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Abstract 
Background 

In an ongoing study conducted at Karolinska Institutet & Karolinska University Hospital, Positron 

Emission Tomography (PET)/Computed Tomography (CT) scans are performed on patients with tibia 

fractures and deformations treated with Taylor Spatial Frames (TSFs) in order to monitor their bone 

remodeling progress. Each patients receive an administration of approximately 2 MBq/kg bodyweight 

of Na
18

F associated with PET scans on two sessions, six and twelve weeks after the attachment of the 

TSF. These PET/CT scans provide information about the progress of the healing bone and can be used 

to estimate the optimal time point for de-attachment of the TSF. The Standardized Uptake Value 

(SUV) is used as a measure of the rate of bone remodeling for these patients, however, there is a need 

for verification of this practice by a method independent of the PET scanner. Furthermore, information 

regarding the biodistribution of the Na
18

F throughout the body of these patients and the effects of the 

TSF on the CT scan X-rays is required. Additionally, an investigation of alternative methods that have 

the potential to provide similar information with a lower absorbed dose to the patients is desirable. 

Materials and methods 

Thermoluminescent Dosimeters (TLDs) were attached on the skin at the position of the heart, 

urinary bladder, femurs, fracture, and the contralateral tibia of twelve patients during the first one hour 

and five minutes after the administration of the Na
18

F. Additional TLD measurements were performed 

during the CT scan of two of these patients. From the PET scan images, SUVs at the fracture site of 

these patients were collected. An investigation of the possibility of exploiting the ―naturally‖ occurring 

bone seeking radionuclide Strontium-90 (
90

Sr) in the human body to gain information about the 

fracture site was undertaken. Using a 
90

Sr source, three different detection techniques were evaluated 

and a practical methodology for in vivo measurements on the tibia fracture patients was developed. As 

it was concluded that TLD based measurements were the most suitable technique for this purpose, and 

it was tested on five patients with tibia fractures. 

Results 

From the collected TLD data, it was concluded that for these patients the urinary bladder is the 

organ receiving the greatest amount of absorbed dose and the organ most affected as the administered 

activity exceeds 2 MBq/kg. On average, a three times higher surface dose was measured on the tibia 

fracture compared to the un-fractured tibia. A linear relationship between the surface dose and SUVmax 

was shown. A strong positive correlation between the activity concentration at the fracture site and the 

amount of injected activity was found, and it was demonstrated that this also affects the SUVs. For 

patients who were administered different amounts of Na
18

F for the two PET scans, maximum activity 

concentration was less affected than mean activity concentration. It was concluded that TSF’s effect on 

the scatter of the X-rays to organs higher up in the body is negligible. Regarding ―naturally‖ occurring 
90

Sr in the human body, no higher activity at the fractured tibia compared to the non-fractured tibia 

could be found. 

Conclusions 

This project assessed the accumulation of Na
18

F in the fracture site of patients treated with TSF by 

a method independent of the PET scanner. The methodology of using SUVs as an indicator for bone 

remodeling was verified. It was shown that the uptake of Na
18

F by the fracture site is strongly 

correlated to the amount of injected activity. The importance of considering the amount of injected 

activity when evaluating and comparing SUVs was highlighted. In vivo measurements using LiF:Mn 

TLDs did not indicate any quantifiable higher concentration of 
90

Sr at the fracture in the tibia bone. 

Keywords: Taylor Spatial Frame; Thermoluminescent dosimeters; Tibia fracture; Bone remodeling; 

Na
18

F; PET/CT; Bone seeking radionuclide
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1 Introduction 
In an ongoing study conducted at Karolinska Institutet & Karolinska University Hospital, Na

18
F 

Positron Emission Tomography (PET)/ Computed Tomography (CT) bone scans are performed on 

patients with crural fractures of the tibia treated with a Taylor Spatial Frame (TSF) in order to 

investigate and gain information about the bone remodeling that is taking place [1-4]. Preliminary 

results of this study indicate that monitoring the tibia fracture healing process is of great importance 

for a successful treatment outcome. The PET/CT bone scans are capable of providing various types of 

information. For example, the acquired information from these scans has been able to indicate 

different remodeling rates between the tibia and the fibula, and show bone remodeling where not 

expected; information that lead to revision surgery for these patients. The information is also used to 

decide the most proper time for removal of the TSF [5].  

As an increasing number of patients are participating in this study, there is a need for verifying the 

method used to evaluate the PET information by an independent technique, studying the distribution of 

the Na
18

F, and identifying organs receiving the highest absorbed dose for these patients.  

For the patients participating in the study, the PET/CT scans imply an additional absorbed dose 

due to the radionuclide (in this case 
18

F) used for the study and the X-ray exposure during the CT scan. 

In order to reduce the absorbed dose due to the PET/CT bone scan, it is desirable to reduce the need 

for these scans. One possible means of doing so is to understand if it is possible to exploit naturally 

occurring radionuclides that are bone seekers to follow-up the patient’s bone healing by correlating the 

activity of these radionuclides in the region of the crural fracture with the Na
18

F uptake observed in the 

PET bone scan

. This would especially be beneficial for pediatric patients as performing PET/CT 

scans for this patient population would not justified due to the level of radiation dose. One of the open 

questions is what naturally occurring radionuclide would be best for the proposed correlation, and if 

found, what instrument and data collection scheme would be most appropriate to detect such a 

radionuclide. 

1.1 General introduction to the area 
In nuclear medicine, different radiopharmaceuticals are used depending on the purpose of the 

examination. The understanding of the biodistribution of the radionuclides throughout the human body 

is of great importance for making the best use of the information obtained from functional imaging. 

Knowledge about the biodistribution is also essential when performing dosimetry.  

Dosimetry is a major part of medical radiation physics, it includes measurements and calculations 

in order to assess absorbed dose. Generally, the focus in clinical medical radiation physics has been to 

use dosimetry for assessing the absorbed dose to the whole body or to different organs due to internal 

or external radiation sources. Dosimetry is used to verify intentionally delivered absorbed dose in the 

case of radiotherapy and radiodiagnostics, or to determine unintentional absorbed dose in the case of 

environmental (or occupational) exposure to radiation. Knowledge about the amount of absorbed dose 

is of great importance for understanding the reaction of the human tissue to radiation and setting of 

laws, regulations, and standards. A better understanding of the absorbed dose resulting from a 

particular medical treatment might allow exploration of methods focused on reducing the absorbed 

dose to the patient. 

1.2 Problem definition 
Medical imaging examinations have increased in number in a dramatic manner over the last two 

decades. New techniques and applications are continuously being introduced and medical imaging has 

developed into one of the most powerful diagnostic tools in clinics. As the fields of application are 

increasing and more people are exposed to medical radiation and thereby additional absorbed dose, it 

                                                           

 This idea was proposed by Gerald Q. Maguire Jr., KTH Royal Institute of Technology, as a follow-up to his 

earlier idea which lead to the use of PET/CT bone scans for TSF patients. 
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is of great importance that the ―As Low As Reasonably Achievable‖ (ALARA) principle is followed. 

The beneficial aspects of the acquired information must be carefully investigated in order to ensure 

that the advantages of a specific examination outweigh the risks associated with the radiation. 

Furthermore, alternative methods that provide comparable diagnostic information must be considered.  

This project has two components: (1) to investigate the distribution of Na
18

F in different 

organs/tissues of the patients with tibia fractures treated with Taylor Spatial Frames and (2) to 

investigate if naturally occurring bone seeking radionuclides can be used to follow-up the patient’s 

bone healing.  

1.3 Goals 
The project will study the distribution of Na

18
F in patients with tibia fractures treated with a TSF 

using thermoluminescent dosimeters (TLDs). (This is the first component of this project.) 

The project will identify which naturally occurring radioisotope is best for the proposed 

correlation. It might even be possible or necessary to utilize the information from multiple naturally 

occurring radionuclides. (This is the second component of this project.)  

The specific goals of this thesis project are: 

 Study the distribution of Na
18

F in different organs/tissues for tibia fracture patients being 

treated with a TSF.  

 Determine whether or if any organ/tissue of these patients is receiving an excessive 

amount of dose compared to other body parts. 

 Study the ratio between the measured surface dose at the site of fracture to other parts of 

the body, along with how the measured surface doses correspond to bone remodeling and 

SUVs given by the PET scan. 

 With the information obtained from the TLD measurements, verify the practice of using 

SUVs as an indicator of the bone remodeling progress. 

 Compare the radiation dose between the CT and the PET scans and investigate the TSF’s 

effect on the scattering of the radiation from the CT scan. 

 Identify the naturally occurring radioisotope that is most suitable for the proposed 

correlation. 

 Identify instruments and data collection schemes that are most appropriate for collecting 

information about any possible naturally occurring radioisotope. 

 Examine if the proposed correlation method is feasible, economic, and ethical as well as 

compare the data that can be gathered with this method versus PET/CT bone scans. 

1.4 Limitations 
Known limitations of this project include the following: 

 Limited number of patients with conditions that make them suitable for this study. 

  Any earlier studies in the area of exploiting naturally occurring radionuclides in the 

human body for gaining clinical information related to the bone healing process were not 

found. 

1.5 Structure of the thesis 
Following this introduction, in chapter 2 the relevant background necessary for reading the rest of 

this thesis is presented. In chapter 3 the method(s) used for this research is described. In chapter 4, data 

is presented and analyzed, followed by relevant discussion about the results regarding the two 

components of this project. In chapter 5 conclusions and suggestions for potential future work are 

presented. 

http://sv.bab.la/lexikon/engelsk-svensk/discussion
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2 Background 
With the emergence of PET/CT scanners and the union of molecular and anatomical imaging, new 

possibilities have been born. PET/CT scanners have made visualization of different processes in the 

body easier and diagnosis more accurate. This chapter begins with a review of PET scanning with 
18

F, 

and then describes why Na
18

F is suitable for studying bone remodeling. The purpose of using TSF is 

described along with the method utilized to quantify the signals from the PET scan. 

Thermoluminescent dosimetry is described along with the applications of TLDs. This is followed by a 

brief summary of why there is a desire to minimize medical radiation exposures. The properties of 

Strontium-90 are described together with its presence in the environment and consequently in the 

human body. The basic properties of bone and its growth are described. The chapter concludes with a 

summary of related works. 

2.1 18F-Fluoride and PET 
Fluoride is an anion of the element fluorine. It has chemical and structural similarities to the 

diatomic anion hydroxide    . Thereby, it is capable of incorporating into bone by replacing the 

hydroxide in hydroxyapatite (which is a major and crucial component in bone and teeth) to form 

fluorohydroxyapatite. 

18
F-Fluoride is a beta-plus decaying radionuclide produced by steps which involves proton 

irradiation of 
18

O. 
18

F decays to the stable 
18

O with a physical half-life of 109.77 minutes. The 

suitability and the favorable properties of 
18

F for scintigraphy were recognized and introduced as early 

as 1962 by Blau et al. [6], although it was soon replaced by 
99m

Tc-labeled phosphonates which have a 

similar uptake mechanism as 
18

F, but with physical characteristics that were more suitable for the 

gamma cameras available at that time. 

18
F was re-introduced with the establishment of PET and particularly PET/CT in clinics, as it 

allowed for accurate alignment of functional and anatomical images. 

18
F is administered intravenously as Sodium [

18
F ] –Fluoride (Na

18
F). It is highly bone sensitive, 

has minimal soft-tissue uptake, and up to two times more uptake in bone and faster blood clearance 

than 
99m

Tc-methylene diphosphonate (MDP) [7, 8]. 

