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ABSTRACT 

Prostate cancer (PCa) is one of the most common diseases in the world. PCa 
can primarily disseminate to the bone, causing bone metastases, which in turn 
can lead to death. To treat the disease it is important to diagnose bone 
metastases as soon as possible. Bone metastases are diagnosed usually by 
bone scan imaging. However, interpretation of bone scan images is not 
always an easy task for physicians. One way of minimising the risk of 
misinterpretation is quantitative analysis of bone scan images in order to 
ascertain whether they show any metastatic lesions, and if so, to what extent. 
Quantification of the bone scan, i.e. the bone scan index (BSI) method, could 
be used for prognostication of survival, or to follow up the effect of 
treatment. The aim of the thesis was to develop and validate a fully 
automated method for the quantification of skeletal images in patients with 
prostate cancer based on the BSI method. This thesis is based on four papers. 
In paper 1, "A Novel Automated Platform for Quantifying the Extent of 
Skeletal Tumour Involvement in Prostate Cancer Patients Using the Bone 
Scan Index", we developed an automated BSI-quantification method, used it 
in a training group of 795 patients, compared it to a manual method and 
assessed the prognostic value of BSI in an evaluating group of 384 patients. 
The automated method showed a good correlation (r=80%) with the manual 
method, and BSI was strongly associated with prostate cancer death. In paper 
2, "Bone Scan Index: a prognostic imaging biomarker for high-risk 
prostate cancer patients receiving primary hormonal therapy”, we found 
that BSI included prognostic information in addition to other clinical 
parameters such as “prostate-specific antigens”. Patients with BSI<1 had a 
much higher survival rate after 5 years than those with BSI>5. In paper 3, 
“Progression of Bone Metastases in Patients with Prostate Cancer - 
Automated Detection of New Lesions and Calculation of Bone Scan 
Index”, we further develop the automatic method to find new metastases 
using a training group of 266 patients. The method evaluated 31 patients who 
received chemotherapy. Patients with an increase in BSI during treatment had 
a lower two-year survival rate (18%) than those with a decrease in BSI 
(57%). In the final paper, “Assessment of baseline and longitudinal bone 
scan index measures in the context of a randomised placebo-controlled 
trial of tasquinimod in men with metastatic castration-resistant prostate 
cancer (mCRPC)”, we retrospectively calculated BSI at baseline and upon 
treatment in 85 patients from a clinical trial. We found that BSI and BSI 
change on-treatment were associated with survival. BSI correlated with 
known biomarkers of survival, but adds independent prognostic information. 
In conclusion, BSI calculated using an automated method contains prognostic 
information and can be used to evaluate treatment effects. 



 

 



POPULÄRVETENSKAPLIG SAMMANFATTNING 

Prostatacancer (PCa) är den vanligaste cancer sjukdomen. PCa kan sprida sig 
till andra organ, framförallt till skelettet och orsaka skelettmetastaser (Sm). 
Skelettscintigrafi är den vanligaste metoden för att undersöka om en patient 
har Sm eller inte. Patienter med mycket utbredda Sm har sämre överlevnad 
men det finns ingen kliniskt användbar metod att beskriva detta. En sådan 
kvantifiering skulle kunna användas för att bedöma PCa patienternas 
överlevnad eller om en behandling är effektiv eller inte. 

Syftet med avhandlingsarbetet var att utveckla och testa en helt automatisk 
metod för kvantifiering av skelettbilder från patienter med PCa. Metoden 
baseras på en tidigare beskriven manuell metod som kallas Bone Scan Index 
(BSI). Arbetet beskrivs i fyra sammanhängande studier.  

I första studien, “A Novel Automated Platform for Quantifying the Extent 
of Skeletal Tumour Involvement in Prostate Cancer Patients Using the 
Bone Scan Index”, utvecklade vi en helt automatisk metod baserad på nya 
bildbehandlingslösningar, artificiella neurala nätverk och en träningsgrupp 
som bestod av 795 skelettbilder. Metoden testades på 384 PCa patienter som 
undersökts med skelettscintigrafi i samband med att de fick sin diagnos. 
Resultaten visade att de med ett BSI-värde mindre än 1 hade en bättre 
överlevnad än de med högre värden.  

