes a 

potential external radiation and contamination risk to others. This can be overcome by 

imposing restrictions on the behaviour of the patient, or treat the patient as an in-patient 

until he/she poses less of a risk.  

The aim of this thesis is to investigate whether the restrictions imposed on the lives of the 

patients successfully maintains the dose to the family members below the recommended 

limits given by The Swedish Radiation Protection Institute’s Regulations and General 

Advice on Nuclear Medicine (SSI FS 2000:3. ) 

Previous studies using LiF TLDs have showed that for very low kerma rates and observed 

kerma (0.03 mGy and below) TLD response may be inadequate (da Rosa et al., 1999). 

This should not be a problem when investigating doses from thyrotoxicosis patients as 

doses higher than that are expected. To be sure it was however decided to investigate the 

kerma dependence, kerma rate dependence, energy dependence and fading properties of 

the LiF TL dosimeters through several experiments to ensure that they can be used at the 

energies and air kerma rates expected.  

In Chapter One a general introduction is given together with an introduction to thyrotoxi-

cosis.  description of the clinical procedure and guidelines used at Karolinska University 

Hospital Huddinge is also given. Chapter One ends with an introduction to TLD physics. 

In Chapter Two the methodology for this thesis work is covered beginning by describing 

the investigations of the properties of the TLDs. Thereafter the methodology of the clini-

cal study of dose to family members is presented. 

Chapter Three presents the results of the TLD Study followed by the results of the Clini-

cal Study. The conclusions from this study is analyzed and discussed in Chapter Four. 
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1.1 Thyrotoxicosis & Hyperthyroidism 

The thyroid gland as shown in figure 1.1 is located in the lower part of the neck. It con-

trols and stimulates the metabolism. The terms Hyperthyroidism and Thyrotoxicosis are 

some-times used interchangeably. Hyperthyroidism is however defined to be an excess of 

thyroid hormones in the blood caused by an overactive thyroid gland. Thyrotoxicosis is 

an excess in thyroid hormones in the blood from any cause and could be from an intake of 

thyroid hormone, an over production in the thyroid gland or a leakage of hormones from 

the thyroid gland due to an infection (Berg, 1999).    

 

 

Figure 1.1. The position of the Thyroid gland on the lower part of the neck. Figure from Medicine Net Inc. 

 

Thyrotoxicosis affects approximately 2 % of women and 0.2 % of men. Of all the patients 

15% are older than 60 years of age (Berg, 1999; Reid and Wheeler, 2005). Symptoms 

depend to some extent on the specific type of thyrotoxicosis, but more importantly on the 

degree of thyrotoxicosis and the age of the patient. Young patients present with classical 

symptoms such as excessive sweating, heat intolerance, increased bowel movements, 

tremor, nervousness, rapid heart rate, weight loss, fatigue, decreased concentration and 

irregular menstrual flow. Irregular heart rhythm, high blood pressure and delirium may 

also occur but is more common amongst older patients. Graves’ disease is the most com-

mon form of thyrotoxicosis and accounts for 60-80 % of all cases (Cooper, 2003; Reid 

and Wheeler, 2005). 
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Various procedures have been developed for the diagnosis of thyrotoxicosis 

/hyperthyroidism and all of them include an initial measurement of the Thyroid Stimulat-

ing Hormone (THS) and/or the triiodothyronine (T3), thyroxine (T4) hormone levels. Reid 

and Wheeler (2005) have designed with the following diagnostic approach. 

 

Figure 1.2. The procedure for diagnosing hyperthyroidism as summarized by Reid and Wheeler (2005). 
(TSH=thyroid stimulating hormone, T4= thyroxine, T3=triiodothyronine) 

The main reason for this thorough but straightforward diagnostic procedure is to be able 

to decide which treatment to use as not all forms of Thyrotoxicosis/Hyperthyroidism can 

be treated with radioiodine therapy (Reid and Wheeler, 2005). 

Scintigraphy, using 99mTc, is an important diagnostic tool used to investigate the function 

and morphology of the gland. It also allows for the identification of the underlying dis-

ease and the determination of the volume of the gland. The biokinetics and hormone syn-

thesis is investigated by giving the patient a tracer activity of 131I which allows for the 

determination of the effective half-life (Teff) and the 24h uptake (U) of iodine by counting 

the emitted gamma rays (Berg, 1999). 
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1.2 Radioiodine Therapy of Thyrotoxicosis 

Traditionally radioiodine therapy has been the treatment of choice in the US, the UK and 

Canada, whereas drug treatment has been more common in the rest of the world (Berg, 

1999; Cooper, 2003; Reid and Wheeler, 2005), the trend however is changing and ra-

dioiodine therapy is on the increase everywhere due to it being comparatively cheap and 

very effective. The forms of thyrotoxicosis that are usually treated with radioiodine are 

Graves’ disease, toxic multi-nodular adenoma and toxic adenoma (Reid and Wheeler, 

2005).  

The aim in nuclear medicine is to treat or investigate a specific part of the body by using 

a radionuclide. Properties would be: 

• Effective-Half life in the range 5-100 h (half-life should be relevant for the bioki-

netic procedure/treatment) 

• Suitable modality of radiation (β or α for therapy, γ and other photons for imag-

ing) 

• Suitable energy range  

• Stable chemical bonds 

• Simple labelling procedure 

• Suitable Metabolism of the radiopharmaceutical 

The biokinetics of substances is often described by the so called compartment method 

where the substance is described as it moves through various organs or compartments of 

the body. The biokinetics of iodine has been studied extensively and the model used 

range from fairly simple one or two compartment models to advanced many compartment 

models (ICRP, 1987, 2001; SRC, 2004). 

131I is used for treatment of thyrotoxicosis as it has a suitable physical half-life (T1/2=8.05 

days), is taken up by the thyroid gland and is used in the metabolism and production of 

thyroid hormones it allows for an assessment of the function 

As shown in figure 1.3, 131I decays to 131Xe by negative beta decay according to, 

131 131
53 54I Xe ν β −→ + + + γ ,         (1.1) 

The beta particles (Emax= 0.61 MeV, f=89.3 %) are absorbed within a few millimetres of 

tissue and hence a very high, locally confined dose is delivered.  There are three ways an 
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individual other than the patient can be exposed to 131I, external exposure from gamma 

rays, external beta contamination to the skin and eyes and internal contamination through 

ingestion of the nuclide.  

The hazard of external radiation exposure from the gamma rays (E=0.364 MeV f=82%, 

E=0.637 MeV f=7% and others), is by far the most problematic matter, as they are very 

penetrative.  It is the exposure from these gamma rays that pose a radiation risk to medi-

cal staff, friends and relatives.  

131I is excreted through the urine, sweat, vomit and the saliva of the patient. This may 

pose a risk of external contamination if the patient is incontinent or nauseous as well as a 

small risk of internal contamination if the patient exchanges body fluids through kissing 

etc.   

 

Figure 1.3. Simplified 131I decays scheme. 

In spite of 50 years of history with radioiodine therapy there is no consensus as to how 

the treatment should be performed. Four general approaches can be seen with one com-

mon being the use of a standard activity 185 MBq with treatment repeated if necessary to 

achieve desired outcome (Thierens et al., 2005; Jonsson and Mattsson, 2004). In this ap-

proach neither the weight/volume of the patient thyroid nor the iodine turnover rate, (up-

take and excretion), is taken into account. Another approach is to use a standard activity 

per unit mass of the thyroid gland, usually 1.85-7.4 MBq/g (Thierens et al., 2005). In the 

third approach each patient is administered with an individually calculated activity taking 

into account the 24h uptake of iodine in the gland, (U), the thyroid volume and the effec-

tive half life (Thierens et al., 2005). The fourth approach is used most commonly in the 

United Kingdom, where different standard activities at different hospitals in the range 

185-800 MBq are delivered (Hart and Wall, 2005). The higher activities are used to avoid 

repeat treatment. 
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There has been much debate as to which method is preferred. The main benefit of using a 

standard activity is that it is very cost and time effective. Also in comparison to an indi-

vidualized method the patient does not need to visit the hospital as many times.  

The treatment outcome is of course of utmost importance when judging which treatment 

method to use. Some centres aim for reaching a euthyroid state while others are satisfied 

with the patient no longer being hyperthyroid. In Sweden however, the desired outcome is 

generally for the patient to become euthyroid. That is to have a normally functioning thy-

roid gland. It has been found that there is no significant difference in the success rate 

between standard activities compared to calculated activity (Peters et al., 1995). It is 

worth noting that Peters et al. define success as eliminating hyperthyroidism and not 

reaching and maintaining a euthyroid state. This is also seen in long term studies which 

have shown that almost all patients become hypothyroid irrespective of what mode of 

treatment is used (Kok et al., 2000; Leslie et al., 2003; Metso et al., 2004). The prospec-

tive cohort study by Metso et. al. (2004) covered 2043 individuals treated between 1965 

and 2002, 1477 of these by individualized dose method. 18% of the patients needed a 

second treatment, 3% a third treatment and 1% a fourth treatment to become euthyroid or 

hypothyroid. Eventually 38% of all the patients developed hypothyroidism. From their 

results Metso et al. (2004) suggest that since the development of hypothyroidism cannot 

be predicted the objective should be to minimize the costs and recommends the use of a 

fixed standard activity of 259 MBq. If necessary the patient could receive more than one 

treatment. 

If reaching a euthyroid state is the goal then from a radiobiological and radio protective 

perspective an individualized dose plan should be the best approach in order not to de-

liver too high a dose to the patient and expose the staff and relatives to unnecessarily high 

activities (Thierens et al., 2005; Jonsson and Mattsson, 2004). Even though accurate do-

simetry calculations are very difficult and there isn’t much evidence that an individual-

ized method is more effective, the consensus is that the only way to improve radioiodine 

therapy is an individualized approach as it will allow for a better understanding of the 

dose-response relationship (Thierens et al., 2005). If the principle of ALARA is to be 

followed, then an optimized treatment protocol is vital. There have been cases were pa-

tients have been treated with 2.5 up to 8 times the required activity (Jonsson and Matts-

son, 2004) and hence the exposure to both patients and relatives have been excessive.  

The most common algorithm used for calculating the activity necessary to deliver the 

desired target dose is the Marinelli-Quimby algorithm (Marinelli, 1948; Traino et al., 

2001; Thierens et al., 2005). It does not however deal properly with the mass of the thy-
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roid gland, which decreases during therapy. Hence the accuracy of the calculated dose 

suffers from an uncertainty in the thyroid mass (Traino et al., 2001; Thierens et al., 

2005). A smaller mass than estimated would mean that a too high a dose is delivered to 

the gland. 