2.2 Na18F and bone healing 
As early as 1966, studies on the biodistribution and pharmacokinetics of the radiopharmaceutical 

Na
18

F in dogs compared the uptake of Na
18

F in fractured and non-fractured tibia bone [9]. It was 

concluded that the uptake of the Na
18

F by the fractured site is time-dependent, where no uptake could 

be detected three hours post fracture but a significant increased uptake could be detected three months 

later. These results suggested that the uptake of Na
18

F and the bone remodeling process in dogs are 

correlated. Bone remodeling is the process which, among other things, is responsible for replacement 

of bone following injuries, e.g. fractures. The same study showed that the maximum amount of 

activity in the bone is reached approximately one hour or less post administration of Na
18

F. 

Additional studies have concluded that Na
18

F is an indicator of osteoblastic activity and correlated  

uptake of it to bone formation [10, 11]. More recent studies on rats showed a strong connection 

between callus formation, bone healing and increased uptake of Na
18

F [12]. The same study did not 

find any beneficial aspects of using 
18

F-fluorodeoxyglucose (
18

F-FDG) for monitoring bone healing 

and it was already concluded that 
99

Tc-labeled compounds do not show any difference between 

normally healing bone and nonunion [13, 14]. 

It has been clinically established by Lundblad et al. that the combination of Na
18

F and PET is very 

suitable as a tool for monitoring of bone remodeling process of patients treated with TSF as this 

noninvasive method provides information which allows for intervention and revision surgery at a 

much earlier stage [4].  
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2.3 Taylor Spatial Frame and deformation of the tibia 
In order to avoid nonunion, achieve proper bone healing, and the best possible outcome, external 

fixations are used. The TSF is an external fixation device that can be attached to the tibia bone through 

screws and pins as shown in Figure 2-1. 

 
Figure 2-1: Taylor spatial frame attached to the tibia 

The telescopic struts of the TSF allow for gradual adjustments over a period of several months in 

order to correct bone deformations. The adjustments are mostly based on information obtained from 

serial CT examinations [15]. Unfortunately, the information from these CT scans is not enough to fully 

evaluate the healing progress or decide when to remove the TSF, as CT does not provide any 

information about the molecular stage of the fracture. This information can be provided by PET 

examinations. Due to the configuration of the TSF, phantom studies have been performed in order to 

determine a reconstruction algorithm and design an suitable imaging protocol for tibia fracture patients 

that minimize the effect of metal artifacts in the CT image on the PET attenuation correction [3, 4]. 

2.4 Standardized Uptake Value (SUV): possibilities and 

limitations 
 Standardized Uptake Value (SUV) is a semi-quantitative tool used in connection to the visual 

evaluation of PET scans. In order to obtain the SUV, the raw PET signal is through several steps 

converted to an expression including the concentration of radiotracer in a defined region of interest 

(ROI) scaled by the injected activity corrected for half-life and normalized by body weight. The 

expression for SUV is shown in Equation 1. 

      
                              (

   

 
)

                                  (   )

            (  )

 (1) 

 As the formula indicates, a high SUV corresponds to a high uptake of the injected activity in the 

ROI. The uptake is a result of either a chemical or a metabolic process. PET scans are used for 

answering different clinical questions. To accomplish this, different radionuclides, some with and 

some without carriers are being used today. For example, PET scans are used to visualize and quantify 

metabolic rate, rate of angiogenesis, osteogenesis rate, and osteoblastic activity.  

Commonly SUVmax and SUVmean are of interest at the time of evaluation of the PET scans. SUVmax 

and SUVmean represent the maximum valued pixel and thereby the maximum activity concentration in 

the ROI respectively the mean intensity of pixels and the mean activity concentration in the ROI.  

Although the SUV methodology is highly useful in clinical practice, it should not be used without 

reflection and forethought. The SUV and specifically the determination of activity concentration are 

associated with several uncertainties and inaccuracies. Some of these are related to the process and 

steps involved in converting the PET signal to activity concentration and some to the technical 

limitations of PET scanners. One of the factors that affect the SUV is the partial volume effect [16]. 

Due to the finite spatial resolution of PET scanners the measured intensity values in one region are 

dependent on the intensity in neighboring pixels in a manner called ―spill-in‖ and ―spill-out‖, 

depending on whether the volume enclosed by the ROI is hotter or colder than the surrounding pixels. 
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Other factors that affect the accuracy of the SUVmax are noise and ROI definition [17]. Particularly, in 

longitudinal studies, the reproducibility of the ROI can be a challenge. Although, this can be overcome 

by spatially align the PET/CT volume data from several scans into a single coordinate system. This 

alignment can be performed if there are suitable landmarks in the scanned volume [4]. Furthermore, 

SUVs are also scanner specific and depend strongly on the attenuation correction [18]. 

Studies have assessed that it is of great importance that the concept of SUV is used in a manner 

that considers its inaccurateness and limitations [19, 20]. Therefore, when possible, the practice of 

SUV methodology should be verified by an independent method. 

2.5 Thermoluminescent dosimetry  
Thermoluminescent dosimeters (TLDs) consist of materials based on crystals, which upon 

exposure to radiation exhibit the ability to store energy and as a result of being heated release the 

stored energy as light. Thermoluminescent dosimetry is the practice of using TLDs in order to assess 

absorbed dose. 

TLDs are passive dosimeters, meaning that they do not provide real-time information about 

absorbed dose. Instead, they require a procedure involving readout and calibration after the exposure 

in order to estimate the absorbed dose.  

The structure of the TLD material contain defects which give rise to traps that are capable of 

holding electrons and ―holes‖ captured during a long period of time. When the material is heated, these 

electrons and ―holes‖ recombine at luminescence centers and photons are emitted. A photomultiplier 

tube (PMT) situated inside a TLD reader instrument is used in order to detect the emitted photons, 

amplify the signal, and ultimately convert it into electrical signal. 

Due to the high sensitivity of the photomultipliers and the fact that the total amount of emitted 

photons is proportional to the amount of radiation absorbed by the material, TLDs have a wide dose 

range, which is the main reason for them being extensively used in clinics as personal dosimeters. 

TLDs are also suitable for use in clinical examinations, as the sizes of the TLDs are too small to 

interfere with other medical measurements [21]. For example, they can be placed on the patient during 

a PET scan without affecting the images and be used for estimating the biodistribution of different 

radionuclides throughout the body [22]. TLD measurements can also be used for organ dosimetry on 

intake of various radiopharmaceuticals using means that include placing TLDs on the skin above the 

organ for obtaining information about the integrated activity in the organ and correct for the 

attenuation of radiation by overlapping tissue using phantoms of organs [23–25]. 

2.6 Radiation and cancer risk 
The combined data from the Japanese atomic-bomb survivors and other exposed groups provide 

strong evidences for a link between radiation and cancer incidence [26]. The collected data indicates a 

linear relationship between radiation and cancer incidence which has given rise to the linear 

no-threshold (LNT) model. Although the evidence is mainly based on radiation doses above 100 mSv, 

LNT is based on the idea that the linear relationship extrapolates to zero, meaning that there is no 

amount of radiation which corresponds to zero risk of cancer occurrence. According to LNT, even a 

very low level of radiation dose corresponds to a small risk; however, at these low doses, it is difficult 

to collect data with statistical significance which can support or refute the LNT model.   

As the LNT theory is widely accepted internationally by health agencies and nuclear regulators, it 

is the basis of nearly all concepts used in radiation protection today. Among other applications, LNT 

is used as a guideline to regulate annual absorbed dose, exposure limits, and enables comparison 

between different clinical practices. Additionally, as a consequence of the LNT theory, the principle 

of constantly striving for keeping radiation levels As Low As Reasonably Achievable (ALARA) 

was born. 

From the ALARA principle, it follows that in clinical practice, alternative methods should be 

investigated and when possible, examinations that expose patients to lower level of radiation dose 

should be performed if they can yield the required information.  
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For comparing between treatments and quantifying the stochastic effect of radiation exposure, the 

quantity of effective dose is used. Effective dose is the risk-weighted equivalent dose to the whole 

body [27]. The concept of effective dose is most properly applied to populations and should not be 

used for assessing the risk of cancer for individual patients. The use of effective dose in order to 

estimate future cancer incidence caused by nuclear medicine examinations is debatable, as the tissue 

weighting factors (opposed to the internally deposited absorbed dose in diagnostic nuclear medicine) 

are primarily based on homogeneous external radiation exposures and higher dose levels and 

dose-rates. 

2.7 Strontium-90 (90Sr) 
Strontium is a soft, silvery metallic element found in rocks, soil, dust, coal, and oil. Strontium-90 

is a radioactive isotope of Strontium. It is produced in nuclear reactors as a waste product and is one of 

the long-lived radionuclides that are created in conjunction with the explosion of nuclear weapons. 

The half-life of 
90

Sr is 29 years and it is a pure beta-minus emitting radionuclide with a maximum 

energy of 0.546 MeV.  

The daughter nuclide of 
90

Sr is Yttrium-90 (
90

Y). 
90

Y is also unstable and decays with a half-life of 

64 hours to the stable nuclide Zirconium-90 (
90

Zr) through beta-minus emission with a maximum 

energy of 2.28 MeV. As a consequence of the vast difference between the half-life of the parent- and 

the daughter radionuclide, secular equilibrium is established between the radionuclides within 

approximately one week. Secular equilibrium is a state where the activities of the parent- and the 

daughter radionuclide are equal. 

2.8 90Sr “naturally” occurring in the human body 
The majority of the 

90
Sr in nature has its source in the numerous nuclear weapons tests which were 

performed in the atmosphere between the years 1945 to 1980. The explosion of a nuclear weapon 

sends most of the created activity through the troposphere and on to the stratosphere which leads to 

activity being spread in a relatively homogenous manner around the globe (depending on the 

precipitation on an area). As a result, 
90

Sr is found almost everywhere in small amounts. 

It is estimated that the total amount of 
90

Sr originating from nuclear bomb tests, the Chernobyl 

accident, and Swedish power plants deposited in Sweden is 0.83 PBq, corresponding to 2 kBqm
-2

 in 

the year 1991 [28]. It is also estimated that the nuclear plants in normal operation are adding 3.6 GBq 

of 
90

Sr to the Swedish environment every year (according to the Swedish Radiation Safety Authority - 

Strålsäkerhetsmyndigheten (SSM) measurements in 2003).  

Compared to Cesium-137 (
137

Cs), which also is a radionuclide associated with nuclear reactors and 

nuclear weapons, Strontium has a higher mobility and is less firmly attached to the soil particles. As a 

consequence, 
90

Sr is more available for root uptake than 
137

Cs. Based on measurements, SSI estimated 

that the average intake of 
90

Sr from the food for a person in Sweden between the years 2001 to 2004 

was 0.10 Bq per day [28]. Using this information, a rough estimate of the total amount of 
90

Sr 

originating from food intake in an average person living in Sweden can be calculated. Treated as a 

single-compartment model where the body receives a daily amount of activity I0 and the decay rate λ 

corresponding to    ( ) over the effective half-life of 
90

Sr, the activity as a function of time A(t) can be 

calculated based upon the following differential equation: 

  
  ( )

  
        ( ) (2) 

The solution of differential Equation 2 is presented in Equation 3. 

  ( )  
  

    
(        ) (3) 

Using Equation 3 and the assumptions that the daily food intake remains at the same level and the 

biological half-life is 50 years [29] , the amount of 
90

Sr originating from food intake in a 25 years old 

and a 50 years old person can be calculated to 659 and 818 Bq (respectively). 