I arbete 2, “Bone Scan Index: a prognostic imaging biomarkerfor high-risk 
prostate cancer patients receiving primary hormonal therapy”, visade vi att 
BSI metoden innehöll prognostisk information i tillägg till den som 
cancertyp, spridning och blodprover, speciellt prostata specifik antigen 
(PSA), innehåller. 5-årsöverlevnaden var betydligt bättre hos patienter med 
låga BSI än hos de med höga BSI värde.   

I tredje arbetet, “Progression of Bone Metastases in Patients with Prostate 
Cancer – Automated Detection of New Lesions and Calculation of Bone 
Scan Index”, vidareutvecklade vi BSI metoden för att hitta nya Sm när två 
skelettbilder från samma patient studerades. Nya Sm under behandling är ett 
tecken på att behandlingen inte är effektiv. Vi testade metoden på 31 
patienter som undersökts före och under kemoterapi. De som fick en ökning i 
BSI under behandlingen hade sämre överlevnad än de där BSI minskade.  

I sista arbetet,”Assessment of baseline and longitudinal bone scan index 
measures in the context of a randomized placebo-controlled trial of 



 

tasquinimod in men with metastatic castration-resistant prostate cancer 
(mCRPC)”, testade vi BSI i en grupp av 85 patienter som ingått i en 
läkemedelsstudie och som undersökts med skelettscintigrafi före och 12 
veckor efter behandlingsstart. BSI-värdet före behandling och förändring av 
BSI under behandlingen hade ett direkt samband med överlevnad. Ju högre 
BSI värde eller ökning av BSI desto lägre överlevnad.   

Sammanfattning: Kvantifiering av skelettscintigrafiska bilder har ett 
prognostiskt värde och det kan användas för att utvärdera behandlingseffekt 
hos PCa patienter. 
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1 INTRODUCTION 

1.1 Prostate cancer 
Prostate cancer (PCa) is one of the most frequent diseases in the world and 
the most common male cancer in Sweden. The incidence of prostate cancer 
varies widely across the globe. The incidence is higher in developed 
countries like the United States, Australia, New Zealand, Sweden and the 
United Kingdom. In the developing countries, on the other hand, we have a 
much lower incidence, according to data from the International Agency for 
Research on Cancers, reported in 2008 (1). The frequency of new cases in the 
United States is about 250,000 per year, with a mortality rate of 25% (2). The 
situation is the same in the United Kingdom (40,000 new cases and a 25% 
mortality rate) as in Sweden (9,663 newly diagnosed cases in 2011 and a 
25% mortality rate). In Sweden the incidence rate has tripled since 1970 (Fig. 
1). In 2010 PCa was the leading cancer incidence (33%) in our country, with 
a 2.4 per cent growth per year according to the National Board's report of 
2011 (2). Prostate-specific antigen (PSA) screening is the most important 
reason for the high detection rate of PCa, though the incidence rate of PCa 
detection has decreased slightly over the last few years, and we do not know 
how the trend will evolve in the future (3).  

 

 

 

 

 

 

 

 

Figure 1.    Incidence of prostate cancer in Sweden, 1960-2010. 
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1.2 Risk factors 
Several risk factors correlate with PCa, even if the underlying reason for PCa 
remains obscure.  

Age  

One of the major risk factors for PCa is ageing. A PCa diagnosis is very 
unlikely in anyone under the age of 50. The highest incidence rate is around 
65 to 80 years (Fig. 2) (2, 4), though PCa is more curable in younger patients 
than in older ones, according to Carter et al (5). If a curative treatment is to 
be started, a certain duration of expected survival is usually required. 
Curative treatment is thus recommended as being preferable for younger 
patients. The reason for the exponential increase in the prevalence of prostate 
cancer by ageing remains unknown (6).   

 

Figure 2.   Incidence of prostate cancer and age. Cancer Statistics National 
Board. 

 

The prevalence and mortality of PCa is multiplied by ageing. In fact, we 
cannot find any other disease in which prevalence and mortality increase as 
fast as they do in prostate cancer (6). The results of autopsy studies of men 
aged over 50 from several countries show an average of 22% as having latent 
prostate cancer. More than 70% of all patients with latent prostate cancer in 
the United States are over the age of 65. On the other hand, the probability of 
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getting PCa is less than 0.006% in men younger than 39, while this risk rises 
to over 2% around the age of 50 (7).  