In Sweden the use of radioactive substances in medicine is regulated in the SSI FS 2000:3 

(Holm and Alvarez, 2000), which requires that the dose should be individually calculated. 

At Karolinska University Hospital Huddinge the delivered activity is calculated by a 

modified Marinelli-Quimby formula according to,  

18.5

eff

m DA
U T

⋅ ⋅
=

⋅
,           (1.2) 

in which 18.5 is a unit constant, A is the activity of 131I in MBq, m is the mass of the 

gland or nodule in grams (equivalent to volume in ml), D is the desired target dose in 

gray (120 Gy for Graves and 300 Gy for toxic nodule), Teff is the effective half life in 

days and U is the percentage uptake after 24 hours. 

1.3 Radiation Protection, Dose Constraints & Restrictions 

1.3.1 Application to Radioiodine Therapy 

Radioiodine therapy poses a risk of both internal exposure due to ingestion/inhalation or 

contamination of the skin, and external exposure. Risk assessment studies, taking into 

account both radio sensitivity and social behaviour/contact patterns, have found that the 

most sensitive groups with respect to radioiodine patients are pregnant women and chil-

dren (Mountford and O'Doherty, 1999; Mountford, 1997). Not only are children & foe-

tuses more radiosensitive but children also require and demand more attention than adult 

relatives which may lead to greater exposure. The danger of radioiodine to children is 

also seen in studies on the aftermaths of the disasters in Hiroshima, Nagasaki and Cher-

nobyl which have found an increase in thyroid diseases in individuals below the age of 20 

due to internal exposure from radioactive iodine but no increase in adults (Boice, 2006).  

Although internal exposure is very serious as the iodine is readily taken up by the thyroid 

it is not a likely source of significant dose and the risk for staff and relatives is deemed to 

be low as long as the patient is not incontinent or prone to vomit (Singleton. et al., 2003; 

Valentine, 2004).  

After the contamination risk from a patient has been deemed to be low then the external 

radiation exposure from radioiodine patients is the primary concern for Medical Physi-
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cists. Radioiodine emits very penetrative gamma rays, which for a point source decreases 

in intensity according to the inverse square law. The distribution of iodine in a patient is 

however not limited to the thyroid gland and the dose rate from the patient cannot be 

likened to a point source (Johansson et al., 2003). Phantom measurements have shown 

that the dose rate 0.38 m from a patient is only 24% of that from a point source (Leslie et 

al., 2002). Even though the dose rate from a patient falls off faster than from a point 

source staying too close to a radioiodine patient still means that the individual could re-

ceive a considerable dose. However to simplify estimation of risk to relatives and the 

general public as well as determination of restrictions it can be assumed that the patient is 

a point source. ICRP issues  restrictions based on the estimated risk for stochastic effects 

which are implemented by the SSI in section 16 of the SSI Regulations and General Ad-

vice on Nuclear Medicine (SSI FS 2000:3) which imposes that; 

“When discharging the patient it shall be unlikely that the effective dose 

1. to any member of the general public will exceed 0.3 mSv, 

2. to children related to the patient will exceed 1 mSv and 

3. to adults related to the patient will exceed 3 mSv or, for relatives aged 60 or more, will 

exceed 15 mSv.” 

As mentioned above SSI FS 1998:4 recommends that no member of the general public 

shall receive an accumulated dose higher than 1 mSv in any year (from all sources com-

bined). Higher doses may be accepted if the average over 5 years is 1 mSv/yr.  To meet 

this criterion the SSI FS 2000:3 constrains the dose from nuclear medicine procedures to 

the general public to 0.3 mSv (thus allowing for dose from other sources whilst still keep-

ing the combined dose below 1mSv). The risk of inducing cancer (lethal and non lethal) 

after being irradiated to a dose of 1 mSv is one in 18 000. 

Obviously it is not possible to restrict the behaviour of the relatives, staff, colleagues and 

other third persons. Instead the method by which these constraints are met is by imposing 

restrictions on the time the patient may be in close contact with other people and the dis-

tance which the patient should keep between him/her and other people. The patients are 

also given information making him/her aware of the risk of exposing hospital staff and 

relatives/colleagues to external/internal radiation and advice on how to minimize the risk 

of exposure.  

 The restrictions should be based on both the social behavioural pattern of the patient and 

the associated risk for the critical group. It is important to assess the dose received by the 

critical group from the radioiodine patient. There are two methods that can be used. The 
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dose may be recorded by asking the member of the critical group to wear some form of 

portable integrating dosimeter, or the dose may be estimated from measurement of the 

effective half-life of the radionuclide and dose rate from the patient multiplied by an es-

timated exposure time/pattern of the critical group.  The advantage of using the dose rate 

method is that only contact with the patient is needed. It depends however on a model of 

the contact pattern and no real data from measurements of dose. The integral method 

using a TLD or an Electronic Personal Dosimeter (EPD) to measure the dose (in this pro-

ject air kerma), is the only way to reliably test whether the restrictions are successful in 

keeping the dose to the critical group below recommendations. The obvious disadvantage 

of using an integral method is that it may affect the behaviour of the individual wearing 

the dosimeter rather than the patient.  

It has been suggested that if the restrictions are based on dose rate measurements (phan-

tom, point source or patient) and contact times they might become too stringent (Leslie et 

al., 2002; Mountford and O'Doherty, 1999). It is also very difficult to actually model the 

contact pattern between patient and staff/relatives. Hence the need for empirical data on 

doses received by relatives. In their risk analysis Mountford and O’Doherty (1999) point 

out that there is a spread in the observed empirical (integral method) data but in most 

cases the observed dose is below the applicable limit. They also point out the difficulty in 

determining how to base restrictions on the observed data (max, mean/median) and the 

need for more empirical data from all the risk groups identified so that the real risk may 

be assessed properly. 
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Table 1.3, from the UK Health & Safety Executive, (Singleton. et al., 2003), summarizes 

the available empirical data. Data from recent studies have been added. From the table it 

is evident that, if restrictions are followed, the risk that family members would receive 

more than the recommended relevant national dose limit is small (Singleton. et al., 2003). 

However for the older studies, where no restrictions were recommended, a higher mean 

dose was received indicating that the method of restrictions work to minimize the expo-

sure to family members and others. 

Table 1.3 
 Dose to relatives. From table 7.13 in Singleton, 2003, A indicates added data from recent studies. 

Measured Dose (mSv) Child or Adult 
Administration 

(MBq) 

Precautions fol-
lowed by exposed 
supporter/carer Mean or 

Median 
Range, maximum 
or 95th percentile 

Comments 

200 None 1.1 2.4 (Buchan and Brindle, 1971) 

200 Not known 4.8 0.1-13.6 Only 3 measurements 

(Jacobson et al., 1978) 

200 None 

Majority continued 
to sleep with the 

patient 

1.2 2.6 (Thomson and Harding, 1995; 
Thomson et al., 1993) 

Out-patient treat-
ment 

Partner 

0.8 0.0-6.0 Median 333 

Range 

(185-862) 
Out-patient treat-

ment 

Child 

0.4 0.0-3.8 

Various following 
hospitalization for 2-

5 days.  

Partner 

0.8 0.0-2.1 Median 759 

Range 

(555-1665) 

Various following 
hospitalization for 2-

5 days.  

Child 

0.3 0.1-3.6 

Slept separately for 0-21 days 
following departure from hospital. 

(Monsieurs et al., 1998) 

Median 388 

Range 

(200-608) 

See comments 

Adult relative 

 

0.5 0.2-5.8 

Median 377 

Range 195-800 

See comments 

Child relative 

 

0.5 0.2-7.2 

(Barrington et al., 1999) 

Slept separately. 

1-26 days. 

Precautions do not include hospi-
talization 
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Table 1.3-Continued 
Measured Dose (mSv) Child or Adult 

Administration 
(MBq) 

Precautions fol-
lowed by exposed 
supporter/carer Mean or 

Median 
Range, maximum 
or 95th percentile 

Comments/ Published or pro-
vided information and reference 

None (11/16 cou-
ples) 

1.0 0.1-5.2 Mean 400 

Range 

(200-600) 
Slept separately 

Period not specified 

(5/16 couples) 

1.1 0.2-1.3 

(Mathieu et al., 1999) 

Group-I 

No specific instruc-
tions 

1.1 0.4-2.4 Range 

(185-500) 

Group-II 

Slept separately the 
first 3 days 

0.6 0-1.9 

(Pant et al., 2006)A 

Age 0-10 years 0.2 0.1-3.0 

Age 11-59 years 
strict advise 

0.3 0.1-1.9 

Age 11-59 years  

less strict advise 

0.4 0.1-2.3 

Age +60 years 

strict advise 

0.4 0.1-0.9 

Mean 417 

Range 

(260-600) 

Age +60 years 

Less strict advise 

1.0 0.6-2.0 

(Cappelen et al., 2006)A 

 

A more thorough investigation of the references quoted in table 1.3 indicates that al-

though the dose limits for children generally are met, there is however a significant risk 

of exposing young children to high doses if the parent does not follow recommended 

restrictions. This may be explained by the fact that children need more attention and it 

may be very difficult for the parent to deny the child this attention.  

Another important issue is that most of these data are from Western Europe. Different 

countries have different social contact patterns and the inhabitants live under different 

conditions. This is an important factor when using the dose rate method to estimate doses 

to relatives as well as when issuing restrictions (Muhammad et al., 2006; Mountford and 

O'Doherty, 1999). At Huddinge this is addressed by asking the patient to answer a ques-

tionnaire on his/her living and working conditions thus individualizing the restrictions. 
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1.3.2 Implementation of Restrictions at KS Huddinge 

Restrictions on the behaviour of the patient are imposed so that the above constraints can 

be met. Previously the restrictions used at Karolinska University Hospital Huddinge were 

based on recommendations in SSI FS 2000:3. The old restrictions did not take into ac-

count the personal conditions of the patient. A general set of restrictions was recom-

mended for the first week following therapy. This meant that in some cases the restric-

tions were too severe and in others not strict enough. Also the guidelines did not allow for 

the release of patients if the onboard activity was higher than 600 MBq.  Recently how-

ever a local more dynamic methodology was developed for calculating restrictions 

(Watson and Fife, 2004; Watson, 2004). In this methodology the patient is given a ques-

tionnaire (see appendix A1) so as to determine the personal conditions at home and at 

work as well as the social contact pattern. 