As stated earlier, Strontium can enter the human body through food ingestion, but also from 

drinking water, milk, and breathing air. Once inside the body, 
90

Sr has the ability to go in and out of 
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cells easily and is known to be a bone-seeking radionuclide that accumulates in the skeleton. This 

occurs due to its similarity to the chemical properties of Calcium. Both elements belong to group II in 

the periodic table, giving them an oxidation state of +2 which means that they both have two electrons 

in their valence shell. Consequently, Strontium has a long biological half-life and can remain in the 

body for many years. When injected to the body, Strontium accumulates especially in areas with high 

bone turnover, e.g. fractures [30]. Unlike Strontium, its daughter radionuclide Yttrium is not a bone-

seeker of the same degree [31]. 

2.9 Properties of bone 
There are two main types of tissue forming the bones, a denser type called compact or cortical 

bone which composes the outer layer of bones and a lighter and spongier type called trabecular bone 

which is found in the inner layers and in the end of long bones. Compact bone is mainly responsible 

for the strength and trabecular bone for the metabolic activity in bone. These tissues consist of 

minerals, with Calcium being one of the main minerals in bone. Calcium is considered to be an 

important nutrient for keeping the bones strong and have an important role in the healing process of 

bone fractures. 

When the body encounters a fracture in one of its bones, parathyroid hormone is released by the 

parathyroid glands. These hormones stimulate the activity of osteoclasts that are responsible for bone 

resorption [32]. Following the break-down of the bone by the osteoclasts, minerals are released into 

the blood. In the early stages of the fracture healing process, it is essential for the callus formed in the 

fracture site to be supplied with Calcium. Previous studies have suggested that this Calcium is drawn 

from the skeleton, independently of the dietary intake of Calcium [33]. 

The functional purpose of the formation of the callus is to connect the two opposite fragments at 

the fracture site. In order for the bone to reach the same strength as it had before the fracture, the soft 

callus is gradually converted to bony callus. This process is followed by replacement of the bony 

callus with compact bone and remodeling which involves restoring the bone to its original shape. 

Although never confirmed previously, as a consequence of Strontium’s chemical similarities to 

Calcium and the non-discrimination in the transfer of Calcium and Strontium from blood to bone [34], 

it is thought that osteoclasts also draw the stored Strontium from the bones and some of it is 

transported to the fracture site and the callus by the blood. 

2.10 Related work 
In order to accumulate knowledge about radiation detection and the effects of radiation exposure 

originating from clinical studies, nuclear fallout, and radiation accidents, there have been numerous 

studies done in this area. In this section, some of the findings in these studies that are related to the 

topic of this thesis are presented. 

2.10.1 Thermoluminescent dosimetry in the µGy range 
There are many factors affecting the performance of TLDs in low-dose dosimetry. Identifying 

these factors and controlling them decreases the systematic uncertainty and improves the precision of 

measurements. Improving the precision is of great importance, especially for dosimetry in the µGy 

range. 

In 1967, Lingertat could not detect any thermoluminescent signal for un-irradiated LiF powder 

which was exposed to daylight and normal room light [35]. In the same study it was shown that by 

chemically treating the dosimeter surfaces with an acid one can reduce the non-radiation induced 

signals. 

In 1969, Carlsson investigated and showed the importance of carefully controlling temperature 

prior to irradiation and readout [36].  

The luminescence emitted as a result of the mechanical treatment of the TLD material is called 

triboluminescence. This luminescence is mainly due to the effects on the surface of the crystal grains. 

It has been shown that deformations of LiF TLDs up to near fracture does not induce a 

thermoluminescent response [37]. 
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The importance of background subtraction and the use of digital filters to remove the 

photomultiplier noise are other factors that have been addressed for low dose measurements, for 

example measurements performed in diagnostic radiology [38]. 

An alternative to thermoluminescent dosimetry is optically stimulated luminescence (OSL) 

dosimetry. More recently, OSL is being used in clinical practice in many hospitals as a replacement for 

TLDs. OSL offers advantages over TLD, including higher sensitivity for beta radiation [39]. 

2.10.2 Measurement of 90Sr due to environmental exposure and intake 
Apart from the nuclear bomb tests that spread radionuclides across the globe, there have also been 

local contaminations. Techa River is one such location where radioactive waste including 
90

Sr was 

dumped into the river which was the source of drinking water for the residents of that area. The 

population living in the area was exposed to a significant amount of 
90

Sr. For the purpose of estimating 

the amount of 
90

Sr and follow-up of the residents, a whole body counting technique was 

developed [40]. The advanced whole body counter was based on detecting bremsstrahlung from the 
90

Y-beta rays and was used for making more than 38,000 measurements. This methodology for 

indirectly detecting 
90

Sr requires highly advanced facilities and is mainly suitable for high exposure 

measurements. 

In vitro measurements have also been performed in order to determine the amount of radionuclides 

in the body. In a study conducted in Greece, human bone samples were collected, chemically pre-

treated and a gas proportional counter was used to measure the 
90

Y-beta activity [41]. This particular 

study compared the environmental contamination of 
90

Sr caused by atmospheric nuclear weapons tests 

to the contamination by the Chernobyl accident. A similar detection method was used for determining 
90

Sr concentration in 1000 human teeth collected from residents in South Ukraine five years after the 

Chernobyl accident [42]. An interesting finding of this study was that the 
90

Sr concentration was 

approximately three times higher in the teeth donated by the male population between the age of 25 

and 45 compared to the women of the same age or younger men. One possible explanation for this, as 

stated by the study, was the fact that this group contained men who participated in the clean-up 

operation in the area of the damaged nuclear power plant.           

2.10.3 90Sr detectors 
There are a variety of methods developed for detecting 

90
Sr, both for detecting the beta rays 

directly and indirectly. For example, techniques for producing bremsstrahlung by the high-energy beta 

particles from 
90

Sr/
90

Y, and measuring the spectrum using gamma-ray spectrometers and Germanium 

detectors have been successfully applied [43]. Monte Carlo simulations have been performed to 

calculate the 
90

Sr/
90

Y bremsstrahlung yield generated in bone in order to determine the best conditions 

for in vivo measurements [44], and research has been done for detecting 
90

Sr inside the human lung by 

using a NaI(Tl) crystal detector to detect the bremsstrahlung [45].  

Directly detecting the beta particles is of greater interest in clinical applications where a low 

amount of radioactivity is expected. In this case, beta cameras consisting of a plastic scintillator and a 

light sensitive detector  have been designed which are capable of detecting charged particles emitted 

from biological samples [46]. Chen et al.  used ultrathin phosphor material connected to digital light 

sensors in order to design a device that is capable of in vivo electron-imaging with a very high 

sensitivity [47].  

Since 
90

Sr and 
90

Y are both relatively high-energy beta emitters, detectors utilizing this fact have 

been designed which are capable of detecting the Cherenkov light emitted by the electrons as they 

travel through the detector material [48, 49]. As these detectors rely on high-energy electrons, they are 

most suitable for detecting 
90

Sr in the environment and not in a biological sample.  

In order to reduce the distance between the detector and the source of beta-radiation for in vivo 

measurements, methods which include beta-detector catheters inserted in blood vessels have been 

suggested [50]. 
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2.10.4 90Sr uptake and turn over in the skeleton 
Ever since 

90
Sr became known as one of the radionuclides spread in the environment as a result of 

radioactive fallout, and consequently part of the daily intake in humans, numerous studies have been 

done regarding how Strontium is deposited in biological systems. 

How the rate of turnover in the skeleton and the amount of the dietary intake reaching the skeleton 

vary with age was investigated by D.G Papworth et al. in 1984 [51]. A study on rats showed a 

correlation between the uptake in teeth and bones, supporting measurements on teeth as indicator of 

the 
90

Sr body burden [52]. Further studies on rats seem to suggest that Zirconium, which is the end 

product of 
90

Sr is also a bone seeker [53]. 
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3 Methods 
In the interest of a better understanding of the absorbed doses involved and the biodistribution of 

Na
18

F throughout the human body with a tibia fracture, a total of twelve in vivo TLD measurements 

were performed on eight different patients. All of these patients were being treated for tibia fractures 

or deformities by a surgical operation involving attachment of a TSF to their tibia. These patients were 

participating in a study where two PET/CT scans in the region of tibia, approximately six and twelve 

weeks post-operation, are used as indicators for the bone remodeling progress. Each PET scan of these 

patients includes a bolus administration of approximately 2 MBq/kg bodyweight of Na
18

F together 

with 5 ml saline flush. The mean weight of the patients was 72 kg with a variation between 63 to 

100 kg and the mean administered activity was 153 MBq. 

As part of exploring a potential link between a naturally occurring radionuclide and the fracture 

site, different measurement techniques were considered and evaluated using a 
90

Sr source. A suitable 

measurement method was developed and tested on the body of the author of this thesis and on selected 

patients with tibia fractures who agreed to participate in this specific trial. 

This chapter first describes the research method used for this thesis project. Next, the TLDs that 

were used in both components of this study are described. This is followed by a description of the 

methods used in the first component of this work, specifically the calculation of SUVs, the distribution 

of Na
18

F in the set of patients participating in this study, and the use of the TLDs to estimate the CT 

dose and scatter radiation. This is followed by a description of the methods used in the second 

component of this work, specifically the use of TLDs for detecting 
90

Sr in both an experiment with a 

source and in the human body. 

3.1 Research method and methodology 
In this thesis project, a hypothetico-deductive research method was applied, starting with the 

hypothesis that TLDs can be used to assess the CT dose and the surface dose due to administration of 
18

F and a second hypothesis that with justifiable optimistic assumptions and appropriate adoption of 

experimental research methods, naturally occurring radionuclides can be used to follow the bone 

remodeling process. 

An experimental research design was used to collect data. The data collected via experiments 

performed in this project was statistically analyzed and used to gain a deeper understanding regarding 

the behavior of 
18

F in TSF patients and develop and test a practical method for utilization of naturally 

occurring radionuclides in the human body. 

3.2 TLDs 
In this project, TLDs based on Lithium fluoride doped with Manganese (LiF:Mn) in small plastic 

bags were placed on the following body parts of the tibia fracture patients: heart, bladder, both femurs, 

fracture site, and the contralateral tibia . The TLDs were attached to the patients after the topogram and 

CT were performed and as closely as possible to the organs/tissues that were of interest. At each site, a 

set of three TLDs were placed to provide information about the average surface dose in that area. 

These TLDs were attached to the patients during the first one hour and five minutes after the 

intravenous administration of Na
18

F. Further details are in Sections 3.3 and 3.4. 

By using additional sets of TLDs, the skin dose and the scatter component from the X-ray 

radiation due to the CT scan performed prior to the PET scan were studied. Further details are in 

Section 3.5. 

Before any set of TLDs were used, they were annealed, ensuring that there are no trapped 

electrons in the material. The annealing process includes heating of the TLDs at 400°C for one hour 

and additional heating at 80°C for 24 hours.  

The majority of the TLDs were read within 2-3 days after each measurement using a Harshaw QS 

5500 TLD reader. For each batch of TLDs used in this project, an additional four TLDs belonging to 

the same batch were used to measure the average background radiation (which later was subtracted 
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from the TLD readings). These four TLDs were kept together with the other TLDs in the batch at all 

times except for during the measurement. Section 4.1 gives an analysis of these background 

measurements. 