Heredity  

Another risk factor for prostate cancer is heredity. Patients with relatives with 
a history of PCa were at greater risk of being diagnosed with PCa. In a 
review, Bratt et al pointed out a strong relationship between PCa and 
hereditary factors (8, 9). Genetic factors are deemed to be powerful 
determinants of prostate cancer.  

Ethnicity 

In the US prostate cancer is more common amongst African Americans, in 
whom the mortality rate is higher than in Caucasians. Makridakis et al 
showed an association of mis-sense substitution in SRD5A2 gene between 
genetic factor in African Americans and a higher incidence of PCa than in 
other groups (10).  

Diet 

Among the risk factors of PCa diet has been mentioned. One clear difference 
between the U.S. and Western Europe on the one hand and Asian countries 
like Japan and China on the other hand is lifestyle and eating habits. Chinese 
and Japanese people eat a lot more vegetables and seafood than we eat in the 
western world. Sofi et al has been previously presented a study confirming 
the health benefits of the Mediterranean diet in cardiovascular disease and 
even a reduced mortality from cancer (11). Men with a high consumption of 
meat, cheese, eggs, and milk have a relatively higher risk of fatal PCa than 
others (12).  

Obesity  

A public health problem in the Western world and particularly in the U.S. is 
obesity, which is a known determinant of cardiovascular disease and 
diabetes, but has also proved to be a risk factor for death from PCa. Several 
studies have identified a direct correlation between obesity and the risk of 
dying from the aggressive type of PCa. In a study of 800 patients from the 
U.S. it was found that those with a body mass index over 25 were at 1.6 times 
greater risk of dying from their disease (13). 
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Smoking  

Smoking has been suggested as a risk factor for PCa. A large study in 
California including more than 43,000 men showed an increase of at least 1.9 
in the relative risk (RR) in men smoking one pack of cigarettes per day (14, 
15). 

1.3 Diagnosis of prostate cancer 
 

As PCa is a major health concern in the western world, it is crucial to detect 
any abnormality in time to decide whether an appropriate treatment option is 
necessary. An increased level of serum PSA over 4 ng/ml value in elderly 
men is the first sign of malignancy in the prostate gland. Younger adults 
should not have a PSA value of more than 2-3ng/ml (Fig. 3) (16).  

PSA screening of asymptomatic healthy men is one of the most controversial 
issues in medical debates. PSA is a protein specific to the prostate and it has 
been shown to be a very effective method of detecting early forms of PCa. 
PSA has been available since the late 1980s and quickly became very popular 
in the U.S. leading to a highly increasing incidence of PCa in the early 1990s 
(17).  

It is noticeable that an elevated PSA value does not necessary imply that the 
patient has PCa, as the PSA value increases with age, as it can be seen in 
25% of patients with benign prostate hyperplasia (18) or in men with acute 
bacterial prostatitis (17). Besides PSA testing in order to detect many cases of 
PCa, a statistical model has been proposed in order to find indolent type of 
PCa (19). 