A Medical Physicist uses an in-house excel sheet to determine the type of restrictions 

based on the administered activity (MBq), the administration date, the 24h 131I-percentage 

uptake measurement, the effective half-life and the effective dose rate per MBq at one 

meter from the patient.  The spreadsheet performs a number of calculations from which 

the 12 restrictions in table 1.4 can be determined. The method used in the in-house 

spreadsheet assumes that the effective dose rate decays using a simple exponential. Al-

though it in reality decays using a double exponential it has been shown that the simple 

exponential is sufficient when calculating individual restrictions (Watson, 2004). 

Table 1.4  
Initial Restrictions as determined using the in-house excel sheet. 

Restriction no: Restriction Type 
1 Avoid close contact with children below 3 years of age 

2 Avoid close contact with children between 3-16 years of age 

3 Avoid close contacts with adults 

4 Sleep in separate bed 

5 Stay home from work 

6 Avoid contact with the public 1-3 h (single exposure) 

7 Avoid contact with the public 4 h (single exposure) 

8 Avoid contact with the public 5 h (single exposure) 

9 Take extra care with personal hygiene (toilet visits etc.) 

10 Avoid close contact with persons older than 60 years (5 mSv)A. Number of days limited by  
keeping dose from sleeping in the same bed < 2.5 mSv 

11 Avoid going on Holiday 

12 Avoid social events 
ALower than the recommended limit of 15 mSv as it was deemed unnecessary high by physicists at Huddinge  
 

17 



 

Using the patient questionnaire the Medical Physicist then determines which of the re-

strictions in table 1.4 that applies to the individual patient. The information is summarized 

for the patient in the form of a “Yellow Card”, (see appendix A1), giving details on how 

long the patient should: 

• Avoid close contact with adults 

• Avoid close contact with children and pregnant women 

• Stay home from work 

• Avoid going to the cinema, theatre etc 

• Avoid long journeys by train, bus, air 

• Take extra care with personal hygiene (toilet visits etc.) 

The patient is advised to keep the Yellow card on him/her for the duration of the restric-

tions. The card also indicates the activity administered and a contact number in case the 

patient has any queries. The restrictions are not legally binding but the patient is encour-

aged to follow the restrictions as well as possible.  

The duration for which, the patient is to avoid close contact with children and adults and 

to sleep in a separate bed, (Restrictions 1-4 in table 1.4), is calculated from a linear fit to 

activity dependent restriction guidelines. These guidelines are based on several dosimetric 

studies and summarized by Barrington et al. (1999). The fitted equations allow the physi-

cist to calculate the number of days the restrictions should be imposed using only the 

administered activity and the effective half-life. 

From the spreadsheet it is also possible to determine the number of days a patient should 

stay home from work in order not to expose colleagues to a dose higher than 0.3 mSv. 

The spreadsheet calculates the total effective dose if returning to work after x number of 

days off work by first calculating the effective dose rate 24 h after administration (µSvh-1) 

and also taking into account the percentage uptake from, 

2 4 0 ,CD A U D
•

= ⋅ ⋅
•

         (1.3) 

where A0 is the administered activity (MBq), U is the 24 h uptake. The effective dose rate 

constant per MBq at one meter, CD
•

, was determined from measurements on patients to 

be 0.033 µSvh-1MBq-1 (Watson, 2004; Watson et al., 2004). 
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This effective dose rate at 1 m is then corrected for decay over time and the effective dose 

received by a colleague during an 8-hour working day is then calculated from, 

1 0 0 0
A v w

i
D tD
•

⋅
= ,          (1.4) 

where  is the average decay corrected effective dose rate (µSvh-1) at a given distance 

during the exposure time, , (i.e. the number of hours worked). The factor 1000 in the 

denominator is to convert the effective dose D from μSv to mSv. The daily effective 

doses are then summed to give the total effective dose, DT, the colleague would have 

received in 1 month if the patient returned to work on day x after administration of ther-

apy according to, 

AvD
•

wt

3 0

2

i
i x

T

D
D

d
==
∑

,          (1.5) 

where d is the distance between the patient and the colleague in meters. To estimate the 

effective dose to colleagues during different working conditions the distance d (m) and 

the number of hours worked  may be varied. The spread sheet allows the physicist to 

determine the number of days, x, the patient should stay of work in order to comply with 

the SSI FS 2000:3 limit of 0.3 mSv for the dose to the general public. 

wt

The duration which persons older than 60 years are to avoid close contact is calculated in 

a similar fashion assuming that the patient goes to bed 10h after administration of ther-

apy. It is also assumed that that the biggest contribution to the dose of the relative is from 

sleeping in the same bed and if it can be maintained below 2.5 mSv it can be assumed that 

the relative will not receive a dose higher than 5 mSv. 

Restrictions on close contact with the public (restrictions no 6-9), travel (restriction no 

11) and attending social events (restriction no 12) are found by first calculating the 

maximum allowed onboard activity, Amax, for the dose to the public to remain below 0.3 

mSv according to, 

( )
(max 0

2
exp ln2 ,

1
r eff

C c

CA A U
d D t

•= = ⋅ ⋅ − ⋅
⋅ ⋅

)t T       (1.6) 

19 



where C is the dose constraint (0.3 mSv), d is the distance between patient and public in 

meters,  is the empirical effective dose rate per MBq constant at 1 m (µSvh-1 MBq-1), 

the contact time tc (h) is the time the member of the public is exposed to the patient.  

CD
•

Rearranging equation 1.6 allows for the determination of the length of the restriction time 

for any given activity restrictions according to,  

max

0

1 1 ln
ln 2

eff
res r

T At t
A U

⎛ ⎞
= + = − ⋅ ⎜ ⋅⎝ ⎠

⎟ ,         (1.7) 

where tres is the restriction time (with an extra day added in order to allow for the use of 

the percentage 24 h uptake measurement),Teff is the patient specific effective half life, A0 

is administered activity  and Amax is the maximum onboard activity (in the whole patient 

but most of it is in the thyroid gland) and U is the 24 h uptake measurement.   

A comparison of the duration of restrictions for real patients at Huddinge using the old 

guidelines giving the same duration irrespective of the administered activity and personal 

circumstances and the new guidelines is presented in table 1.5. The new set of guidelines 

allows for the administration of a higher activity and individually optimized restrictions 

whilst still keeping the dose below the recommended limits. Patient A was a 54-year old 

female, not working and living with partner. Patient B was a 39 years old working female 

with partner and two children of 12 and 7 years. Patient C was a 78 year old female living 

with partner.  

Table 1.5  
Comparison of new and old set of restrictions for recently treated patients 

New Restrictions for different activities Type of Restriction Old restrictions 
(200-600 MBq) Small (248 

MBq)A 
Medium (314 MBq)B Large (597 MBq)C 

1. Avoid close contact with 
adults 

7 days 2 days 3 days 9 days 

2. Avoid close contact with 
children and pregnant 

women 

7 days 7 days 8 days 13 days 

3. Stay home from work 7 days if in close 
contact with col-

league 

N/A 3 days N/A 

4. Avoid going to the cin-
ema, theatre etc 

7 days 1 day 0 1 day 

5. Avoid long journeys by 
train, bus, air 

7 days 1 day 0 1 day 

6. Take extra care with 
personal hygiene (toilet 

visits etc.) 

7 days 3 days 3 days 3 days 
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1.4 Clinical Procedure at KS Huddinge  

Each country has its own guidelines on treatment with radioiodine based in recommenda-

tions from ICRP and other international bodies. The international concept of As Low As 

Reasonably Achievable, (ALARA), is governing. As discussed in the previous section it 

is required by law in Sweden to perform individual dose calculations.  A survey of the 

radiopharmaceuticals therapy in Sweden reveals however that the clinical procedure var-

ies greatly between Swedish hospitals. A total of 23 hospitals use radioiodine for treat-

ment of thyrotoxicosis and about 2 600 treatments are performed annually. Five out of 

these hospitals give a standard activity to the patient and 18 hospitals calculate the activ-

ity to be delivered. Only 11 out of 23 hospitals take into account the volume, the percent-

age iodine uptake and the effective half-life (Jönsson, 2003).  

In Huddinge the patients follow a busy two-week schedule where they meet the doctor, 

measure the size and the function of the gland and decide upon which treatment approach 

to use. The schedule is described below for those patients who undergo radioiodine ther-

apy. Note that the patient makes up to 4 separate visits to the hospital 

Week1 

• Monday 

o Scintigraphy and determination of volume/mass using 99mTc  

o Patients swallows a capsule of 180 kBq 131I 

• Tuesday 

o Determination of the 24h uptake (U) 

o First doctors visit, patient given questionnaire, information on treat-
ment and study 

• Friday 

o Determination of the Effective Half Life (Teff) 

o Patient asked if relatives were interested in participating in study 

 

Week 2 

• Tuesday  

o Second doctors visit 

o Treatment, Medical Physicist uses questionnaire and excel sheet to 
determine restrictions 
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When seeing the doctor the patient is informed about different treatment alternatives. 

Those patients that are to be treated with radioiodine are given a written information pack 

on how the radionuclide treatment works, what to expect and precautionary steps for the 

patient to follow when treated. The patient is also given a questionnaire to investigate 

their personal circumstances.  

On the day of the administration, which is usually on Tuesday of week two but some-

times on other days of the second week, the patient first sees the doctor at the medical 

clinic who has decided the activity to be administered using equation 1.2. After seeing the 

doctor the patient then goes to the Nuclear Medicine Department to be treated. A radio 

pharmacist prepares the solution containing the radioiodine in the hot lab. The activity is 

checked by a physicist who also administers it to the patient.  On administration the 

physicists first looks through the questionnaire (which should also account for differences 

in social behaviour in different ethnic groups) and ask the patient further questions if 

needed. The patient is also given an opportunity to ask questions and to express worries. 

The patient is then given a lead pot containing a plastic vial with radioiodine and asked to 

drink the solution using a straw so that the plastic vial never taken from the led pot and 

thus minimizing the exposure to the physicist. It also limits the risk of any spill while the 

patient is drinking the solution. Some extra water is added to the container and the patient 

is asked to drink that as well so that no activity is left in the vial.  

After administration the patient is asked to stay in the hospital for 30 minutes to ensure 

that no side effects like nausea or allergic reaction to iodine occur. Meanwhile the physi-

cist measures how much activity, if any, is left in the vial and then uses the spreadsheet to 

decide on the restrictions specific for the patient writes them down on the “Yellow Card” 

and gives them to the patient. The patient then leaves the hospital with the individualized 

restrictions and come back after three months for a check-up. 
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1.5 Introduction to TLD Physics 

In this project TLDs are used to measure air kerma which is then used to calculate the 

received person dose equivalent to relatives of radioiodine therapy patients. Since the 

success is dependent on the properties of the TLDs they were also investigated in several 

experiments. This section gives a short introduction to TLD physics and a presentation of 

properties of the TLD material used. 