Additionally for each batch, eight TLDs were used for the purpose of calibration and control of the 

calibration of that batch. Four of these TLDs were used for calibration. The calibration of the TLDs 

was done by using a Harshaw/Filtrol irradiator equipped with an internal 
90

Sr source having a 

calibrated dose-rate of 1.675 µGy/s in 2003-06. A calibration coefficient was calculated by dividing 

the calibrated dose by the average output from the reader for the four TLDs. The output from the 

reader is given in the units of nanocoulomb (nC). 

For each batch, the calculated calibration coefficient was controlled by exposing four additional 

TLDs to a known dose in subsequent to multiplying the output signal from these TLDs by the 

calibration coefficient for that batch in order to calculate the dose. Section 4.2 presents an analysis of 

the results from these calibration coefficient controls. 

By considering each TLD’s sensitivity, subtracting the background, and multiplying the output 

from the reader by the calculated calibration coefficient, the absorbed dose in each TLD was 

calculated. Appendix A presents one of the TLD records obtained for measurements on a TSF patient 

undergoing a PET scan.  

3.3 SUVs and bone remodeling 

While for these patients, comparison of the SUVs, specifically SUVmax on the fracture site between 

the two PET scans is used to evaluate the bone remodeling process, no independent method had yet 

been applied to validate the use of SUVs in this manner. Therefore, information collected by the TLDs 

on the tibia fracture and on the contralateral tibia was used to evaluate the SUVs with a method 

independent of the PET system. 

The SUVs used in this project were obtained by placing a ROI with the shape of a sphere and a 

diameter of 40 mm on the fracture site and on the contralateral tibia for the five minutes static scan 

performed 60 minutes post administration of Na
18

F.  

The measured surface doses were compared to the SUVmax obtained from the PET examination 

and investigation was done on how the measured doses changed over time between the two 

examinations for the same patient. Section 4.3.1 presents an analysis of SUVs compared with the TLD 

measurements and discusses the results.  

3.4 Distribution of Na18F in tibia fracture patients 
The PET/CT scan for each patient is performed using a single scan bed position (22 cm length) 

over the tibia region; therefore, it is desirable to study the distribution of the radionuclide and the 

relation between the absorbed doses to different organs/tissues. Using the information from the TLDs 

placed on the different tissues and organs and comparing the measured doses, which represent the 

accumulated activities in those regions, the organs and tissues that receive a high dose were identified.  

An absorbed dose to the TLDs placed on the skin above the heart before the intravenous 

administration of Na
18

F was avoided by placing a lead shield over these TLDs. This lead shield was 

removed as soon as the injection was done. 

Using the data collected from these patients, a mean surface dose and a standard error of mean 

associated with each organ/tissue was calculated. The standard error of mean (  ) was calculated by 

dividing the sample standard deviation by the square root of the number of patients as shown in 

Equation 4. 

     
√

 

   
∑ (    ̅)

  
   

√ 
 (4) 

Where   is the number of patients,   is the surface dose measured on each patient, and  ̅  is the 

calculated mean dose for all of the patients. 
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As the standard error of mean is most properly used for normally distributed data, a check for 

normal distribution of the measured surface doses was done. As an example, Figure 3-1 shows the data 

for measured surface dose on the heart. 

 
Figure 3-1: Histogram bar plot of surface dose on the heart of the patients 

The equation for the normal distribution curve superimposed on the histogram in Figure 3-1 is 

  
 

     √  
 
 
(       ) 

        , where the parameters 0.329 and 0.053 are the mean and the standard 

deviation of the distribution, respectively.  

As the patients were injected with different amounts of Na
18

F according to their body weight, the 

effects of the amount of injected radionuclides on the biodistribution were also investigated. 

Section 4.3.2 presents an analysis and a discussion of the results of these measurements.  

3.5 CT dose and scatter radiation 
Prior to each PET scan for these patients, a topogram and a CT scan (at a tube tension of 120 kV 

and a current of 50 Milliampere-second) of the same volume as the PET scan was performed for the 

purpose of diagnosis and attenuation correction. As no major risk organs, apart from red bone marrow, 

are close to the area being scanned, only scattered radiation may give rise to an absorbed dose to other 

organs higher up in the body. As there was no information in the literature regarding the scattering 

effect of the TSF on the X-rays, an investigation was carried out to quantify the CT average dose and 

investigate the scattered radiation for these patients.  

For two of the patients, TLDs in sets of three were attached on the skin at the level of their tibia 

fracture and bladder. Additionally, for one of these patients TLDs were attached on the contralateral 

tibias as well. Using this information, the effect of the TSF was investigated and the average absorbed 

dose due to the topogram and the CT were quantified.  

The presence of the TLDs on the patients was not of significance, since Lif:Mn TLDs are known 

to be tissue-equivalent (as they have similar effective atomic number as human tissue). The measured 

absorbed doses were compared to the CTDIvol value computed by the CT scanner and recorded in the 

DICOM header of the CT data set. Section 4.3.3 presents an analysis of these results. 

3.6 Strontium measurements 
An established link between the fracture site and high 

90
Sr concentration would open up new 

possibilities for exploitation of radionuclides existing in the body in order to collect clinical 

information. As evidence of serious attempts regarding this issue were not found, a methodology that 

had a reasonable chance of indicating an accumulation of ―naturally‖ occurring 
90

Sr at the fracture site 

needed to be identified. 

For this purpose, a 
90

Sr source with an activity in the order of magnitude that the calculations in 

Section 2.8 showed were expected to be found in the human body was used. The activity of the source 

was such that approximately 40 beta particles were emitted each second from the 
90

Sr/
90

Y in the 

forward direction (the source was originally used as a test source for detectors). Different types of 

detectors, namely a Sodium Iodide (NaI) detector, a semiconductor Silicon based detector, and TLDs 

were considered for measuring the beta radiation from 
90

Sr. 
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3.6.1 Measurements of 90Sr using NaI detector 
A SUPER IDENT model RT-30 NaI detector with a detector volume of 104 cm

3
 was placed 

approximately 10 cm away from the 
90

Sr/
90

Y source in order to see if any signal could be seen on the 

device’s LCD graphical display. The distance between the source and the detector was kept by leaning 

the source against a wall and holding the detector with its window directed towards the source. As the 

range of the electrons emitted by 
90

Sr/
90

Y in dry air is several meters (approximately 9 meters for 2 

MeV electrons), this setup was sufficient enough for allowing the majority of the electrons to reach the 

detector window. Section 4.4.1 presents the result of this measurement.  

3.6.2 Measurements of 90Sr using semiconductor Silicon detector 
A CANBRERRA fully depleted Passivated Implanted Planar Silicon (PIPS) detector model 

FD-300-17-700-RM was connected to a CANBRERRA model 2003BT preamplifier which was 

connected to an ORTEC model 590A amplifier. The output from the amplifier was analyzed by a 

computer controlled Multi-Channel Pulse Amplitude Analyzer TUKAN 8k

. The detector was 

powered with 150 Volts by an ORTEC model 428 Detector Bias Supply through the preamplifier. 

The detector used was based on passivated Silicon dioxide (SiO2 ) with an active area of 300 mm
2
, 

a nominal depletion depth of 700 µm and a thin window allowing particles to pass through it. Figure 

3-2 shows this detector.  

 
Figure 3-2: Semiconductor detector connected to the preamplifier 

For this measurement, in addition to the relatively weak 
90

Sr source that to a large degree 

resembles the amount of activity in the human body, a stronger source was used in order to more 

effectively visualize the spectrum. Data for the exact strength of this source was not available, but 

measurements showed that the source was at least approximately 1-2 orders of magnitudes stronger 

than the weak source. Each of these two sources were placed 2 cm from the window of the detector as 

this was the closest distance with a steady setup. The weak source was placed on the table with the 

detector above it and the stronger source was fastened with adhesive tape in order for it to be on the 

same height as the center of the detector surface which was tilted to be perpendicular to the table. A 

series of attenuation measurements were performed by using Aluminum strips of different thicknesses: 

0.028 to 1.4 mm. According to the United States of America’s National Institute of Standards and 

Technology (NIST), the CSDA range of electrons with the energy of 2 MeV is approximately 4.5 mm 

in Aluminum. Thereby, high energy electrons emitted by the 
90

Sr/
90

Y source were theoretically capable 

of passing through the different thicknesses of Aluminum used for these measurements. Aluminum 

strips were used because Aluminum is often used in experiments to emulate bone. These experiments 

were performed in order to see how the spectrum changes and what the spectrum looks like after the 

beta particles pass through a certain thickness of Aluminum (emulating the effect of passing through 

different amounts of bone).  

As the detector was extremely light sensitive, all measurements were performed with a blanket 

over the detector and the source. Also the amplifier and the power supply were moved to a 

neighboring table as their vibration seemed to affect the measurement (the fluctuations associated with 

lower energies in the spectrum decreased when the amplifier and the power supply were pressed on the 

                                                           

 This is a type of multi-channel analyzer (MCA), for details see http://www2.ipj.gov.pl/tukan_en/ . 

http://www2.ipj.gov.pl/tukan_en/
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table by force). Additionally, the coaxial cables with BNC connectors used to connect these devices 

were kept a distance away from the detector in order to minimize the electromagnetic fields around the 

detector as this seemed to decrease the noise. 

The calibration for converting the channel number of the Multi-Channel Pulse Amplitude 

Analyzer to energy was done by using the K and L-shell internal conversion electrons from 

Barium-137m (
137m

Ba) originating from a cesium-137 (
137

Cs) source. 

Section 4.4.2 presents the output of the MCA and an analysis of the data collected in the two series 

of experiments.  

3.6.3 Measurements of 90Sr using LiF:Mn TLDs 
In this experiment, a batch of TLDs was used including TLDs with and without plastic shields (as 

shown in Figure 3-3). Investigations of the plastic shield’s effect on the electrons and attenuation 

measurements were done. For these measurements, the TLDs were placed directly on the 
90

Sr source 

(as shown in Figure 3-4).  

 
Figure 3-3: TLDs used in this experiment, without plastic shield (left) and with plastic shield (right) 

 
Figure 3-4: 

90
Sr source (left), TLD without plastic shield and Aluminum between it and the source 

(middle), and a TLD with plastic shield directly on the source (right) 

Measurements using different thickness of Aluminum (0.028 to 1.4 mm) between the source and 

TLDs were performed. A total of 20 TLDs belonging to the same batch were placed in similar 

configurations for different time periods ranging from 24 to 120 hours for each TLD. Additionally, 

TLDs with and without plastic shield were simultaneously placed at a distance of 1 cm from the source 

for a period of 24 hours. These TLDs were held in place by attaching a flat chopstick just below the 

source and placing the TLDs on it (the TLD with plastic shield was attached with adhesive tape, while 

the TLD without plastic shield did not need any support as it could stand steady on the stick facing the 

source).  

A set of four TLDs were used for measuring the background in the same room during the 

experiment (at a distance of approximately one meter and shielded in the direction of the source) and 

an additional eight TLDs were used for calibration and control of the calibration. All of these TLDs 

were read using a Harshaw QS 5500 TLD reader (as described in Section 3.2).  

The information gained from these measurements was used to evaluate the possibility of beta 

detection with Lif:Mn TLDs and estimating the time needed to obtain a quantifiable reading.  
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Table 3-1 shows a summary of these measurements, while Section 4.4.3 presents an analysis and a 

discussion of these TLD measurements.  