At first glance, PSA testing appears to be an ideal health test. It is a low cost 
method, easy to obtain, and easy to interpret. Moreover, PCa found as a result 
of PSA testing is often curable. When the disease is detected as a result of 
clinical symptoms, it is almost not always possible to cure (19). 11-year 
follow-up results from the European Randomized Study of Screening for 
Prostate Cancer (ERSPC) showed a 29% relative reduction in the risk of 
death from PCa. This result is not in agreement with the US-based study by 
which 44% of participant underwent a PSA screening. The latter study did 
not show a significant difference in mortality caused by PCa, i.e. no benefit 
from PSA screening (20). Even if there is a decrease in PCa-caused mortality 
according to the ERSPC study, we still need to screen 1,000 people to find 20 
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PCa patients who need to be treated in order to save one life (21). Hugosson 
et al presented the result of 14-year follow-up screening of PCa by a 44% 
reduction in mortality from PCa, however; this reduction in mortality needed 
screening of 239 men to treat 12 in order to save one life. Side effects and 
overtreatment are considerable issues that make the benefits of PSA 
screening doubtful (22). Another aspect is that many patients are elderly men 
who probably die from some cause other than PCa, because the PCa is a low 
growing disease and often without any symptoms. The challenge is to find 
those patients who may derive benefit from treatment and suffer from an 
aggressive type of PCa. If this is a reasonable argument in this issue, the risk 
stratification will be the first step towards managing a treatment strategy. 
Neither Sweden nor the United States or other national health authorities 
currently recommend screening for PCa with PSA tests. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of different steps in diagnosis and staging of prostate 
cancer. DRE=Digital rectal examination, PSA= Prostate-specific antigen, MRI= 
Magnetic resonance imaging. 
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A digital rectal examination (DRE) is carried out so as to identify 
pathological changes in patients with symptoms or with high PSA levels 
from a screening examination. A histopathological verification is performed 
in order to confirm malignancy of the prostate. The European guideline for 
confirmation of suspected PCa recommends a transrectal ultrasound (TRUS)-
directed repetitive biopsy. Further, it will be needed to identify whether the 
PCa abnormality is localized or whether the cancer cells have disseminated to 
adjacent organ. Magnetic resonance imaging (MRI) is recommended for local 
staging of PCa (16).  

One of the most important factors in PCa staging is to determine whether it 
has spread to other organs. The most commonly used staging system for 
categorisation of cancer is the system proposed by American Joint 
Committee on Cancer (AJCC) called the TNM-staging system (23). 

“T” describes the size of the primary tumour and whether it has disseminated 
to adjacent tissue. 

“N” describes the presence of cancer cells in the adjacent lymph nodes. 

“M” stands for metastasis, i.e. dissemination of cancer to distant organs. 

Clinical T stage is used in combination with a Gleason score and PSA values 
to stratify patients with localized PCa into low-risk, intermediate-risk or 
high-risk categories (Table 1) (24) 

 

 Gleason 
score 

 Clinical 
stage 

 PSA 

Low risk <= 6 + T1c-T2a + <=10 ng/ml 

Intermediate 
risk 

7 or T2b-T2c or >10-20 
ng/ml 

High risk 8-10 or T3-T4 or >20 ng/ml 

Table 1.  Risk stratification of clinically localized prostate cancer patients 
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1.4 Treatment of prostate cancer 
Patients with PCa in different stages of the disease are given different types 
of treatment (Fig.  4). Active surveillance or watchful waiting is a common 
alternative in asymptomatic PCa patients with localized disease and low-risk 
based on T-stage, Gleason score and PSA. Radical prostatectomy with or 
without external-beam radiation therapy (EBRT), or interstitial implantation 
of radioactive isotopes (25, 26) is more common in high risk patients. In 
more advanced stages of localized PCa, hormonal therapy such as 
orchiectomy or luteinizing hormone-releasing hormone (LH-RH) agonist is 
also common in combination with EBRT.  

 

 

 

 

 

 

 

Figure 4. Treatment option for different stages of prostate cancer (localized, 
localized advanced, primary metastasised and metastatic castration-resistant) 
based on severity of PCa. 

At a more advanced stage of the disease, metastatic castration-resistant 
prostate cancer (mCRPC) bone metastases are present and hormonal 
treatment is no longer efficient. PCa at this stage is not curable (25) and the 
treatment options have been bisphosphonate and anti-mitotic chemotherapy 
(Docetaxel) (27). With treatment, these patients experience pain relief, a 
decline in serum PSA and regression of metastases in soft tissue (27). Overall 
survival of these patients ten years ago was not more than 16 months, but 
with treatment survival has improved to up to 3 years (28).  
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Recently, new alternative treatments to chemotherapy with lower side effects 
have been developed (29). They directly target the cancer cells angiogenesis 
or have anti-metastatic mechanisms. Abiraterone (30) and MDV3100 are 
already approved and Tasquinimod (26), Orteronel (TAK700) (31) have been 
shown to be effective with few adverse events in recent phase I/II and III 
studies.  

Ageing of the population i.e. the increasing proportion of elderly people in 
the population is due to several factors for example, economic, social and 
medical progress in the western world. This will result in more elderly men 
who consequently suffer from age-related diseases of which PCa is one of the 
most significant. This will result in a rapid increase in medical health care 
costs in the community (32). One way to approach this challenge is how to 
utilize the available health care resources optimally. How can we find the 
PCa patients who may derive benefit from expensive cancer drugs? 