1.5.1 General Introduction 

Thermoluminescence dosimetry is often described as a two step process. First the ioniza-

tion of atoms into a metastable state and then the recombination of the electron-hole pair 

with the resulting emission of photons (Furetta, 2003; McKinlay, 1981). Figure 1.4 shows 

a diagram of the process. When the TLD material is irradiated an electron is excited to the 

conduction band creating a hole in the valence band. These electrons and holes are free to 

migrate and can also be trapped in shallow energy levels from which they can later decay 

without the TLD material being heated (fading). If the energy levels are deep enough, 

(deep trap), then the electron or hole can remain in the trap for a long time. The number 

of electrons trapped in metastable levels is proportional to the absorbed energy in the 

TLD material.  If the TLD material is heated up, these electrons may be excited to the 

conduction band and later recombine with holes emitting the excess energy as light. The 

light is detected by a PM-tube and the resulting charge is correlated to an absorbed dose 

in the TLD material. After use the TLDs are annealed, i.e. heated to a couple of hundred 

degrees Celsius for about 1 h in order to force any remaining electron-hole pairs to re-

combine. After annealing the TLD it can be used again (McKinlay, 1981). 

 

Figure 1.4 TLD Band Theory 1-Ionization and Excitation, 2-Migration, 3-Trapping, 4-Detrapping, 5-
Migrationn, 6-Recombination. Image By M L Rodrigues from presentation on the Internet 
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TLD pellets can be made very small in size and the easy readout makes them very useful 

for both medical and environmental dosimetry. A good TLD material has energy levels 

(traps), which are stable enough not to be emptied at room temperature (thermal fading), 

but which can be emptied by heating the material to higher temperatures. The material 

must also be heat resistant and transparent to its own emitted light. Other desirable quali-

ties, (discussed in section 1.5.2-1.5.4), are that the material has a linear response to the 

dose (i.e. response is proportional to the absorbed dose). The material should also have a 

response independent on the dose rate, energy independent and have an acceptable ther-

mal fading. 

LiF TLDs can be used over a range of energies and doses and is supposed to have a re-

sponse independent of both energy and dose rate (McKinlay, 1981; McKeever et al., 

1995). It is very important to make sure that the TLDs are calibrated correctly as TLDs 

from different batches may have different relative response. That is, the inter-batch uni-

formity is not very good. The fading can be mostly overcome by preheating (reader an-

neal) the TLD in the reader and thus getting rid of the fading sensitive peaks in the glow 

curve which correspond to shallow energy levels in figure 1.4 (Izak-Biran et al., 1996; da 

Rosa et al., 1999).  

At Karolinska University Hospital Huddinge a Harshaw TLD Model 5500 Automatic 

Reader by Thermo Electron Corporation is used. A schematic of a TLD system is shown 

in figure 1.5. The system used at Huddinge (figure 1.6) uses Nitrogen gas to heat the TLD 

pellets rather than a heater plate as in figure 1.5. The WinREMS System Software run-

ning on a Windows platform is used to analyse the read data. The LiF MTS TLD pellets 

are provided by Wedholm Medical (see appendix A2 for properties). 

 

Figure 1.5 Schematic diagram of a TLD reader system (Botter-Jensen, 1997). 

24 



The calibration procedure used was the in-house RTG-3 protocol. The TLD pellets are 

first annealed at 400 0C then left to cool down on an aluminium heat sink for 30 minutes 

after which they are calibrated at 81 kV, 125 mAs and 3.4 mmAl using an x-ray machine 

(Siemens, Model Rohne Bi 150/30/101 Rl), reference ionization chamber (Victoreen, 

Model 550-4-T), reference electrometer (Victoreen, Model 525) and a PMMA phantom 

on which surface the TLD chips are placed.  The calibration method yields individual 

factors to convert the output from the TLD glow curve to air kerma and the TLD chips 

and ionization chamber are positioned so that they are expected to experience the same 

backscatter. After calibration the TLDs are ready for use for experiments or clinical 

measurements. 

Lithium Fluoride has been found to be very toxic for rats if ingested. There has however 

never been any reported case of human poisoning (McKinlay, 1981) and no information 

was found by Kemikalieinspektionen when they were consulted on the matter. The pellet 

used for the experiments and the clinical investigation contains 26 mg of Fluorine and 9.6 

mg of Lithium. According to the Swedish Poison Information Centre (Giftinformation-

scentralen) swallowing one tablet should pose no threat to an adult and can be compared 

to swallowing 100 dental fluoride tablets. 

 

 

Figure 1.6 Picture of the Harshaw TLD 5500 system used to read the dosimeters. The slide is open showing 

the tray the TLDs are placed on for read-out 
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1.5.2 Dose Dependence Properties of the TLD Material 

According to the product specification the Wedholm MTS LiF pellets have a linear re-

sponse to dose in the range 0.05 mGy to 5 Gy.  This is in line with literature (McKeever 

et al., 1995; McKinlay, 1981). It has also been shown that TLD-100 pellets (similar to 

Wedholm MTS pellets) can be used for environmental and individual studies with very 

good results for doses higher than 0.2 mGy and good results in the range 0.0-0.2 mGy (da 

Rosa et al., 1999). The dose response for LiF TLDs may become nonlinear ( i.e. observed 

dose not equal to calculated dose) but this is only important at doses above 10 Gy 

(McKeever et al., 1995). This means that in theory it is possible to use the MTS pellets 

for this study as measurements are expected to be 0.2 mGy and above. 

1.5.3 Dose Rate & Energy Dependence Properties of the TLD Material 

In the range 5.7 to 7 400 μGy h-1 no dependence on dose rate have been found for TLD-

700 (Spanne et al., 1983). According to the literature and Wedholm this is also true for 

LiF-100/Wedholm MTS pellets (McKeever et al., 1995; McKinlay, 1981).  

The energy dependence however is a different matter. As shown in figure 1.7 the relative 

response of the Wedholm MTS LiF pellets at the energies of 99mTc (140 keV), and the 

most common energies of 131I (364 keV and 637 keV) is almost unity.  In the range 30 

keV to 1.3 MeV Wedholm states that the photon energy dependence is less than 30 % this 

is also known from literature (McKeever et al., 1995; McKinlay, 1981). 

 

Figure 1.7 The energy dependence of different TLD materials MTS=LiF (Wedholm Medical AB) 
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The MTS pellets are well suited for this study as the most common gamma energies of 
131I is well above 100 keV, hence no energy dependence is expected to be seen. It is how-

ever possible that scattered radiation at lower energies are measured by the TLD chip. 

The expected dose rate also lies within the above-mentioned range. 

1.5.4 Fading Properties of the TLD Material 

Thermal and optical fading of TLD material is a problem and has been studied exten-

sively. It is affected by the ambient temperature, the length of the monitoring period and 

the time between irradiation and readout (Burgkhardt and Piesch, 1983). In general for a 

short duration between irradiation and read out it is not a problem. Wedholm Medical 

states that the fading for the MTS pellets is less than 5 % per year and since the patient is 

to wear the TLDs for no more than four weeks it should not pose a problem. The study by 

Izak-Biran et al (1996) did however show that the fading, during one month, of TLD-100 

can be as high as 22%. As previously discussed the low temperature peaks are more sen-

sitive to fading but this can be handled during the readout procedure by preheating the 

TLDs. Oven annealing the TLDs at high temperature for a longer time also lessens the 

problem of fading (da Rosa et al., 1999; Burgkhardt and Piesch, 1983; Furetta, 2003).  

It is very difficult to compare different fading measurements, as they must be performed 

under the exact same conditions. Wedholm did not reply to questions about the time tem-

perature profile (TTP) parameters and the TTP of Izak-Biran et al (1996) are slightly 

different than the one used at Huddinge meaning that no direct comparison can be done. 

2 METHOD 

2.1 TLD Studies 

2.1.1 Determination of Ambient Dose Equivalent Rate from a Vial 

In the first experiment the ambient dose equivalent rate from a vial containing 99mTc was 

found by using a SmartION 2100S dose rate detector by Thermo Electron Corporation 

(calibrated 04 December 2003) to measure the ambient dose equivalent rate, H*(10), at a 

fixed distance of 0.10 m from the source while varying the activity. The intrinsic uncer-

tainty is 15% at 95% confidence level. Only 99mTc was used due to the difficulties in han-

dling open radioiodine sources. The measured ambient dose equivalent rate was plotted 

against activity to allow for the determination of the ambient dose equivalent rate per 

MBq from the slope of the straight line. 
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A vial containing approximately 50 MBq (as measured by the well chamber at the de-

partment) of activity was placed at the corner of a trolley and the SmartION dosimeter 

was used to measure the ambient dose equivalent rate. A syringe was used to remove 

some 99mTc from the vial and a new measurement was performed. The distance between 

the vial and the dose rate meter was measured using an ordinary ruler.  

The well chamber used at the nuclear medicine department to determine the activity of 

the pharmaceutical is calibrated for vials containing a volume of 2 ml. For any other vol-

ume the geometric relations would be changed and correction is needed. The geometric 

dependence of the well chamber was investigated by adding a known activity to a small 

glass vial. Water was then repeatedly added to increase the volume in the vial and the 

activity measured by the well chamber was recorded.  

2.1.2 Dose/Air Kerma Dependence of the TLDs 

In order to investigate the dose dependence of the TLDs, they were irradiated with the 

following calculated doses/air kermas: 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 

(mGy). For the 99mTc source (837 MBq) the experimental ambient dose equivalent rate 

per MBq of 0.0094 μSvh-1MBq-1 at 1.0 m was used. For the 131I source (500 MBq) the air 

kerma rate by Ninkovic et al. (2005) of  0.052 μGyh-1MBq-1 at 1.0 m was used. 

 

Figure 2.1 Experimental set-up dose/air kerma dependence dxperiment 

The source was positioned on a plastic bin placed on top of a trolley to minimize the ef-

fect of scatter from the metal in the trolley. The trolley was also placed in the middle of 

the room as far away as possible from any scattering surface. Ten pairs of TLDs were 

placed in a circle around the source at a distance of 0.10 m from the centre of the source.   
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The ambient dose equivalent/air kerma delivered to the TLDs over the exposure time can 

be calculated according to, 

(0 1DD e λτ

λ

•

−= − ) ,            (2.1) 

where D is the dose (mGy),  is the initial ambient dose equivalent/air kerma rate per 

MBq  (mSvh-1 MBq-1 or mGyh-1 MBq-1), λ is the decay constant (d-1), and τ is the irradia-

tion time (d).  