Table 3-1: Summary of TLD measurements of 
90

Sr for time normalized to 24 hours  

Aluminum Thickness 

(mm) 

 Without plastic case         

(mGy) 

With plastic case 

(mGy) 

0 0.036 0.131 

0.028 0.010 0.109 

0.112 0.011 0.042 

0.448 0.003 0.048 

0.896 0 0.027 

1.4 0.003 0.034 

3.6.4 Most suitable measurement method  
Bearing in mind that the aim is to develop a practical methodology with the potential capability of 

showing a quantifiable accumulation of 
90

Sr in tibia fractures and considering the low amount of 

activity and the attenuation of the low energy betas, and thereby the long measurement time required, 

TLDs were selected as the most suitable detector for this purpose.  

The practical issues with having TLDs attached to the tibia for a long period of time were 

identified by attaching TLDs on the leg (near the tibia) of the author of this thesis for a period of one 

week. The results of this test were used as a base for writing a patient information sheet (in Swedish) 

which is presented in Appendix B. 

3.7 Strontium and bone healing 
In order to test the hypothesis of a high concentration of ―naturally‖ occurring Strontium in 

fractures with the developed methodology, TSF patients with tibia fractures were asked to participate 

in this study. These patients were handpicked considering both the position of the fracture and time 

after operation.  Patients with a more superficial fracture positioned higher up on the tibia were 

considered more suitable for this study as in that case less tissue is between the fracture and the skin, 

allowing possible 
90

Sr beta particles to exit the body. 

On each tibia of the patients who agreed to participate, a set of three Lif:Mn TLDs was attached  

by surgical tape. Three TLDs were attached on the skin as close as possible to the fracture, while three 

others were placed on the contralateral tibia at the same height as the fracture. For the patients for 

whom the fracture site was not visible, an orthopedic physician was consulted. 

A total of five measurements were done on patients. For three patients, the TLDs were attached to 

their tibia at the hospital one day after their surgery (as shown in Figure 3-5), for one of the patients 

the measurements were done approximately eight weeks after the surgery (as shown in Figure 3-6), 

and an additional measurement was done on the same patient approximately 14 weeks after the 

surgery. 

 
Figure 3-5: TLD strips attached on the level of the fracture (left) and the contralateral tibia (right) one 

day after the surgery 
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Figure 3-6: TLD strips attached on the level of the fracture (left) and the contralateral tibia (right) 

approximately two months after the surgery 

By doing measurements on both tibias of each patient (the fractured and the contralateral tibia), the 

dose contribution from the background radiation could be neglected since the measurement on the 

non-fractured tibia could be used as a control. This is because of the fact that no increased amount of 
90

Sr was expected at the non-fractured tibia. Subsequently, any significant difference between the two 

tibias, with the measurement on the fractured tibia showing a greater dose could be seen as an 

indication of a higher concentration of 
90

Sr at the fracture site. TLDs were attached to the test subjects 

for a period of 6 to 10 days. 

Section 4.4.4 presents the results of these measurements. 
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4 Results and Discussion 
This chapter gives an analysis of the data collected using the methods described in the previous 

chapter, the findings and the limitations of the present study are discussed and, where relevant, 

compared to similar studies. This chapter begins with an analysis of the background radiation 

measured with the TLDs (Section 4.1) and calibration and control of the TLD batches (Section 4.2). 

Sections 4.3 and 4.4 address the two major components of this work. 

4.1 Background activity measured by the TLDs 
The background activity is subtracted from each TLD signal as described in Section 3.2. This 

background signal is different for each batch as expected, because of the different periods of time after 

the annealing at which each TLD batch was read. The time periods for the TLDs used in this project 

ranged from 4-5 days (the majority of the TLDs used for patient measurements during PET scans) to a 

couple of weeks (the 
90

Sr source and patient measurements). The average background radiation signal 

associated with each batch (given in the units of nC by the reader) is multiplied by the calibration 

coefficient for each batch (obtained as described in Section 3.2) to yield a value in units of mGy. 

Figure 4-1 shows the average background doses for these different batches of TLDs. 

 
Figure 4-1: The measured background radiation for each batch of TLDs 

In Figure 4-1, the variation of the measured background radiation between different batches can be 

seen, with the points standing out belonging to batches with a longer time period between annealing 

and readout. 

4.2 Calibration and Control TLDs 
The percentage difference between the known dose given to each set of control TLDs and the 

calculated dose using the obtained calibration coefficient are shown in Figure 4-2. 

 
Figure 4-2: The percentage difference between the known dose and the dose calculated using the 

calibration coefficient for control TLDs in each batch 

At Karolinska University Hospital where these TLDs are regularly used for clinical and research 

purposes, the limit for acceptable difference is set to 5% (seen as green dotted lines in Figure 4-2). As 

can be seen in Figure 4-2, all of the TLD batches used in this project were within this limit, with the 

majority of the batches having a difference of 1-2%. 
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4.3 PET/CT scans of tibia fracture patients  
In this section, the information provided by the TLD measurements was compared to the SUVmax 

in order to validate the use of this methodology for these patients, estimate the distribution of Na
18

F in 

different organs/tissues of the patients with tibia fractures treated with TSFs, and evaluate the TSF’s 

effect on the CT scanner’s X-rays. 

4.3.1 SUVs correlated with TLD measurements 
In Figure 4-3 the average surface dose measured by the TLDs on both tibias are plotted against the 

SUVmax which were obtained as described in section 3.3. A somewhat linear relationship can be seen 

between the two variables, with the fitted line having the following linear equation: 

                   

This positive linear relationship is expected, a greater surface dose corresponds to a greater 

concentration of Na
18

F in that area which by the definition of SUV would correspond to a greater 

SUVmax. As the constant in the equation for the fitted line indicates, a SUVmax equal to zero 

corresponds to a non-zero surface dose. This is due to the surface dose not being a ―local quantity‖ as 

SUVmax is, meaning that not only the activity in the area around the surface contribute to the surface 

dose but also activity in the whole body. The effects of this fact can also be seen in the coefficient of 

the linear equation, as the line is not steeper due to the same reason, i.e., the surface dose is affected by 

the activity in the whole body. 

 
Figure 4-3: The surface dose plotted against the SUVmax with a least squares line fitted to data 

The error bars associated with each point represent the 1 standard deviation derived from the three 

TLDs (at each site), showing the dispersion of the measured surface doses. Pearson's correlation 

coefficient (R) and coefficient of determination (R
2
) associated with the linear fit were calculated and 

presented in the upper left corner of the plot. R is a measure of the linear correlation (with a value 

between +1 and −1) and R
2
 is a measure of how well the fitted line represents the data points (with a 

value between 0 and 1).  

The cluster of points in the lower end of the plot belongs to the un-fractured tibia. The point 

corresponding to the highest measured surface dose belongs to the patient who received the highest 

amount of activity and as seen the point deviates from the linear fitting to the data. The point with the 

highest SUVmax and a surface dose closer to the un-fractured tibias is probably due to misplacement of 

the TLDs. One hint is that this point belongs to the only patient on whom a higher surface dose was 

measured by the TLDs on femurs than the TLDs which were supposed to be on the fracture. This 

patient had a fracture different from the rest of the patients (close to the ankle). The point with the 

lowest surface dose on the fracture and a SUVmax of approximately 23 also belongs to this patient 

associated with her second PET scan.   
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The data for the surface dose on the fracture for three of the patients, on whom TLD measurements 

during both PET examinations were done is summarized and compared with corresponding SUVmax 

in Figure 4-4. In this figure, the values for surface dose and SUVmax are the average surface doses and 

the average SUVmax associated with the two PET scans, with error bars representing the 1 standard 

error of the mean. 

 

Figure 4-4: Average SUVmax (left) and average surface dose (right) for three of the patients associated 

with their two PET examinations  

The decline of SUVmax with time after the operation is believed to be due to decrease of the 

osteoblastic activity in the region of the bone fracture. Figure 4-4 show a similar decrease of the 

surface dose at the fractured bone. However, this decrease is not as significant as for the SUVmax, 

which probably once again is a consequence of the fact that the injected activity in the whole body 

contribute to the measured surface dose. A greater standard error for both variables six weeks after the 

operation compared to the second PET scan may be an indication of patients having different bone 

remodeling abilities depending on factors, such as age and general health. 

The results of these TLD measurements seem to agree with the SUVs and validate the 

methodology of using SUVs for monitoring and evaluating the bone remodeling process. 

4.3.2 Distribution of Na18F in tibia fracture patients 
The average surface dose on different organs/tissues of the body due to Na

18
F was measured as 

described in Section 3.4. The results are summarized in Figure 4-5. 

 
Figure 4-5: Summary of the distribution of Na

18
F in tibia fracture patients with error bars showing 

one standard error of the mean 

Figure 4-5 illustrates the average surface dose on different organs/tissues measured on TSF 

patients, with the error bars representing the variation of the average surface dose at each site between 
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different samples of patients. Thus for a different sample, the average surface dose at each site will be 

within the interval of the error bars with a certainty of 68.3% (this was done as for each organ/tissue, 

the distribution could be assumed to be normal as shown in Section 3.4.).  

The results clearly indicate that for these patients a large amount of the Na
18

F accumulated in the 

urinary bladder in the first hour and five minutes after the injection. This is consistent with the 2013 

publication by International Commission on Radiological Protection (ICRP) where the bladder is the 

organ receiving the highest absorbed dose per unit activity administered of Na
18

F [54]. This fact 

highlights the importance of drinking water before the examination and emptying the bladder after the 

PET/CT scan, as emptying the bladder frequently after the examination is the only activity these 

patients can do in order to reduce the radiation burden associated with the PET scan. 

The TLD measurements also show a relatively high surface dose at the heart, which is a 

consequence of the heart being the organ distributing the injected Na
18

F. As all of the injected activity 

circulates through the heart; it receives a relatively large absorbed dose (compared to other body parts 

included in these measurements). According to ICRP the bladder receives an absorbed dose 

approximately 3.6 times higher than the heart. This cannot be seen in the data collected in this study 

and is most probably due to the facts that in contrast to the absorbed dose estimations by ICRP, the 

patients in this study have a tibia fracture, additionally, the measurements were made only during the 

first hour and five minutes post injection. As time goes on after the injection, the radiation burden on 

bladder increases, as most of the activity is eventually excreted in urine.     

The surface doses on both femurs (the one on the same side as the fractured tibia is labeled 

femur (F) and the one on the same side as the non-fractured tibia is labeled femur (NF) in Figure 4-5) 

are approximately the same. There is a slightly higher surface dose on the femur that is on the same 

side as the fractured tibia. However, this is not a result of one femur accumulating a greater amount of 

activity than the other one, as it probably is due to the fact that the femur on the same side as the 

fractured tibia is closer to the high activity concentration in the fracture and thereby less effected by 

the inverse square law than the other femur. The effects of inverse square law can easily be calculated 

and compared to these results using Equation 5.  

 
  

  
 
(  )

 

(  )
  (5) 

Where    is the dose for the distance   and    is the dose for the distance of    from the source.  

In order to be able to do an estimation, the distances from the middle of the tibia to the middle of 

the femur on the same side and to the middle of the contralateral femur of the author of this thesis were 

measured to be 32 respectively 35 cm. By assuming the high activity concentration at the fracture to be 

similar to a point source, and inserting these distances and using the measured average surface dose of 

0.178 mGy on the femur (F), the dose on the contralateral femur was calculated to be 0.149 mGy. This 

calculated dose is consistent with the measured average surface dose on the femur (NF). This 

calculation confirms the idea that the greater surface dose measured on femur (F), compared to 

femur (NF), with a high certainty is a consequence of femur (F) being closer to the high activity 

concentration at the fracture. 