In 1996 Sweden's National Prostate Cancer Registry (NPCR) began 
registering all patients diagnosed with PCa. Information about the disease, 
changes in tumour characteristics and treatment in different geographical 
regions is actively monitored. This type of information can be used in the 
search for adequate treatment strategies for future patients. 

1.5 Imaging 
Accurate staging is important in the management of PCa patients. Low risk 
patients, based on Gleason score, Clinical T stage and PSA values, have a 
low probability for metastatic disease, and imaging is not recommended. In 
high risk patients, different imaging options are possible (33). 

 

1.5.1 Bone scan 
The most widely used imaging modality for detection of pathological 
changes in bone – osteoblastic activity – is bone scintigraphy. The main 
clinical indication for bone-scan imaging is evaluation of metastatic disease. 
The most common patient group referred for bone scans is prostate-cancer 
patients who are being examined to diagnose metastatic disease. Referrals are 
especially common in high-risk patients and for evaluation of treatment 
response. Prostate cancer has a tendency to disseminate to lymph nodes and 
the skeleton as the preferred organs (34).  
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This non-invasive nuclear-medicine imaging examination is performed using 
a gamma camera (Fig. 5). Whole-body bone scans are obtained three to four 
hours after administration of 600 MBq 99m-technetium methylene 
diphosphonate (MDP) (35). The scanning procedure takes about 25 minutes 
and the result is two two-dimensional images – an anterior and a posterior 
image. These two-dimensional images are usually enough to show whether 
there are any pathological changes in the skeleton.  

 

 

 

 

 

 

 

 

 

Figure 5.   A gamma camera with capability to acquire planar whole-body and 
tomography images.  

 

The MDP uptake process is believed to occur mainly through crystallisation 
of hydroxyapatite and partly through formation of calcium phosphate, 
resulting in bone mineralisation. The MDP uptake in the skeleton is 
proportional to osteoblastic activity, e.g. bone repair, which in turn leads to 
an increased blood supply to the bone (36). Half of the injected radioactive 
tracer accumulates in the bone, with the highest concentration being attained 
after one hour. The greater part of the tracer will have left the vascular bed 
three hours after injection, and image quality is normally optimal at this time, 
with activity in the soft tissue being low in relation to that in the skeleton. 
Bone scanning is a sensitive method, and abnormal uptake in a bone scan, i.e. 
increased osteoblastic activity, can be detected before increased density can 
be detected using radiological modalities (37).  
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MDP undergoes glomerular filtration, and distribution is thus dependent on 
renal function (37). In patients with normal renal function there will only be a 
few per cent of MDP remaining in the soft tissue after three hours. In patients 
with decreased renal clearance, however, much higher levels can be seen 
(38). 

Interpretation of a whole-body bone scan is a visual assessment, and is highly 
dependent on the level of experience of the nuclear-medicine physician (39). 
Areas with high tracer uptake in bone can be normal variants, but focal 
uptake in bone should always be considered carefully. High uptake could be 
caused by trauma, thus the patient history is important. Bone-scan readers 
should take into account the localisation, symmetry, shape and intensity of 
each lesion in order to distinguish pathological changes due to metastatic 
activity from degenerative changes in the skeleton. A normal and a 
pathological bone scan are illustrated in Fig. 6.  

 

Figure 6. Normal (A) and pathological (B) bone scans (anterior and posterior 
projections). 
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1.5.2 SPECT/CT 
 

Functional and structural information about cancer of different organs can be 
obtained using dual-modality imaging, e.g. computed tomography (CT) 
combined with single-photon-emission computed tomography (SPECT). The 
former provides the structural information on the body and the SPECT 
provides the functional data. The three-dimensional SPECT and CT images 
can be merged or shown in the same image, so that simultaneous analysis is 
possible (40). A SPECT/CT examination of the lower back can provide more 
precise information about the localisation of a lesion in a vertebra. The CT 
can also show whether there are any degenerative changes in the joints that 
could explain an increased tracer uptake in a bone scan.  