0

•

D

2.1.3 Air Kerma Rate & Energy Dependence of the TLDs 

The air kerma rate dependence of the TLDs was investigated by placing dosimeters at 

different distances from the source and then irradiating the dosimeters to a predetermined 

kerma. The required irradiation time was found from equation 2.2.  

 

Figure 2.2 Experimental Set-up air kerma rate & energy dependence Experiment with the location of the 
TLDs shown. 

Two sources,  99mTc (837 MBq) and 131I (500 MBq), were used in turn to verify the en-

ergy independence of the TLDs. TLDs in position number 2, 11, 12, 13 14 and 15 were 

used for the air kerma rate experiment and were irradiated with 0.4 mGy at different air 

kerma rates (increasing distance from the source). TLDs in position 2-6 were used for the 

fading experiment and irradiated with 0.4 mGy at a distance of 0.10 m. TLDs in position 

1, 7, 8, 9 and 10 were used for the energy and air kerma dependence experiment. The 

targeted dose for these five TLDs was 0.1, 0.6, 1.0, 3.0 and 4.0 mGy and the data is pre-

sented together with the dose dependence results using the 99mTc source.  
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2.1.4 Fading  

The fading characteristics of the MTS pellets were investigated using 131I (500 MBq) to 

irradiate 10 TLDs with a kerma of 0.4 mGy. Two TLDs were read out directly after irra-

diation.  The remaining TLDs were read one pair per week for a total of four weeks. 

The setup for exposure was the same as for the air kerma rate and energy dependence 

experiment, (figure 2.2), and the irradiation time was given by equation 2.2. 

2.2 Clinical Study of Dose to Family Members 

2.2.1 Design of Information sheets 

An information pack for the patient and relatives was developed (see appendix A3). This 

was a very time consuming task, which included the participation of Medical Physicists, 

medical Doctors and the public. There are several issues to be considered when designing 

patient information. Patients and relatives cannot be assumed to hold any knowledge 

about the subject. They are also very vulnerable and under stress as they must digest a lot 

of information regarding their condition and available treatment methods. This means that 

the information must be concise and easy to understand for relatives of different reading 

age. Several drafts of the information sheets were made and feedback was sought from 

hospital staff and the public.  

The information pack consists of an information letter to the patient, an information letter 

to relatives, a consent form for the relative, instructions on how to attach the ID-bands 

and a questionnaire/diary to be filled in by the patient and relative(s) participating in the 

study.  The information clearly states that participating in the study is voluntary and that 

the relative can leave the study at any time should they feel like it. 

2.2.2 Recruitment of Patient Relatives 

It was decided that the doctors at the Endocrinology Clinic should make the first contact 

with the patient because the patient was thought to be more relaxed while visiting the 

doctor than during examinations at the Nuclear Medicine Department. On the first visit to 

the doctors screened patients. Patients with relatives at home, whom the doctors deemed 

suitable, were given information about the study and asked to discuss it with their rela-

tives.  The patient was also instructed to bring the signed consent forms on their next visit 

to the clinic if their relative had agreed to participate in the study.  
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During their Teff examination the patients were asked if their relatives would like to par-

ticipate in the study. Those interested were issued with hospital ID-bands to wear on their 

wrist (or ankle if the relative was a small child) starting from the day the patient was 

treated.  

The success in recruiting patients was dependent on getting the information out to the 

patient and the participation of the doctors was crucial. The doctors also had to judge 

whether the patient was able to understand the information and find out if the patient 

lived alone.  Ultimately the patient relative had to feel positive about participating in the 

study. Reasons for not participating were not asked for, but on a few occasions were 

given and included being afraid of hospitals, the long duration of the study and having a 

job which forbade the relative from wearing hospital ID-Bands. 

The first relative was recruited in week 19. Between week 20 and 51 a total number of 

188 thyrotoxicosis patients passed through the Nuclear Medicine Clinic, 90% females 

with an average age of 47 years (max, 94; min, 29). 23 of these patients had received 

information on the study and 13 patients had relatives willing to participate in the study. 

A total number of 22 relatives were recruited, 8 elderly, 7 adults, 7 children. Of the re-

cruited relatives 4 (2 adults 2 children) were excluded from the study as they had lost 

their ID-bands or had other reasons not to participate in the study. This leaves the number 

of relatives used for data analysis at 18 individuals (8 elderly, 5 adults and 5 children) 

with an average age of 49 years (max, 80; min, 10). 

2.2.3 Calculation of Dose from Measurements 

The air kerma to family members was measured directly by placing TLD pellets in lami-

nated plastic bags. These bags were then placed in hospital ID-bands (see figure 2.3) that 

the relatives were asked to wear. 

 
Figure 2.3  TLD pellets in plastic bag and in ID-band 
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The patient was given a stamped and addressed envelope and asked to return the ID-

bands after four weeks for analysis together with the completed diary. 

It is important to assess the natural background air kerma to the TLDs. For very low val-

ues the background determines the detection limit of the dosimeter (Traino et al., 1998). 

Each week a batch of TLDs was annealed, ID-bands were prepared and a number of 

TLDs from the same batch were kept at the hospital unexposed to any direct source of 

radiation. The ID-bands were issued to the patient and later when they were returned, 

they were read at the same time as the background TLDs from the same batch. Thus it 

was possible to correct for background seen by the TLDs at the hospital rather then the 

patients’ home. 

Each relative wore two pairs of TLDs, (one pair on each arm), but only the pair with the 

highest recorded air kerma was used for calculations since it is the maximum possible air 

kerma which is of interest from a radiation protection perspective. Since the effective 

half-life for 131I is short it is possible to use the background corrected air kerma to calcu-

late an air kerma to infinity (total air kerma received by the relative) as defined by Bar-

rington et al. (1999) according to,  

ln 21 exp
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Inf
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t

T

=
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,        (2.2) 

where Kcorr is the measured air kerma in mGy corrected for background, t is the number 

of days the TLDs were worn and Teff is the effective half-life in days.  The TLDs are cali-

brated to measure air kerma. The desired quantity in order to compare the results with the 

restrictions is person dose equivalent. This is given by multiplying the total air kerma to 

relative by a conversion factor, (k= 1.33 Sv/Gy), to get person dose equivalent Hp at 10 

mm depth for mono-energetic photons of 364 keV energy and at  00 angle of incidence 

(ISO, 1999)
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3 RESULTS 

For the analysis of the results a selection of software was used. MS Excel was used for 

calculations and initial data analysis, OriginPro 7.5 from Origin Labs was used for plot-

ting the excel data and for curve fitting. Finally SPSS version 13 was used for analysis of 

the data from the clinical study.  

Uncertainty is a parameter associated with the result of a measurement that characterises 

the dispersion of the values that could reasonably be attributed to the measurand. The 

error is defined to be the difference between an individual result and the true value of the 

measurand and cannot be known exactly.  

When possible an estimation of uncertainties was performed and the uncertainties were 

divided into uncertainties that can be minimized by statistical means, type A, and all other 

uncertainties, type B (Eurados, 1999).  

Type A uncertainties can be evaluated statistically by calculating the mean, the associated 

standard deviation and standard deviation (or standard error) of the mean. 

Type B uncertainties are evaluated by a method other than statistical and shall correspond 

to standard deviations. Typically these uncertainties may be data from literature, technical 

specification of system components, experience with and knowledge of the measuring 

system. These uncertainties are sometimes estimated by assuming that they follow a 

probability density distribution (e.g. Gaussian) and the uncertainty is given by some limit 

to this distribution. This limit can then be multiplied with a coverage factor giving some 

sort of “confidence limit” as estimated by the experimenter.  The different standard un-

certainties are then combined as sum of squares of standard deviations (Eurados, 1999). 

Where presented the confidence intervals were calculated by the OriginPro 7.5 software 

using the student-t distribution. The statistical theory describing this is presented in the 

handbook. 
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3.1 TLD Study 

3.1.1 Determination of Ambient Dose Equivalent Rate from a Vial 

The results from the investigation of the geometrical dependence of the well chamber is 

presented in table 3.1 from which it can be seen that the activity in the vial is overesti-

mated by up to 5 % at small volumes. Hence the activity measured when determining the 

ambient dose equivalent rate from the vial was adjusted accordingly.  

 
 

Table 3.1  
Results from the investigation of the geometric dependency of the well chamber. 

Volume (ml) Activity  
Read (MBq) 

Ratio (A/A0)A Over 
estimation in % 

0.10 44.6 1.05 4.9 
0.30 43.6 1.03 2.6 
0.47 43.6 1.03 2.6 
0.60 43.5 1.02 2.4 
0.78 43.2 1.02 1.7 
0.97 43.2 1.02 1.7 
1.29 43.1 1.01 1.4 
1.51 42.8 1.01 0.7 
1.72 42.8 1.01 0.7 
1.91 42.8 1.01 0.7 
2.14 42.5 1.00 0 

Awhere A0 is the activity measured at max volume of sample i.e. at 2.14 ml 

The data was plotted in figure 3.1 and the following power equation was fitted, 

by a x= ⋅ ,            (3.1) 

where the parameter a is 1.01 with and the parameter b, is -0.01, the standard errors from 

the fit are both in the region of 0.1 %. 
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Figure 3.1 The geometric dependence of the well chamber 
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Using equation 3.1 the activities measured were corrected for geometric difference be-

tween calibration volume and actual volume. 

The measured ambient dose equivalent rates and corresponding activities are presented in 

table 3.2. The ambient dose equivalent was measured using the SmartION (Thermo Elec-

tron Corporation) dose rate meter and the fluctuation of dose rate meter was estimated.  

The intrinsic uncertainty for the SmatION dose rate meter was that stated in the User’s 

Manual. A straight line was fitted to the data and is plotted in figure 3.2.  

Table 3.2 
Investigation of the ambient dose equivalent from a vial containing 99mTc at d=0.10 m. AActivity measured 

using the well chamber. BActivity adjusted for the geometric dependency of the well chamber using equation 
3.1. 

Volume in 
Vial (ml) 

ActivityA 
(MBq) 

Adjusted 
ActivityB 

(MBq) 

Ambient 
Dose 

Equivalent 
Rate 

 ( μGy h-1) 

Uncertainty due to 
fluctuating reading 

 ( μGy h-1) 

Intrinsic uncer-
tainty15 % ( μGy 

h-1) 

Total un-
certainty 

( μGy h-1) 

0.38 8.4 8.2 8.0 0.5 1.2 1.3 
0.63 13.9 13.6 13.0 0.5 2.0 2.0 
0.73 16.2 15.9 15.5 0.5 2.3 2.4 
0.91 20.1 19.8 19.0 0.5 2.9 2.9 
1.07 23.6 23.3 20.0 1.0 3.0 3.2 
1.24 27.4 27.1 24.0 1.0 3.6 3.7 
1.44 31.8 31.5 28.0 1.0 4.2 4.3 
1.63 36.1 35.8 32.0 1.0 4.8 4.9 
1.90 42.1 41.9 42.0 1.0 6.3 6.4 

 

The total uncertainty was calculated as the sum of the squares of the individual uncer-

tainty. The observed ambient dose equivalent rate was plotted against activity in figure 

3.2 and the data was fitted to the linear equation, 

Y B x= + A ,          (3.2) 

Where A=-0.25 with a standard error of 1.35 and B=0.94 and a standard error of 0.05. 