The fracture clearly accumulated a high amount of 
18

F in all of the patients when compared to the 

non-fractured tibia. A key result from these measurements is that there was on average a three times 

higher surface dose on the tibia fracture than the un-fractured tibia. This is an indication of the high 

osteoblastic activity in the fracture site.  

Compared to other body parts, the relatively high dispersion of the measured dose on the fracture 

could have a number of reasons. One reason is that the patients are at different stages of the healing 

process, a second reason is the highly concentrated activity in the fracture site which once again shows 

the sensitivity of the placements of the TLDs, and a third reason could be that the uptake in the 

fracture site is affected by the different amounts of Na
18

F injected in every patient according to their 

body weight. This third reason is investigated in the following paragraphs. 

In order to investigate how the amount of injected activity affects the uptake in different sites, the 

information collected by the TLDs were compared to the injected activity to see if there is any 
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correlation between the amount of injected activity and the surface doses measured by TLDs. For this 

purpose, the data from TLDs on the tibia fracture, femur on the opposite side of the fractured tibia, 

bladder, and heart was used.  

For each organ/tissue, a Pearson's correlation coefficient (R) was calculated. Figure 4-6 presents 

the surface dose measured by the TLDs plotted against the injected activity with the R value shown in 

the upper left corner of each plot. The linear line fitted to these data points are based on the amount of 

injected activities in the interval of 124 to 194 MBq and is used as a visual indicator for the strength of 

the linear relationship between the two variables. The error bars represent 1 standard deviation as 

derived from the three TLDs at each site which were used to calculate the average surface dose and 

show the dispersion of the collected data.  

 
Figure 4-6: Surface doses on different organs/tissues against the injected activity (Note that the vertical 

scales of these plots are different.) 

As seen in Figure 4-6, no correlation was found between the injected activity and the heart surface 

dose which confirms the rapid blood clearance of 
18

F [7, 8]. The non-correlation between the injected 

activity and the femur surface dose is consistent with the idea that for scintigraphy, heavier patients are 

injected with a higher amount of activity to compensate for the amount of activity being distributed 

throughout the body. 

Figure 4-6 clearly show that there is a strong correlation between the injected activity and the 

measured surface dose (which is proportional to the amount of activity accumulated at each site) on 

the tibia fracture. A correlation coefficient of 0.81 indicates a strong positive correlation between the 

two variables. 

The linear equation for the line fitted to data from the tibia fracture is                . This 

strong correlation may be in contradiction with the idea of injecting such higher activity to heavier 

patients. According to Figure 4-6, for heavier patients, the only part of the body that accumulates a 

greater amount of the injected activity is the fracture site (and possibly the bladder). 
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For comparison, since SUVmean is more representative of the average activity concentration than 

SUVmax, SUVmean on the region of the tibia fracture and the contralateral un-fractured tibia are shown 

plotted against the injected activity in Figure 4-7, with linear line fitted to the data for better 

visualization of the relationship between the variables. As expected, no correlation was 

found (R = 0.01) between the injected activity and the SUVmean on the un-fractured tibia. 

 
 Figure 4-7: Injected activity against the SUVmean for the tibia fracture (left) and the un-fractured 

tibia (right) 

Since SUVs are proportional to the activity concentration, a comparable linear correlation as seen 

in Figure 4-6 would have been expected for the SUVmean on the tibia fracture, but such a strong 

correlation was not found (R = 0.54 compared to 0.81). A similar correlation coefficient was found 

between SUVmax and the injected activity (R = 0.67). This could be a result of the limited time during 

which the SUVs were measured, as the static part of the PET scan was only five minutes and 

performed one hour after the injection. For the evaluation of the bone remodeling for these patients, 

the SUVs associated with the static part of the PET scan are used, this is due to earlier studies 

indicating that the maximum amount of activity in the bone is reached approximately one hour or less 

after the injection of Na
18

F [9]. The decay of the activity does not affect the SUVs (as this effect is 

taken into account when computing the SUVs). However, the fact that the TLDs were placed at the 

fracture for one hour and five minutes means that they were exposed over a longer period of time, 

which could lead to the stronger correlation found in the data from the TLD measurements. 

Additionally, the fact that only a limited number of SUVs are available makes the data more 

sensitive to occasional variations and less able to provide any strong correlation (as with the TLD 

measurements). However, correlation coefficients of 0.51 for the SUVmean and 0.67 for the SUVmax 

both indicate that there is a positive correlation between the injected activity and the SUVs. 

As an attempt to investigate how the time between the operation and the PET scan affects the 

correlation coefficients, the data for the patients undergoing the six weeks post-operation PET scan 

were separated from the patients undergoing the twelve weeks post-operation PET scan. Figure 4-8 

presents these results and the new correlation coefficients. 

 
Figure 4-8: Injected activity against the SUVmean for the tibia fracture six weeks (left) respectively 

twelve weeks (right) after operation 
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In Figure 4-8, where the SUVs were divided according to the time after the operation, the positive 

correlation between the SUVmean and injected activity can still be seen. Although the number of data 

points is low and conclusions based on the specific values of the correlation coefficients should not be 

drawn, analysis of the overall data show a conclusive positive correlation between the amount of 

injected activity and the uptake of Na
18

F in the fracture (which also seems to affect SUVs). This is of 

importance and should be considered when comparing SUVs from PET scans where different amounts 

of activity were administered. For example, if the patient undergoes a substantial weight gain or loss 

between the two PET scans, it would lead to an increase or decrease of the amount of administered 

activity (according to 2 MBq/kg). For the patients included in this study, the deviation of each 

injection from the prescribed injection of 2 MBq/kg is illustrated in Figure 4-9. 

 
Figure 4-9: The activity injected in each patient divided by their body weight, with the red line 

representing the prescribed activity 

As shown in Figure 4-9, the majority of the injections for these patients follow the prescribed 

dose, with most of the injections above this dose. For investigating a case were the injected activity 

between the two PET scans significantly differed, and how this affected the SUVmax and SUVmean, 

calculations were done for the patient to whom injections number nine and ten in Figure 4-9 belongs. 

Table 4-1 presents the data and the calculated values for this patient. 

Table 4-1: Data related to the first (six weeks post-operation) and second (twelve weeks 

post-operation) PET scan for one of the patients 

PET 
scan 

Weight 
(kg) 

Injected activity 
(MBq) 

 
SUVmean 

 
SUVmax 

Mean activity 
concentration in ROI 

(MBq/Kg) 

Maximum activity 
concentration in ROI 

(MBq/Kg) 

Surface 
dose 

(mGy) 

1 63 142 15.4 30.3 23.7 46.7 0.27 

2 64 178 16.6 24.9 31.6 47.4 0.38 

The activity concentrations in Table 4-1 are calculated by correcting for the decay of the injected 

activity, using Equation 1, and the assumption that one liter of human tissue equals one kilogram. 

As it can be seen in Table 4-1, the calculations show that the maximum activity concentration in 

the region of the fracture does not significantly change between the first and the second PET scan. 

On the contrary, as more radioactivity is available in the blood at the time for the second PET scan 

(178 MBq compared to 142 MBq), a greater amount is concentrated in the region of the healing 

fracture, causing the mean activity concentration to rise. The average surface dose at the fracture site 

of this patient also shows an increase for the second PET scan. 

These data indicate that for a specific patient and fracture, there might be a limit to the maximum 

activity concentration which as presented in Table 4-1 did not significantly change even though the 

injected activity was approximately 36 MBq greater for the second PET scan (the same effect could be 

seen for another patient, who received a 28 MBq greater amount of activity on the second PET session 

compared to the first). The limit for the maximum activity concentration seems to vary for different 

patients, as hinted by the positive correlation between the injected activity and SUVmax shown earlier. 
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Due to the fact that the limit for maximum activity concentration seems to be reached in both PET 

scans for this patient, SUVmax is showing a decreasing trend as the value for the maximum activity 

concentration is divided by a larger number (the denominator in Equation 1) for the second PET scan. 

The reason for SUVmean not following the same trend is that in contrast to the maximum activity 

concentration, the mean activity concentration does not show signs of suppression from any adjoining 

limit and thus increases significantly for the second PET scan. 

As a result, even though the SUVmean for this patient slightly increased between the two PET scans, 

according to the methodology of comparing SUVmax between the first and second scan, this patient 

was considered to be undergoing a promising healing process. 

For SUVs to be a useful tool for evaluating the bone remodeling progress, these results highlight 

the importance of strictly controlling the amounts of injected activity and indicate that for patients for 

whom there is a relatively great difference between the injected activities for the two PET scans, the 

methodology of comparing SUVs can be hard to interpret and highly misleading. 

The deviation from the prescribed 2 MBq/kg for this specific patient resulted in a surface dose at 

the bladder (0.9 mGy) which (as can be seen in Figure 4-5) is twice as high as the average surface dose 

measured at the bladder of the patients participating in this study. This is probably due to the rapid 

accumulation of the excess Na
18

F in the bladder as other sites reached their uptake limit. 

4.3.3 CT skin dose and scatter radiation 
The data collected from the TLDs placed as described in Section 3.5 were used to determine the 

average dose due to the topogram and the CT scan. The results are presented in Table 4-2. 

Table 4-2: Average CT dose and scatter radiation measurements for two of the patients  

Patient CTDIVOL from 
DICOM data 

(mGy) 

Measured dose 
on fractured tibia 

(mGy) 

Measured dose 
on bladder 

(mGy) 

X 13.14 13.04±0.5 0.01±0.006 

Y 13.14 13.44±0.2 - 

The standard deviation following each measured dose is the standard deviation for the three TLDs 

(at each site), showing the dispersion of these measurements.  

No signal above the background could be detected on the bladder of patient Y. The data obtained 

from the measurements on the bladder clearly indicate that the TSF’s effect on X-ray scatter toward 

higher body parts is negligible. 

The value for the CTDIvol given by the scanner is specific for the scan protocol used for these 

patients. This value represents an estimate of the average absorbed dose within the scanned volume. 

The measured dose on the fracture of these two patients does not deviate significantly from the 

estimated value obtained from CTDI phantom measurements, thus indicating that the TSF has a 

minimal effect on the CT X-rays. 

The measurements on patient X for whom TLDs were attached on both tibias during the CT scan 

are presented in Table 4-3. The average dose and the standard deviation do not show any significant 

difference between the two tibias, indicating that the TSF does not have a quantifiable effect on the CT 

and topogram X-rays and thereby the skin dose. 

Table 4-3: Measured skin dose on both tibias for CT and topogram 

Patient 
 

Measured dose on 
fractured tibia 

(mGy) 

Measured dose on 
non-fractured tibia 

(mGy) 
X 13.04±0.5 13.26±1 
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4.4 Accumulated activity in the fracture due to naturally 

occurring bone seeking radionuclides 
The main question in this component of the work was whether naturally occurring bone seeking 

radionuclides could be used to follow-up the patient’s bone remodeling. Before going into details 

about the results of the in vivo measurements, the alternative measurement methods and the 

experimental results with each of these methods are described. 

4.4.1 NaI detector 
No signals could be seen on the display of the NaI detector when the 

90
Sr was placed in front of it. 

This is most probably due to the relatively low energy of the electrons and the high atomic number of 

the crystal, as it is an inorganic scintillator.  

High atomic numbers increase the probability for large angle scatterings and backscattering, and as 

electrons are not able to enter the crystal and deposit energy the detector was not capable of detecting 

the electrons emitted from the source. Additionally, the weak 
90

Sr source used in this measurement 

further decreases the possibility of detection of these electrons by this detector.    