1.5.3 MRI 
 

Another imaging modality used in PCa patients is magnetic resonance 
imaging (MRI). This modality can be used for local staging of early prostate 
cancer (33, 41). With MRI it is possible to distinguish between soft tissues 
with different properties. A tumour in the prostate can be more accurately 
described in terms of location and in relation to other organs, especially with 
regard to the presence of extracapsular extension, but the use of MRI in PCa 
is still limited.  

1.5.4 PET 
 

Positron emission tomography (PET) is another nuclear-imaging modality, 
and it can provide high-resolution three-dimensional images of the human 
body. Intravenous injection of a positron-emitting radioactive tracer results in 
the emission of pairs of gamma rays, which the PET camera uses to build a 
three-dimensional image. This method, together with CT, has proven to be a 
successful imaging modality that offers much higher image resolution and 
greater specificity, enabling diagnosis of metastases in the bone and tumours 
in soft tissues (fig. 7). In high-risk prostate-cancer patients Sapir et al 
demonstrated greater sensitivity and specificity in the detection of bone 
metastases using 18F-Fluoride PET/CT than using a planar whole-body bone 
scan (42). However, the limitation of PET and MRI scanning is that they are 
not available in many of the world's healthcare centres, and the cost of these 
imaging modalities is much higher than that of a bone scan. 
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A new hybrid imaging modality is PET/MRI. It is still mainly a research tool, 
but it may become important for the detection of malignancies in oncological 
imaging (43). PET/MRI could play a key cancer-management role in the field 
of molecular imaging, by means of which the pathway of tumour 
angiogenesis and the mechanism of the cell signalling system can be 
explained (44). 

 

  

 

 

 

 

 

 

 

 

Figure 7. A PET/CT system for detection of metastatic disease and evaluation of 
treatment response in human body. Image to the left demonstrate a FDG-PET 
scan of a patient with widespread metastatic bone lesions. 
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2 AIM 

The overall aim of this thesis was to develop and evaluate a new automated 
quantification method for analysis of bone scans in prostate-cancer patients. 
The specific purposes of these studies were as follows: 

1. To develop a fully automated method for quantifying the 
percentage of the skeleton affected by tumour mass on a bone 
scan, based on the clinically validated methodology for 
manually computing the Bone Scan Index (BSI), and to 
determine the clinical value of automated BSI measurements 
beyond conventional clinical and pathologic features. 

2. To explore the prognostic value of BSI obtained at the time of 
diagnosis in a group of high-risk prostate-cancer patients 
receiving primary hormonal therapy. 

3. To develop and evaluate an automated method for the detection 
of new lesions and changes in BSI in serial bone scans, and to 
evaluate the prognostic value of the method in a group of 
patients receiving chemotherapy. 

4. To evaluate the relationship between baseline BSI, other 
prognostic biomarkers and survival in the context of a 
randomised placebo-controlled trial of tasquinimod in men with 
metastatic castration-resistant prostate cancer (mCRPC). 
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3 METHODS 

3.1 Quantification of Images   
  

Over the last 30 years we have seen revolutionary developments in the field 
of medical imaging. Three-dimensional motion algorithms for calculation of 
myocardial elasticity using MRI (45), quantitative measurements of 
myocardial perfusion using PET (46) and quantification of left-ventricular 
function from gated SPECT (47) are a few examples. The internal organs, 
spine and brain can be visualised using three-dimensional volumetric 
imaging modalities such as MRI and CT. Quantitative measurements of 
breast density in mammography have proved to be a moderate risk factor for 
breast cancer (48, 49). Physicians in the field of nuclear medicine, however, 
usually base their reports on visual analysis of the images. Quantitative 
analysis is common in some areas in which cardiac function and perfusion 
are assessed, e.g. nuclear cardiology (50, 51).This type of information has 
proved to contain important diagnostic and prognostic data (52, 53), thus 
quantitative results are routinely included in cardiac reports. Quantitative 
analysis will probably also become more widely used in other areas, e.g. 
cancer imaging. Sullivan recently argued that radiologists should also provide 
quantitative data (54).  