The 95% confidence limits of the parameter B was 0.82 & 1.06 

With B being the slope of the line, the ambient dose equivalent rate at a distance from the 

source of 0.10 m is 0.94 ± 0.05 μSv h-1MBq-1 and 95 % of all measured dose rates lay in 

the range 0.82-1.06 μSv h-1MBq-1. This is to be compared to the air kerma value given by 

Ninkovic et al (2005) of 1.4 μGy h-1MBq-1 at d=0.10m. It is obvious that there is some-

thing peculiar with either the experiment set up or the dose rate meter used. It was how-

ever decided upon recommendations to use this measurement. 
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Figure 3.2 The ambient dose equivalent rate as a function of activity for 99mTC, d=0.10 m. Error bars from 

table 3.2 

3.1.2 Dose/Air Kerma and Energy Dependence of the TLDs 

The result from the dose/air kerma dependence experiment is presented in table 3.3. From 

the table it appears that for 99mTc the measured and the calculated ambient dose equiva-

lent do not correspond very well. This is also evident in figure 3.3 where the measured 

dose is plotted against the calculated dose.  

Table 3.3 
Dose/air kerma dependence of the TLDs at 140 keV (99mTc source) and 364 keV (131I source), Km is the 
measured air kerma . AFor 99mTc this is ambient dose equivalent (mSv), for 131I it is air kerma. BIs the uncer-
tainty from calibration 

99mTc (837 MBq) 131I (500 MBq) Dtheo 
( mGy)A 

Irr time 
(h) 

K 
(mGy)
TLD 
Chip 

1 

K 
(mGy) 
TLD 
Chip 

2 

Aver 
Km 

(mGy) 

UncertB.
11% 

 
calcK

•
 

(μGy h-

1 MBq-

1) 

Irr 
time 
(h) 

K 
(mGy)
TLD 
Chip 

1 

K 
(mGy)
TLD 
Chip 

2 

Aver 
Km 

(mGy) 

UncertB. 
11% 

 
calcK

•
 

(μGy h-1 
MBq-1) 

0.10 0.13 0.31 0.26 0.29 0.04 2.7 0.03 0.35 0.27 0.31 0.05 18.3 
0.20 0.26 0.38 0.39 0.39 0.06 1.8 0.07      
0.40 0.52 0.66 0.63 0.65 0.10 1.5 0.13      
0.60 0.80 0.96 0.93 0.95 0.15 1.5 0.20 0.66 0.62 0.64 0.10 6.3 
0.80 1.08 1.27 1.23 1.25 0.19 1.5 0.27      
1.00 1.37 1.38 1.46 1.42 0.22 1.3 0.33 0.87 1.05 0.96 0.15 5.7 
1.50 2.15 2.21 2.23 2.22 0.35 1.4 0.50      
2.00 3.01 2.82 2.85 2.84 0.44 1.3 0.67      
3.00 5.03 4.17 4.10 4.14 0.64 1.3 1.01 2.59 2.43 2.51 0.39 4.9 
4.00 7.66 5.76 5.62 5.69 0.89 1.3 1.34 3.58 3.79 3.69 0.57 5.4 

     Average 1.6     Average 8.1 
     Stdev 0.4     Stdev 5.7 

 

When using 99mTc as a source the experimentally determined ambient dose equivalent rate 

per MBq at 0.10 m of 0.94 μSv h-1 MBq-1 was used. When using 131I as a source the air 

kerma rate per MBq at 0.10 m given by Ninkovic et al (2005) of 5.22 μGy h-1 MBq-1 was 
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used to calculate the required irradiation time. Rearranging equation 2.1 and using the 

measured air kerma and the known irradiation time gave the calculated air kerma rate per 

MBq. The calculated air kerma rates per MBq are in line with values published by 

Ninkovic et al (2005). Confirming that the experimental ambient dose equivalent rate 

used was wrong. 
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Figure 3.3 The dose dependence of the TLDs at 140 keV (99mTc) and 364 keV (131I) photons. 

A straight line was fitted to the data and the parameters are presented in table 3.4 where 

the parameter B is the slope of the curve.  If the measured air kerma is the same as the 

calculated air kerma/ ambient dose equivalent the slope (parameter B in table 3.4) would 

be unity but this is not the case. The slope of the 99mTc curve is not even close to unity 

whereas the slope of the 131I curve is fairly close to unity. This discrepancy in the 99mTc 

data is due to using the experimental ambient dose equivalent rate instead of an accepted 

published value. 

Table 3.4  
Fitted Parameters for Dose/Air Kerma dependence experiment 

99mTc Data 131I Data Parameter 
 Value Standard Error Value Standard Error 

AA 0 0 0 0 
B 1.41 0.02 0.90 0.03 

Lover conf Limit for B 1.35  0.81  
Upper Conf limit for B 1.47  0.99  

AThe parameter A is zero as the fit was through origo 
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3.1.3 Air Kerma Rate Dependence of the TLDs using 131I as Source 

The results from the air kerma rate experiment are presented in table 3.6. The ratio of the 

measured air kerma to the calculated air kerma is also plotted in figure 3.4. For a perfect 

response the ratio would be 1.00. At lower air kerma rates the deviation is greatest with 

an observed ratio of up to 1.40. The average ratio of 1.16 is however much smaller and 

the standard deviation is 0.15. To few data points and measurements per data points were 

taken for any general conclusions to be drawn. It can only be said that it at low air kerma 

rates the ratio between measured and calculated air kerma appears to fluctuate. Another 

important fact to mention is that the air kerma is never underestimated, i.e. the ratio is 

always greater than or equal to one which is good from a radio protection perspective. 

Table 3.6 
Investigation of the air kerma rate dependence of the TLDs using a 500 MBq 131I source and irradiate to a 

kerma of 0.4 mGy. Km is the measured air kerma and Kt is the calculated air kerma. 
Air Kerma 

Rate 
(mGy h-1) 

Distance to 
source (m) 

Irr time (h) K (mGy) 
TLD 

Chip 1 

K (mGy) 
TLD 

Chip 2 

Average Km 
(mGy) 

Ratio Km/Kt 

Uncertainty
in ratio 

0.06 0.70 6.63 0.48 0.43 0.46 1.14 0.18 

0.08 0.60 4.86 0.38 0.61 0.50 1.24 0.19 

0.12 0.50 3.36 0.54 0.58 0.56 1.40 0.22 

0.19 0.40 2.15 0.41 0.39 0.40 1.00 0.16 

0.75 0.20 0.54 0.47 0.44 0.46 1.14 0.18 

2.99 0.10 0.13 0.40 0.43 0.42 1.04 0.16 

  Average 0.45 0.48 0.46 1.16  

  Stdev 0.06 0.09 0.06 0.15  
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Figure 3.4 The ratio between measured air kerma and calculated air kerma for different air kerma rates (131I 
source) 
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3.1.4 Fading 

Thermal Fading is a complex problem affected by the time between calibration and read-

ing of the chips, the time between irradiation and reading, the storage temperature and the 

storage environment. Each individual batch may experience small differences in fading 

sensitivity. In this experiment the dependence of fading on the time between irradiation 

and reading of the chip was investigated and the results are presented in table 3.7. Each 

TLD chip was intended to be irradiated for about 8 min, (0.4 mGy), however apart from 

the first pair (read on same day as irradiation, d=0), the chips were irradiated for 14 min 

(0.7 mGy) by mistake. Hence the day zero data point was excluded and the data was 

normalized to the day seven data point and plotted in figure 3.5 

 
Table 3.7 

Investigation of the fading properties of the TLDs using a 500 MBq 131I source Km is the measured air kermae  
Time since Irradiation 

(days) 
K (mGy) 

TLD Chip 1 
K (mGy) 

TLD Chip 2 
Average Km  

(mGy) 
Uncertainty 

11%  
7 0.62 0.79 0.71 0.11 

14 0.76 0.64 0.70 0.11 
19 0.54 0.61 0.58 0.09 
28 0.48 0.55 0.52 0.08 

Average 0.58 0.60 0.59  
Stdev 0.12 0.13 0.11  
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Figure 3.5 TLD fading over 4 weeks using a 131I source excluding the day zero data point.  

Looking at figure 3.5 it appears that a fading of about 30 % is seen in the first month. 

This is much larger than the 5 % per year that Wedholm Medical states in their data sheet 

and more in line with the 22 percent/month observed by Izak-Biran et al (1996). However 

to few data points and measurements per data points were taken. Also the TTP in Izak-

Biran et al (1996) is not exactly the same as that used at Huddinge. Hence no general 

conclusion can be drawn unless further measurements are performed. 
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3.2 Clinical Study of Dose to Family Members 

In this section the results from the clinical study of dose to family members is presented. 

Some statistics will be calculated but since only 18 recruited relative provided data these 

statistics are merely indicative and should be looked upon with care. 

3.2.1 Calculation of Person Dose Equivalent from Measurements 
The results from the clinical study is presented in table 3.7 and as expected, the absorbed 

person dose equivalent to family members lay below the recommended dose limits set by 

SSI FS 2000:3. The average person dose equivalent measured was 0.43 mSv (max, 1.27; 

min, 0.12). As mentioned above it is difficult to observe any trend from this limited 

amount of data but a plot of person dose equivalent against age of relative is shown in 

figure 3.6 and person dose equivalent against activity administered to patient is shown in 

figure 3.7. The accuracy of the clinical study has been shown to depend greatly both the 

methodology of the study and the properties of the TLD material. In addition there are 

contributing uncertainties from both the TLD calibration method of 11% (from RTG3 

protocol) and the conversion to person dose equivalent of 4% (ISO, 1999), both at 95% 

confidence level. Summing the squares of the uncertainties gives a combined uncertainty 

of 14% (95% conf. lev.).  