4.4.2 Silicon semiconductor detector 
The outputs from the MCA as the weak source was placed in front of it for 420 seconds with and 

without 0.028 mm Aluminum are shown in Figure 4-10. This amount of measurement time was 

chosen to be sufficient for the signal from the source to be visually distinguished from the background 

for the measurement with no attenuation. These measurements indicate that this detector is sensitive 

and capable of detecting low amounts of beta radioactivity. 

In all these figures, the remaining high amounts of noise in the lower energies (which was 

minimized as described in Section 3.6.2) is removed from the plots by discarding counts for energies 

lower than 50 keV. 

 
Figure 4-10: Spectrum for the weak 

90
Sr/

90
Y source obtained by Silicon semiconductor detector without 

attenuation (upper figure) and with 0.028 mm Aluminum in front the source (lower figure) 

The spectrum without attenuation shows signals with energies up to 1500 keV, which most 

probably belong to electrons emitted by 
90

Y. Because of the thin thickness of the detector, which 

dedicates this detector to electron measurements, there is a low probability for gamma rays originating 

from bremsstrahlung to interact in the sensitive volume and give rise to any signals. Additionally, 

according to NIST, for the average energy electrons emitted by 
90

Sr/
90

Y, only approximately 0.5% of 

the total energy loss in air is due to radiative losses (and approximately 0.8% for Aluminum).  
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The fact that higher energies cannot be seen in the spectrum could have two reasons, one is that 

the probability for emission of higher energy electrons is small as the mean energy of the electrons 

emitted by a beta emitter radionuclide is approximately one third of the maximum energy [55]. A 

second reason could have to do with the nominal thickness of the detector being limited and as a 

consequence, the high energy electrons do no deposit all of their energy in the detector when passing 

through it. For comparison, 2 MeV and 1 MeV electrons have the CSDA range in SiO2 (the detector 

material) of approximately 5 and 2 mm respectively, which should be compared to the 0.7 mm 

nominal depletion depth of the detector. This indicates that the low number of high energy detections 

in Figure 4-10 could either originate from noise or from electrons that do not pass the detector 

perpendicularly to its surface and thereby traverse a longer path inside the 300 mm
2 
active area.  

In the spectrum shown in the lower half of Figure 4-10, it can be seen that the 0.028 mm 

Aluminum attenuates the electrons and thereby shifts the spectrum towards lower energies.  

The spectrums for the thicker attenuation measurements where a stronger source was placed in 

front of the detector for 380 seconds are presented in Figure 4-11. This measurement time was chosen 

as it was sufficient to clearly distinguish the beta energy spectrum from the background for all three 

thicknesses of Aluminum. These measurements clearly show the decrease in number of detected beta 

particles and the shift towards lower energies with increasing Aluminum thickness.  

 
Figure 4-11: Attenuation spectrums using the stronger source with 0.112 mm (left), 0.896 mm (middle) 

and 1.4 mm of Aluminum (right), note the difference in y-scale 

In order to confirm that these obtained spectrums truly represent beta particles emitted by the 

source, they were compared to the energy distribution of 
90

Sr/
90

Y betas presented in an earlier study 

performed by Grozev et at. [56]. 

This experiment confirms the sensitivity of the Silicon semiconductor detector for beta detection 

and shows the kinds of spectra expected as the beta particles pass through different thicknesses of 

Aluminum. It also indicates the impracticality associated with using this detector for in vivo 

measurements.  

The extreme sensitivity of the detector to light, vibrations, and electromagnetic fields as described 

in Section 3.6.2 makes it unsuitable for long duration in vivo measurements. 

4.4.3 Thermoluminescent Dosimeter 
Figure 4-12 shows the measured doses with background subtracted and normalized to 24 hours for 

different thicknesses of Aluminum.  

The average output from the background TLDs that were placed in the experiment room was 0.82 

nC which after multiplication by the calibration coefficient of that batch of TLDs is converted to the 

absorbed dose of 0.20 mGy. This background was subtracted from the measurements before they were 

normalized to 24 hours and presented in Figure 4-12. Although the amount of background radiation 

was greater than the absorbed dose values remained after the subtraction (which is not optimal for any 

type of measurements), the fact that all of the measured absorbed doses beside one of them were 

positive gives confidence that the TLDs were affected by the source. The primarily reason for these 

results is the low activity of the source which after further  attenuation by the Aluminum shows signs 
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of the minimum detectible amount of beta radioactivity with these TLDs for this amount of 

background and this setup.  

 
Figure 4-12: Attenuation measurements with TLDs with and without plastic shields 

Figure 4-12 shows that the measured absorbed doses declines with increasing Aluminum 

thickness, this is an indication that it actually is the beta particles from the 
90

Sr/
90

Y source that are 

being measured. Beside the attenuation of the beta particles by the Aluminum, a small part of the 

decline may be due to the increasing distance between the source and the TLDs as the Aluminum 

strips were placed between them.       

For 
90

Sr/
90

Y, the absorbed dose build-up should occur between 0 and 0.1 mm of Aluminum 

thickness [57]. The fact that this build-up cannot be seen in Figure 4-12 could be due to the shape of 

the 
90

Sr/
90

Y source used in this experiment. As a consequence of the source being situated in a small 

hole (see Figure 3-4); beta particles not emitted in the strict forward direction have to pass through a 

thickness of plastic (the material that surrounds the 
90

Sr/
90

Y source) before reaching the TLD material. 

Additionally, in the case of the TLDs with plastic shields, the energy of the beta particles is to an 

extent attenuated by the plastic before they can deposit energy in the TLD material. Considering these 

facts, the scatter equilibrium which is the main cause for the absorbed dose build-up is not produced 

between 0 and 0.1 mm of Aluminum thickness in this setup and thus cannot be seen in Figure 4-12. 

The attenuation of the beta particles before reaching the TLD material results in the maximum 

absorbed dose moving towards the surface (i.e. with zero Aluminum thickness).  

As can be seen in Figure 4-12 the plastic shield does not seem to have a negative effect on beta 

measurements. These results show a significantly higher dose measured by the TLDs in plastic shields 

compared to the TLDs without any sort of shield. This is confirmed by the results of measurements 

made where TLDs with and without shield were placed at a distance of 1 cm from the 
90

Sr/
90

Y source 

(see Table 4-4). The lower absorbed doses compared to the setup where the TLDs were placed directly 

on the source are due to the increased distance and as a consequence of the inverse square law.   

Table 4-4: The results of TLD measurements with and without shield placed at a distance of 1 cm 

from the 
90

Sr/
90

Y source for 24 hours 

TLD mGy 

With plastic shield 0.088 

Without plastic shield 0.024 

Due to the thin thickness of the plastic shields (thinner than 0.03 mm), it is highly unlikely that it 

have a significant effect on the electrons emitted by the source. Additionally, any effects caused by 

these plastic shields become of less relevance with Aluminum in between the source and the TLDs, 

and as shown in Figure 4-12, the difference between the shielded and un-shielded TLDs can still be 

seen as the thickness of the Aluminum increases.  
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Another factor that potentially could give rise to these results is the fading of the TLD signal. It 

could be that, due to the long period of time over which these measurements were performed and 

thereby the long period of time between each measurement and the read-out of this specific batch of 

TLDs used in this experiment, the un-shielded TLDs were more exposed to a fading effect. Using the 

collected data from the TLDs placed in front of the 
90

Sr/
90

Y for 24 hours, this explanation was 

investigated and the results are shown in Figure 4-13. 

 
Figure 4-13: TLD measurements with different numbers of days between the measurements, and with 

the readout after the last measurement (Note the difference in scales for the two plots.) 

The points in Figure 4-13 represent the amount of absorbed dose for each TLD and the time of 

exposure, which for each TLD was at some point between the annealing (performed on day 0) and the 

readout (done after the second measurement for each of these two groups of TLDs). As Figure 4-13 

illustrates, among the four points included in the two plots, the highest absorbed dose was obtained 

from the TLD with plastic shield which was readout shortly after the exposure (0.15 mGy). 

Considering these measurements solely, TLDs with plastic shields seem to be more prone to the fading 

effect. Although no conclusive conclusions can be drawn from these few data points, the theory that 

TLDs without plastic shields would experience a greater fading effect is not supported by these 

measurements. Additionally, previous studies have indicated that for similar kind of TLDs, the fading 

effect do not have a significant role for time periods less than a year [58]. 

Although the TLD measurements show an undeniable effect of the plastic shield on the measured 

absorbed doses, there are other effects that influence the results and that require to be explained. 

Analysis of the obtained data do not show the expected linear relationship between absorbed dose and 

time in front of the source, as illustrated in Figure 4-14. 

 
Figure 4-14: Measured absorbed dose for different numbers of hours of exposure  

These results were obtained without any Aluminum attenuation and with the plastic shielded TLDs 

placed directly on the source.  

The non-linear relationship between absorbed dose and time may be a consequence of the setup. 

As Figure 4-10 indicates, the mean energy of the electrons emitted by the 
90

Sr/
90

Y source is 

considerably less than the maximum energy. Considering the mean energy of betas emitted from each 

radionuclide, a total mean energy can be calculated to 0.560 MeV which according to NIST 

corresponds to an CSDA range of approximately 0.9 mm in Lithium Fluoride. As the most probable 

energy is substantially lower than the mean energy and that these electrons are additionally slightly 
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attenuated by the thin plastic shield, the majority of the electrons entering the TLDs are limited to the 

surface and thus a small part of the total volume of the TLD material. This factor may give rise to a 

saturation of dose due to the limited number of traps in the TLD material that are accessible to these 

electrons, causing the output from the TLDs placed in front of the 
90

Sr/
90

Y source for 47 and 72 hours 

to be approximately the same as the ones placed for 24 hours. The decrease in numbers of 

themoluminescence traps causes a reduction of the sensitivity of the material [59], the fact that 

0.150 mGy was the maximum absorbed dose measured by these TLDs may indicate that for this setup, 

the saturation occurs at that level. Note that in Figure 4-12, for the absorbed dose with no attenuation, 

only the data obtained by TLDs placed in front of the source during 24 hours was used. 

Due to the setup, the outputs of the TLDs are affected by the homogeneity and the sensitivity of 

the particular part of the TLD that is being irradiated by the primary radiation. One possible 

explanation for the variation between the outputs from the TLDs placed in front of the 
90

Sr/
90

Y for the 

same amount of time could be that the positioning of the TLDs in reference to the point source could 

have been slightly different between the measurements. If the point source was not aligned with the 

center of the TLD, the TLD area covered by the primary radiation field would have been different.     

These facts may be part of a possible explanation for some of the unexpected results obtained by 

TLDs placed directly on the source for different amounts of time. More clarification can easily be 

made by using a different source and setup. Also a more active source should be used in order to, in a 

more effective manner, study the possible cause(s) for the significantly different outputs between 

TLDs with and without plastic shield when exposed to beta radiation. 

Although the TLD measurements did give rise to some unanswered questions that require further 

investigation, it did confirm that Lif:Mn TLDs with plastic shields are capable of low dose beta 

measurements which is of importance since TLDs without plastic shields cannot be used for in vivo 

measurements. The TLD measurements also provided information about the amount of time needed in 

order to obtain a quantifiable reading.  

Based upon these measurements, and keeping in mind that the amount of any activity in the 

fracture is unknown in addition to that any possible beta particles coming from the fracture site would 

have to pass through different thicknesses of bone/tissue before reaching the TLDs, it was estimated 

that a time period of approximately one week with the TLDs placed near the fracture would be both 

practical and sufficient for indicating any possible difference between the two tibias (which would hint 

the presence of ―naturally‖ occurring 
90

Sr in the fracture site).   