A quantitative method of bone-metastasis analysis was presented by a group 
at the Memorial Sloan-Kettering Cancer Center (MSKCC) (55). Their 
method was based on the proportional weights of each bone from the 
reference male (56), and the extent of skeletal tumour involvement in whole-
body bone scans was presented as a Bone Scan Index (BSI). They later 
showed that the BSI was associated with survival in patients with prostate 
cancer (57). Their method of quantifying the extent of disease in whole-body 
bone scans has not, however, become widely used, one important reason for 
this probably being that its application is too time-consuming. The method 
was semi-automated, requiring the physician to mark bone structures 
containing lesions, after which a computer algorithm carried out the 
calculations of skeletal involvement. 

Our recent experience in developing an automated computer-assisted 
diagnosis (CAD) system for the diagnosis of metastatic disease in whole-
body bone scans formed the basis for the development of an automated BSI 
method (58). A diagram illustrating the different stages of the quantification 
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method is presented in Fig. 8. The methods have been incorporated into a 
commercially available software package developed by EXINI diagnostics 
AB (Lund, Sweden; http://www.exini.com).   

 

 

 

 

 

 

 

 

 

 

 

Figure 8.   Illustration of steps of the quantification method 

 

 

3.2 Segmentation 
The entire skeleton, except for the distal parts of the arms and legs, is 
delineated automatically in both the anterior and posterior view. The distal 
extremities are not delineated, since they are often not acquired completely in 
routine bone scanning. The delineation is carried out by automatically fitting 
to the skeleton a manually delineated template known as an atlas, comprising 
one anterior and one posterior image (Fig. 9).  
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Figure 9. Segmentation of whole-body bone scans (anterior, left, and posterior, 
right, images) by automated method resulting in 12 anatomical regions 

The fitting procedure is described in some detail below. The atlas is based on 
ten normal whole-body bone scans (five male and five female patients) from 
the training group (Fig. 10). The atlas was based on what Guimond and 
colleagues presented (59), and firstly involved fitting each of the ten normal 
scans to an arbitrarily selected member of the group of normal scans. The 
resulting ten image transformations are averaged to yield a transformation to 
a fictitious normal subject, with the average anatomy and intensity displayed 
by the normal group. In order to avoid any bias resulting from selection of a 
particular normal scan as a reference, the procedure is repeated once using 
the newly acquired fictitious normal scan as a reference.  
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Figure 10. Atlas of normal bone scan, middle, based on 10 normal bone scans 
from five men and five women ,4 of which showing in the corners. 

 

 

The manual delineation of the atlas comprises a set of polygons segmenting 
the skeleton into twelve separate anatomical regions: skull, cervical 
vertebrae, thoracic vertebrae, lumbar vertebrae, sacrum, pelvis, ribs, scapula, 
humerus, and femur in both the anterior and the posterior images, and 
clavicle and sternum in the anterior image. Fig. 11 shows the delineated 
anterior image of a patient with a normal bone scan acquired using a gamma 
camera.  
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Figure 11. Anatomical area in an anterior bone scan delineated in twelve 
anatomical regions. Black arrow shows manual drawing of right anterior ribs in 
the normal atlas.  

 

The transformation between the atlas and a patient skeleton (or between two 
normal bone scans, as in the atlas-building process described above) is 
established using a technique of non-rigid image registration (60). This 
transformation can be used to segment the patient skeleton. Once the 
transformation from the atlas to the patient skeleton has been acquired, the 
manual delineation of the atlas image can be transformed accordingly. If the 
transformed atlas is in full correspondence with the patient skeleton, an 
accurate segmentation of the patient skeleton is provided.  

The registration algorithm is a slightly modified version of the Morphon 
method (60, 61). The aim of the modification is to increase robustness for the 
purpose of segmenting skeletal images, both anterior and posterior images 
being supplied. The Morphon registration method proceeds in iterations, with 
each iteration bringing the atlas image into closer correspondence with the 
patient image. The algorithm is first run on sub-sampled and blurred versions 
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of the images in order to avoid erroneous matching with small-scale image 
structures. As the atlas image is brought into closer correspondence with the 
patient skeleton, increasingly higher-resolution images are considered until 
the registration converges. 