Table 3.8 
Clinical study of dose to family members of radioiodine patients  

Patient 
ID 

Relation to 
patient 

Relative 
Sex 

Age 
(yr) 

Adm 
Activ-

ity 
(MBq) 

Patient 
EHT 

Days 
TLD 
worn 

Kcorr 
(mGv) 

Kinf 
(mGv) 

Hp 
(mSv) 

 

Uncertainty 
14% 

E1 Partner M 80 558 5.8 6 0.49 0.96 1.27 0.18 
E2 Partner M 78 597 5.8 29 0.70 0.72 0.96 0.13 
E3 Partner M 73 215 7.5 18 0.11 0.14 0.18 0.03 
E7 Partner M 72 800 8.0 29 0.11 0.12 0.16 0.02 
E4 Partner M 69 373 4.4 29 0.59 0.60 0.79 0.11 
E5 Partner M 69 450 6.1 10 0.23 0.34 0.45 0.06 
E8 Partner M 66 326 7.2 10 0.22 0.36 0.47 0.07 
E6 Partner M 65 248 8.0 30 0.27 0.29 0.39 0.05 
A3 Partner M 55 400 7.4 13 0.12 0.17 0.23 0.03 
A4 Partner M 50 208 8.0 8 0.20 0.40 0.53 0.07 
A5 Partner F 44 304 5.2 8 0.15 0.23 0.30 0.04 
A1 Partner M 42 200 5.3 31 0.39 0.40 0.53 0.07 
A2 Partner M 42 420 5.5 28 0.09 0.09 0.12 0.02 
C4 Child F 21 400 7.4 17 0.21 0.26 0.35 0.05 
C5 Child M 20 208 8.0 8 0.10 0.20 0.27 0.04 
C1 Child F 13 420 5.5 7 0.10 0.17 0.23 0.03 
C2 Child F 11 420 5.5 28 0.16 0.16 0.22 0.03 
C3 Child F 10 200 5.3 31 0.21 0.21 0.28 0.04 

  Median 53 387 6.0 18 0.21 0.25 0.33  
  Average 49 375 6.4 19 0.25 0.32 0.43  
  Max 80 800 8.0 31 0.70 0.96 1.27  
  Min 10 200 4.4 6 0.09 0.09 0.12  

Kcorr is the average air kerma (corrected for background) from the pair of TLDs giving the highest value. Kinf 
is the total air kerma to relative calculated from eqn. 2.2. Hp(10, 364 keV, 00) is the person dose equivalent. 
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There are three constraints affecting the relatives; Children and pregnant women have a 

constraint of 1 mSv, adults have a constraint of 3 mSv and elderly have a constraint of 15 

mSv. In table 3.9 the results are presented according to these groups and again it is evi-

dent that the elderly patients with less stringent restrictions get a higher person dose 

equivalent than the younger patients. This is also evident from looking at figure 3.6. As 

expected figure 3.7 shows that the observed Hp is higher when the patients were adminis-

tered a higher activity. Figure 3.7 also shows very clearly the effect of the different re-

strictions for the different age groups on the person dose equivalent received by the rela-

tive.  

Table 3.9  
Person dose equivalent to family members grouped by age and constraint. 

 Children (0-17 yr) 
(1 mSv limit, n=3) 

Adults (18-59 yr) 
(3 mSv limit, n=7) 

Elderly (60++) 
(15 mSv limit, n=8) 

Total 
n=18 

 Age 
(yr) 

Activity 
(MBq) 

Hp 
(mSv) 

Age 
(yr) 

Activity 
(MBq) 

Hp 
(mSv) 

Age 
(yr) 

Activity 
(MBq) 

Hp 
(mSv) 

Age 
(yr) 

ActivityA 
(MBq) 

Hp 
(mSv) 

Average 11 347 0.24 40 306 0.33 72 446 0.58 49 375 0.43 
Max 13 420 0.28 55 420 0.53 80 800 1.27 80 800 1.27 
Min 10 200 0.22 20 200 0.12 65 215 0.16 10 200 0.12 
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Figure 3.6 Person dose equivalent vs. Age of Relative 
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Figure 3.7 Person dose Equivalent vs. Administered Activity.  

 
 

4 ANALYSIS & DISCUSSION 

This chapter focuses on analysing the results and contributing factors starting with a dis-

cussion of the TLD results and the implications for the clinical study then moving on to 

the analysis and discussion of the clinical study of dose to family members. 

4.1 TLD Study 

The performance of the Wedholm MTS/LiF chip is of utmost importance for the success-

ful completion of the clinical investigation. The Wedholm Data Sheet in appendix A2 

gives information on the properties of the TLDs. The aim of the TLD experiment was 

partly to independently verify these properties. Also previous experiments using Wed-

holm MTS/LiF TLD chips within the department have indicated that at low observed air 

kermas and air kerma rates the response is peculiar, hence an investigation of the TLD 

properties was prior to beginning this study. The limited statistics in the experiments 

however makes it impossible to draw any strong conclusions. 
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4.1.1 Determination of Ambient Dose Equivalent Rate from a Vial 

The aim of this experiment was to investigate the ambient dose equivalent rate per MBq 

from a vial containing 99mTc. A search (table 4.1) produced a range of values for the 

dose/air kerma rate per MBq, none in agreement with the results from this experiment of 

0.94 ± 0.05 μSv h-1 MBq-1 at 0.10 m.  

An attempt at assessing the uncertainties was performed and contributing Type A uncer-

tainty was the fluctuation in reading of the instrument. This was due to the difficulty in 

maintaining the exact distance. By making many more measurements a mean and stan-

dard deviation could have been calculated, also changing the setup or experimenters 

would have minimized this uncertainty. Due to lack of time this was however not done.  

The dominant source of uncertainty in any individual data was the intrinsic uncertainty of 

the Dose Rate meter (Type B) which was as high as 15 % according to the calibration 

document provided by the manufacturer in the Handbook. Since the experimental value 

for the 99mTc ambient dose equivalent rate was used in some experiments and this value 

clearly was erroneous the results from these experiments were not as expected.   

 
Table 4.1 

Dose and air kerma  rates from a vial containing 99mTc as found on the internet and one published article 
Dose/air kerma  rate from 99mTc ( μGy h-1 MBq-1) 

at 1.00 m at 0.10 m Reference 
0.023 2.3 Uni of Edinburgh at http://www.safety.ed.ac.uk/safenet/risk_assess/RP_RA6_Notes.shtm 
0.015 1.5 Uni of Glasgow at http://www.gla.ac.uk/services/radiationprotection/information.html 
0.019 1.9 Uni of New South Wales at 

http://www.civeng.unsw.edu.au/about/civilsafe/pdf/radiation_control_plan.pdf 
0.021 2.1 Uni of Michigan at http://www.oseh.umich.edu//TrainTC99M.pdf 
0.014 1.4 (Ninkovic et al., 2005) 

4.1.2 Dose/Air Kerma and Energy Dependence of the TLDs 

The TLDs were irradiated to a range of air kerma and the measured air kerma was com-

pared to the calculated ambient dose equivalent and air kerma in order to investigate the 

TLD response as a function of dose and air kerma. This was done for both 99mTc and 131I 

in order to also be able to investigate the energy dependence.  For the TLD chips to have 

an accurate response the slope (parameter B in fit) of the curves in figure 3.3 should be 

unity. For 131I the slope was not far from unity, for 99mTc however the slope was much 

greater than unity.  
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The problem with the results using 99mTc is that the experimental value for the ambient 

dose equivalent rate was used and since it was lower than the other published values the 

TLDs were irradiated for too long a time. Hence the measured air kerma does not corre-

spond to the calculated dose and it is not possible to see if the TLDs are giving the de-

sired response by plotting the calculated dose against the measured air kerma from this 

experiment. Using the measured air kerma and the known irradiation time it was possible 

to calculate the air kerma rate the TLDs were exposed to. This value is in agreement with 

the value published by Ninkovic et al. (2005). If the correct value for the air kerma rate 

had been used the slope of the curve would have been closer to unity indicating that the 

TLDs respond accurately to both the 99mTc and the 131I source. 

To summarize, the TLDs gave an accurate response to both 99mTc and 131I photons. This is 

expected since both the Wedholm data set and figure 1.6 shows that the 99mTc and 131I 

energies lies in the nearly energy independent (flat) region of the curve.  

Wedholm states that the chips are linear in the range 0.05 mGy to 5 Gy. But as seen from 

the data in table 3.3 an incorrect dependence with air kerma was indicated at values be-

low about 0.4 mGy as both the measured air kerma and calculated air kerma rate for Io-

dine and Technetium differ from expected values. No strong conclusions can be drawn 

from this experiment as to few data points and too few measurements per data paints were 

measured. It can be said however that for observed kerma below 0.4 mGy there is a pos-

sible uncertainty in the data. Further investigations of the TLD properties at kerma below 

0.4 mGy are needed to investigate this problem. 

4.1.3 Air Kerma Rate Dependence of the TLDs using 131I as Source 

In this experiment the air kerma rate dependence of the TLD chips was investigated by 

irradiating TLD chips at different distances from the source to a predetermined value. As 

seen in figure 3.4, the chips showed a small dependence at air kerma rates below 0.50 

mGy h-1 where the measured air kerma rate appears to fluctuate. This is in agreement with 

results indicated by the dose/air kerma and energy dependence experiment above but 

contradictory to what the manufacturer claims (see table 3.3).  

The implications of the results depend on the expected air kerma/dose rate from the ra-

dioiodine patients, which in turn depends on the administered activity, the uptake, the 

effective half-life and the distance from the patient. A range of dose rates can be found in 

the literature from of 0.03 to 0.10 µSv h-1 MBq-1 at one meter (Watson, 2004; Barrington 

et al., 1999; O'Doherty et al., 1993; Jorgensen et al., 2006; Watson et al., 2004). This 

means that if the patients receive activitiess in the range 100-800 MBq the ambient dose 

44 



equivalent rate at one meter would be between 3-80 μSv h-1 which is far below the limit 

of 0.50 mGy h-1 where the TLDs appear to fluctuate. 

No conclusive implications can be drawn as the experiment was performed with only two 

TLD chips at each measuring point (at each dose rate/distance from source). But as 

pointed out by da Rosa et al (1999) and Traino et al (1998) at low dose rates and doses 

good statistics is very important. Many more data points and measurements per data 

points are needed to draw any conclusions. 

4.1.4 Fading 

The investigation of the fading properties of the TLD material showed the most interest-

ing results. There was a huge difference between the less then 5% per year claimed by 

Wedholm and the observed value of approximately 30 % in the first month after expo-

sure. The results in this study are supported by the study by Izak-Biran et al. (1996) who 

observed a fading of 22% per month. However only Izak-Biran et al (1996) presents in-

formation on how they define their thermal fading. As mentioned earlier their TTP profile 

is slightly different than the one used at Huddinge and hence a comparison with both 

Wedholm data and Izak-Biran et al (1996) is problematic.  