4.4.4 Measurements on tibia fracture patients 
The results of the in vivo measurements described in Section 3.7 are presented in Table 4-5. 

Table 4-5:  Results of the TLD measurements on both tibias of patients with tibia fractures treated 

with TSF  

Patient Time after 

operation 

(days) 

Duration of the 

measurement 

(days) 

Measured surface dose at 

the fracture 

(mGy) 

Measured surface dose at 

the non-fractured tibia 

(mGy) 

1 1 6 12.80 ± 1.70 6.20 ± 1.50 

2 1 10 5.94 ± 0.75 0.28 ± 0.29 

3 1 10 0.21 ± 0.03 0.19 ± 0.01 

4 54 10 0.11 ± 0.01 0.14 ± 0.01 

4 98 7 0.32 ± 0.01 0.33 ± 0.01 

The presented absorbed doses are the averages calculated from the three TLDs at each site with the 

standard deviation as a measure of the dispersion between each set of three TLDs.  

The measurements on patient one and two were perturbed by a CT scan which was performed on 

these patients after the placement of the TLDs on their tibias. For both of these patients, the results 
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from the measurements show a significantly higher value for the TLDs at the fractured tibia compared 

to the TLDs on the non-fractured tibia. This is a result of the way the CT scans were performed, with 

only one leg (the fractured tibia) entering the gantry of the CT scan and the other leg bent for avoiding 

direct exposure.    

For patient number three, which also was attached with TLDs the day after the operation (after the 

CT scan was performed), a slightly greater average dose was measured on the fractured tibia which 

after considering the dispersion between the three TLDs could equally well be no different from the 

un-fractured tibia.  

Both measurements on patient number four showed a slightly greater dose on the non-fractured 

tibia.  

As the results of the measurements on patient three and four point in different directions, it is 

highly unlikely that the differences between the two tibias would be due to exposure of the TLDs by 

internal radionuclides. The results from these TLD measurements indicate that the long period of time 

associated with each measurement causes the results to be affected by various different factors. For 

example, one possible explanation for the results of the measurements on patient four could be the fact 

that he slept in a bed next to a wall with the non-fractured leg closer to the wall, causing it to be more 

exposed than the other leg, as the building material of older apartments usually contain natural 

Uranium (which consists of 
238

U, 
235

U, and 
234

U). 

 The results from these TLD measurements do not show any sign of a quantifiable higher 

concentration of 
90

Sr at the fracture. There could be several possible explanations for this, for example, 

that the beta particles emitted by 
90

Sr are incapable of exiting the human body, the methodology of 

using LiF:Mn TLDs in this manner is not sensitive enough for indicating any possible difference 

between the two tibias, or that there is no higher concentration of ―naturally‖ occurring 
90

Sr at the 

fracture site compared to other sites in the body.  
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5 Conclusions and Future work 
This chapter begins with conclusions for each component of this thesis that are drawn from the 

results presented in the previous chapter. Section 5.2 describes topics that have not been fully covered 

in this project and offers recommendations for future work. Section 5.3 presents some reflections on 

various aspects of this work. 

5.1 Conclusions 
Conclusions on the first and the second component of this work are presented in Section 5.1.1 

and 5.1.2  respectively.  

5.1.1 PET/CT scans of fracture tibia patients 
The collected SUVs and the TLD measurements on the tibia fracture patients injected with Na

18
F 

serve to demonstrate and establish the following points: 

 In order to reduce the radiation burden, it is of great importance that these patients empty 

their bladder directly after the PET scan is performed. 

 For the patients treated with TSF, the TLD measurements could confirm that the injected 

Na
18

F in a higher degree accumulates at fracture sites. 

 The surface dose on the fracture site measured by the TLDs is sensitive to position 

displacements, indicating that there is a small volume with high concentration of Na
18

F. 

 The practice of using SUVmax for evaluating the bone remodeling progress is verified and 

supported by the data collected with the TLD measurements. 

 As a consequence of the correlation between the amount of injected activity and the 

uptake of Na
18

F by the fracture site (which also has the potential to affect the SUVs), 

inter-patient comparisons of SUVs (and also intra-patient comparisons, if the injected 

activity is different between the two PET scans) need to be done with forethought, taking 

the amount of injected activity into consideration. 

 For these patients, it seems that the mean activity concentration at the fracture site is to a 

higher degree sensitive to an excessive injection of Na
18

F than the maximum activity 

concentration. This indicates that there is a limit to the maximum activity concentration 

which can potentially be reached with amounts of activity in the same order as 

administered to these patients.  

 Comparison of SUVmax at the fracture site between different PET scans of the same patient 

should only be done if the amount of injected activity is approximately the same for the 

two PET scans. 

 An excessive amount of injection without considering the weight of the patient mainly 

affects the absorbed dose to the bladder. 

 According to the TLD measurements during the CT scan, the TSF does not seem to have a 

quantifiable effect on the CT scan dose or the scatter of the X-rays toward higher parts of 

the body. 

Although all the stated points have a firm base on the performed measurements, further studies on 

these patients are required in order to find possibly stronger correlations between the different 

variables involved.  

The collected data also emphasize that the measurements on the fracture site should be done by 

putting more consideration into the placement of the TLDs, for example, by trying to put TLDs exactly 

on the same spot on the patient for the two PET scans. This can be achieved by documenting the 

placement of the TLDs for each patient, e.g. with photographs, marking dye (as used in radiotherapy), 

or some other method.  
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5.1.2 Accumulated activity in the fracture due to naturally occurring 
bone seeking radionuclides 

The assembled information from the literature study, the 
90

Sr source measurements, and in vivo 

measurements regarding the exploitation of naturally occurring radionuclides for evaluation of the 

bone healing process serve to establish following points: 

 As a ―naturally‖ occurring radionuclide,
 90

Sr has environmental, physical, and chemical 

properties that make it capable of accumulating in healing fractures and thereby suitable 

for detecting a potentially higher concentration of it in tibia fractures. 

 LiF:Mn TLDs with plastic shields are capable of low absorbed dose beta measurements. 

 According to the method of using LiF:Mn TLDs, there is no quantifiable higher 

concentration of  
90

Sr at fracture sites. 

While the literature study seems to support the idea of the accumulation of ―naturally‖ occurring 

Strontium at fracture sites, it is unclear how much 
90

Sr it is in a specific person. Variations between 

different persons could have various causes, e.g. age, where the person is born and brought up, and 

food habits. Due to these possible variations between patients, a large number of individuals would 

need to be studied in order to draw any conclusive conclusions. Considering these facts, it is advisable 

to use a much more sensitive and advanced technique in order to firstly establish a link between the 
90

Sr existing in the human body and fracture sites before attempting to perform measurements on 

random patients. 

5.2 Future work 
Additional TLD measurements on TSF patients would give more insight regarding the correlation 

between factors affecting the uptake of Na
18

F at different sites. For example, it would allow for 

dividing the data considering factors like age, general health, time after fracture, and position of the 

fracture. These data would be useful for taking steps towards a quantitative approach to the bone 

remodeling process which would not only be limited to intra-patient comparison of the SUVs between 

the two PET scans. Inter-patient comparisons of the SUVs would require additional data to potentially 

develop an optimal amount of the injection activity that would consider the weight of the patients and 

uptake in the fracture site in a more balanced manner than the 2 MBq/kg used today. This would also 

provide the means for a better use of SUVmean, as this is a more suitable quantity for evaluating the 

bone remodeling progress than SUVmax. For example, one interesting approach would be if instead of 

using the body mass as an indicator for the most suitable amount of injection activity, the possibility of 

accounting for the bone mass could be looked into (as Na
18

F primarily accumulates in bones). This 

would be a step towards a more optimal and individualized activity injection as well as it would 

further decrease the radiation burden on these patients. 

Regarding the 
90

Sr source measurements, it would be of interest for beta dosimetry to further 

investigate the difference between the capabilities of LiF:Mn TLDs with and without plastic shields. 

This is important due to the fact that TLDs are calibrated with a beta source. The calibration is done 

without the TLDs having the plastic shield on and if the plastic shield has a substantial effect on beta 

particles, the output from the TLDs used for beta dosimetry would not correspond to the actual amount 

of dose that is of interest. 

A possible link between ―naturally‖ occurring 
90

Sr and fracture sites is yet to be established, 

furthermore, if any link is found, studies have to be performed regarding how any concentration of 
90

Sr 

at the fracture would correspond to valuable clinical information such as stage of fracture healing, 

healing rate and optimal time for removal of the TSF. 

5.3 Required reflections 
As the progress of new technologies in the field of applying radiation in clinics opens up 

possibilities to help a greater number of patients having various problems, more attention should be 

given to the ethical aspects of these practices. 
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All of the patients that were injected with Na
18

F on whom the TLD measurements were performed 

had signed up for the PET scans as part of a study that was approved by an ethics committee, 

Dnr 2012/1049-31/1. 

Both components of this project were based on in vivo measurements and involved patient contact, 

which required a positive and rewarding approach in order to make the patients interested and 

comfortable with participating. However, the measurements done for this project did not by itself 

expose the patients to any additional radiation, discomfort, or dietary restrictions, therefore the ethical 

aspects of performing these measurements were minor. 

As TLDs are reusable, were available, and regularly used in Karolinska Hospital and the 

equipment used during the course of this project was available in the hospital or the labs of Stockholm 

University, the economic and environmental aspects of this project can also be considered to be minor. 
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Appendix A Records for one TLD measurement 
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Appendix B Patient information sheet 

Patientinformation 

På Karolinska Universitetssjukhuset pågår ständigt forskning och utveckling med avsikten att 

förbättra vården och utveckla behandlingsmetoder. Vi vill nu undersöka möjligheten att mäta 

benomsättningen under frakturläkning genom att registrera den strålning som avges från det 

Strontium vi får i oss via kosten.  

Strontium är ett grundämne som alla får i sig via maten. Eftersom dess kemiska egenskaper 

liknar Kalcium lagras det i benen. Vid eventuella benbrott transporteras Kalcium (och även 

Strontium) till frakturområdet för att påbörja läkningsprocessen.  

Det Strontium som tas upp i kroppen via maten avger en sorts strålning som vi vill försöka 

mäta genom att placera små detektorer på benet med fraktur och på motsigt ben. 

Genom information från denna studie skall transporten av Strontium till frakturområdet 

undersökas. En påvisad ansamling av Strontium skulle ge betydelsefull klinisk information 

om läkningsprocessen. 

Deltagande i denna studie innebär inget extra läkemedelsintag och inte heller någon 

förändring av din vanliga kost. Du drabbas därmed inte av för någon ökad strålning. 

Deltagande i denna studie är helt frivilligt. 

Instruktioner till dig som ingår i studien: 

 Tejpa dosimetrarna på vartdera skenbenet (en över frakturen och en på samma ställe 

fast på andra benet). 

 

 Ett bandage kan lindas runt för att hålla dosimetrarna på plats och undvika att de 

lossnar. 

 

 Dosimetrarna kan tas av vid duschning. 

 

 Det är viktigt är att du har samma dosimeter på samma ben under hela mätningen. 

 

 Dosimetrarna är numrerade för att kunna identifieras, du kan använda numreringen för 

att placera dem på rätt sida vid eventuell borttagning. 

 

Vid frågor kontakta:  

Kousha Mirzadeh     Tel: 0736643--- 

                                  E-post: kousha88@hotmail.com 

mailto:kousha88@hotmail.com