Also these results are from one experiment only, using the average value of two TLD 

chips at each data point. Using more data points and more measurements per data point 

would again result in improved statistics. 

The implications for the clinical study us that for the relative wearing the TLD ID-band 

all four weeks the observed air kerma may be underestimated by approximately 30%. 

However the thermal fading may vary between batches (Furetta, 2003), hence only the 

clinical results using the same batch as in this experiment can be said to experience a 

fading of up to 30%. Also the fading is dependent on the temperature of the TLD mate-

rial. It is possible that the TLD chips issued to relatives experienced temperature slightly 

higher than room temperature from the relatives themselves. 

4.1.5 Summary and Conclusions 

 The experiments indicate that there is a large variation between TLD chips within the 

same batch. Using individual calibration factors is supposed to correct for this but the 

difference is often too large. The literature states that for good results when using TLDs, 

good experimental methods and statistics is essential (Furetta, 2003; da Rosa et al., 1999). 

The most important method to achieve this is by increasing the number of data points and 
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the number of measurements (i.e. TLD chips) per data points. The observed average val-

ues would then be expected to lie closer to the calculated values and with smaller spread.  

The result from the TLD study is summarized in table 4.2 and compared to data from 

Wedholm and literature/articles. 
 

Table 4.2 
Comparison of results from found TLD properties to those stated by Wedholm Medical and literature 

Property This Study Wedholm Literature/Articles 
Dose/air kerma 

Dependence 
Linear but incorrect 

below  0.4 mGy 
Linear in range 
5x10-5 Gy to 5 

Linear (McKeever et al., 
1995) 

Energy Depend-
ence 

Non observed in the 
range 140-364 keV 

30keV-1.3Mev 
<30% 

30keV-
1.3Mev <30%

(Miljanic et al., 
2003; McKeever et 
al., 1995; Davis et 
al., 2003) 

Air kerma Rate 
Dependence 

Small dependence 
observed at air 

kerma rates smaller 
than 0.5 mGy h-1 

Independent Independent (McKeever et al., 
1995; Spanne et al., 
1983) 

Thermal Fading Up to 30% one 
month 

<5% per year Up to 22 % 
per month 

(Izak-Biran et al., 
1996) 

 

Judging from the results presented in table 1.3 the expected observed person dose equiva-

lent would be between 0.1 mSv up to a few mSv. Hence the suitability of the 

LiF/Wedholm MTS chips depends on the air kerma actually measured. If the measured 

air kerma is below 0.4 mGy it must be assumed that there might be a large uncertainty in 

the measurement. 

In order to improve the results and asses the significance of the TLD properties it is rec-

ommended that, 

1. The experiments are performed using a recognised protocol/standard and a 

more scientific and reproducible experimental set up as proposed by Furetta 

(2003). 

2. The statistics be improved by using more data points and at least 10 meas-

urements (TLD chips) per data point 

3. The dose dependence at doses in the range 0.05-0.5 mGy should be investi-

gated 

4. The dose rate dependence below 0.5 mGy h-1 should be investigated 

5. The thermal fading should be investigated for a longer period 

6. The above experiments should be performed for each batch of TLDs 

In the long run a full QC of the whole TLD system (calibration method, TLD material 

and TLD reader) is recommended. This would include a thorough investigation of the 
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calibration method taking into account the energy and dose used at calibration and the 

expected dose and energy the TLD will be exposed to. It would also include a thor-

ough investigation of the TLD material taking into account the suitability with respect 

to the experiment/investigation, the linearity, the fading, the dose rate dependence 

and the energy dependence of each individual batch is also needed. The QC must also 

include the TLD reader and an investigation of the propagation of uncertainties 

through the whole TLD system.  

4.2 Clinical Study of Dose to Family Members 

In this section an analysis of the results from the clinical study is presented with a discus-

sion of factors that might have affected the study.  

4.2.1 Interfering Factors  

There are several factors that may have affected the result of the clinical investigation. 

For example Barrington et al. (1999) noted that one effect of participating in the study 

and wearing the wristbands was that it might affect the behaviour of the patient and the 

relative, making them more careful and aware of the risk associated with radioiodine 

therapy than patients not participating in their study. This effect was also seen by Cappe-

len et al. (2006), who issued the TLDs to the relatives on an information meeting with the 

patient and relatives. On this meting the restrictions and the study were discussed in de-

tail. Thus it is possible that the patient and relatives participating in this study also be-

came more aware of the risks and may have been stricter in following the restrictions than 

non-study patients. The magnitude of this effect is however impossible to fully investi-

gate. Instead efforts were made not to give more radiation protection information to pa-

tients with relatives participating in the study than patients without relatives participating 

in the study. 

Another factor to take into account is the size of the ID-bands, which made them very 

bulky and visible. This might have stopped some relatives from joining the study. The 

duration for which the patient was asked to wear them could also have affected the re-

cruitment of relatives. Of the relatives who were recruited a fair number returned the ID-

bands early and the reason most often given was that they were too visible and bulky to 

wear during the summer and were uncomfortable.  
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The accuracy of the clinical study has been shown to depend greatly on the properties of 

the TLD material and the method. In addition there are contributing uncertainties from 

both the TLD calibration method and the calculation of person dose equivalent.  

4.2.2 Implications of the Results 

The limited number of individuals partaking in the study prevents any real statistical 

analysis. But as expected from previous studies (table 1.3), the results indicate that rela-

tives to radioiodine therapy patient will lie below the applicable limit (SSI FS 2000:3 in 

Sweden). It is also evident that elderly relatives tend to have a higher person dose equiva-

lent than children and adults. This is as expected since older patients have very few re-

strictions imposed upon them, which is similar to the situation for the older studies in 

table 1.3 were no general restrictions were imposed. 

The implication of the results is that the new method of individualised restriction used at 

Karolinska University Hospital Huddinge work as desired in keeping the dose to family 

members at an acceptable level. The new method for determining the restrictions also 

allows for the administration of higher activities than earlier while still allowing the pa-

tient to go home. This could mean that rather than administer multiple activities, the de-

sired effect may be achieved by a single administration. The obvious benefit is that staff, 

patient and relatives may be less exposed to radioiodine and it is more cost effective for 

the hospital. An important question that arises from the results is if the restrictions still 

are too stringent.  

The individualized method is also meant to allow the patient and family members more 

room for socializing than the old rigid restrictions. However the experience of patients in 

Sweden undergoing radioiodine treatment and their family members has not been studied 

and it is not known how Swedish patients feel about these issues. Since the procedures 

used vary between countries as well as within them and the effect of socio-cultural differ-

ences is large it may not be possible to use studies from other countries. Keeping that in 

mind it is still interesting to note that in Canada both in-patients and out-patients report 

feelings of fatigue, anxiety and depressions. The family members reported similar feel-

ings (ACRP, 2000). The same study also found that the most patients and family mem-

bers were deeply affected by the precautionary restrictions. Both patients and family 

members felt that not being able to be in close contact was a problem. They also felt con-

cern about the effect of radiation.  From this study it is evident that information on the 

treatment and its effect is very important for patients and relatives and that it helps the 
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patient and relatives coping with the restrictions. This information should be pedagogic 

and at a level which all possible readers can understand.  

At Huddinge the experience of one of the physicists administering radioiodine is that far 

fewer patients than before have questions regarding the therapy and the restrictions. So 

evidently the information the patients are given prior to treatment is very good. But it is 

possible that the patients and relatives participating in the study are a more concerned 

group than the non-participating families.  For example one of the patients with children 

expressed questions on how to explain to the children that they cannot sleep in the same 

bed etc. 

From the above discussion it is clear that to really individualize the patient restrictions it 

is necessary to investigate the experience of patient and family members alike, focusing 

on their needs and difficulties in meeting the restrictions and device methods to meet their 

fears and if need be work out restrictions which the patient can follow whilst still follow-

ing the SSI laws and restrictions. 

4.2.3 Summary and Conclusions 

To summarize this work it can be said that the dose to family members of radioiodine 

therapy patients have been successfully measured for 18 relatives. The new methodology 

for deciding on restrictions for the patients will keep the observed person dose equiva-

lents below the limits and at the same time allow the patient more liberty to interact with 

family members whilst making the restriction on close contact to pregnant women and 

children stricter. Since the study included neither pregnant women nor children below the 

age of 3 it was not possible to investigate if they too would lie below the limits. The 

method used for investigating the dose to the family members is potentially greatly af-

fected by the properties of the TLD material.  Results from experiments on the TLDs 

indicate that when air kermas below 0.4 mGy are measured, which is the case for 10 of 

the 18 participants in the study, the results should be looked upon with caution. Also at 

least one batch of TLDs showed a high thermal fading in the first month thus there is a 

possibility that the calculated person dose equivalent is underestimated by approximately 

30% for those relatives wearing TLDs from that specific batch. 

In order to improve the results it is recommended that  

1. The study be extended and the recruitment method be changed so that more pa-

tients are given the information pack. This could lead to more patient relatives 
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participating in the study, which would allow for important statistics to be calcu-

lated. 

2. Just like Cappelen et al. (2006) pre-sealed and calibrated TLDs, could be used to 

minimize uncertainties arising when handling the chips.  

The second point above is very important since TLDs are very sensitive. Although the 

RTG3 calibration protocol is an accredited protocol, using an external TLD service that 

work more routinely would allow for the investigation of possible uncertainties arising 

due to the handling of the chips. Also, in a preliminary experiment (Tamras, 2006), TLDs 

placed in laminated plastic bags like the ones used in figure 2.3 and TLDs stored in hard 

plastic containers give different background measurements although they were stored at 

the same place in the basement of the hospital building for the same duration. This might 

be an effect arising due to the low dose rate of the background but it is also possible that 

the lamination process releases gases which might affects the performance of the TLDs 

(Furetta, 2003). This should be investigated. 

For the future it would be informative to do a study of dose to patient relatives involving 

several Swedish hospitals to get a more complete picture of the dose to patient relatives in 

Sweden and to be able to compare the effect of different restriction guidelines on the re-

ceived dose. It is also recommended that a study of the effects of radioiodine therapy and 

the restrictions on both patients and relatives is performed here in Sweden to be able to 

identify what the Swedish patients feel are the most difficult aspects and what restrictions 

they find difficult to follow. The knowledge gained may be used for the optimisation of 

patient information and restrictions. 
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APPENDICES 
 
A1 “Yellow Card” and Patient Questionnaire 



A2. TLD Pellets Properties According to Wedholm 
 

The TLDs used at Huddinge have the following dimensions 

Diameter 4.5 mm 

Thickness 0.9mm 
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A3. The Information Sheets and Consent Forms 
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