3.3 Normalisation and hotspot detection 
The segmentation provides the necessary anatomical information for 
accurately normalising the image to a reference average count and for 
segmenting hotspots. The average pixel counts in a selected number of 
regions of the delineated skeleton are first calculated, and are set to a 
reference level. Hotspots in the resulting normalised image are then detected 
and segmented using the technique described below. The average counts are 
then once again adjusted, this time considering pixels inside the same skeletal 
regions but excluding the segmented hotspots. Hotspots are then once again 
detected and segmented, and average counts are re-evaluated and adjusted. 
This process is repeated until attainment of convergence, which will be after 
three or four iterations. Hotspots are segmented using a combination of 
filtering and thresholding. The skeletal image is first filtered using a 
difference-of-Gaussians band-pass filter, which emphasises coherent regions 
of locally elevated counts. The filtered image is then thresholded at a constant 
level. The resultant segmented regions are accepted as hotspots if they exceed 
a minimum size and are located inside the skeleton (Fig. 12).  

 

 

 

 

 

 

 

 

Figure 12. Illustration of a posterior bone scan image before (A,) and after (B), 
normalization following by hotspots detection(C). 
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3.4 Hotspot quantification 
One of the principal measurements calculated for each hotspot is skeletal 
involvement. This is defined as the weight of the hotspot with respect to the 
weight of the entire skeleton (55). This requires estimation of the hotspot 
volume from one or two two-dimensional projections of the skeletal region 
that is visible as a hotspot in the images. Obviously this estimation cannot be 
precise, and we must settle for an estimate that is not significantly and/or 
systematically different from the true hotspot volume. Estimation of skeletal 
involvement is based on two measurements and a fixed constant. Firstly, the 
absolute image area of the hotspot is calculated. The image area of the 
corresponding skeletal region obtained from the segmentation of the skeleton 
(e.g. the skull) is then calculated. Dividing the former by the latter provides 
an estimate of the volumetric fraction of the skeletal region occupied by the 
hotspot. This value is then multiplied by a constant representing the weight 
fraction of the present skeletal region with respect to the weight of the total 
skeleton. These constants – one for each skeletal region – have been 
estimated from post-mortem studies of bone weight (56). The resulting 
estimate of skeletal involvement is presented as a percentage of the total 
skeleton. 

The skeletal involvement and a host of other measurements (features) are 
calculated for each hotspot and are used to classify the hotspots as 
representing a high or low risk of metastasis. These features describe the 
geometry, localisation and intensity distribution. The anatomical localisation 
is described with respect to the skeletal region to which the hotspot belongs, 
and describes its inferior/superior and medial/lateral position with respect to 
an accurately determined midline. For some skeletal regions, e.g. the 
clavicles, features indicate the presence of a hotspot in the contralateral 
skeletal region that is similar to the current hotspot. In such regions this is 
indicative of conditions such as arthritis, rather than of metastatic disease. 
Features are also calculated pertaining to the regional and global density of 
hotspots, indicating the increased possibility of metastatic disease for a 
particular hotspot, given a high frequency of hotspots in the rest of the 
skeleton. 
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3.5 Hotspot classification 
 

The feature values calculated for each hotspot can be used to determine a 
value related to the probability of the hotspot being a metastasis. This value 
can in turn be used to allocate the hotspot to one of two classes – high or low 
risk of metastasis. Artificial neural networks (ANNs) were used to estimate 
these probabilities. A general presentation of the ANN technique can be 
found in the work of Cross et al (62). ANN is a statistical learning method 
based on examples with a known outcome. A total of 44,570 hotspots were 
used for training.  

A total of 10,826 hotspots were classified as representing a high probability 
of metastasis, 32,802 as representing a low probability and 942 as 
representing bladder uptake. Hotspots classified as bladder uptake were 
automatically excluded from ANN training, since such hotspots can be 
identified from elementary rules based on localisation and geometry. A total 
of 12 ANNs were used for training, each corresponding to a skeletal region. 
This is beneficial, as the appearance of hotspots differs with anatomical 
localisation. Finally, cut values stratifying the output values according to high 
or low metastatic probability were chosen for each ANN. The cut values were 
selected manually based on the false positive/negative rates obtained in the 
training group (Fig. 11). 

After a whole-body bone scan has been acquired using a gamma camera, the 
anterior and posterior images can be processed using quantification software 
(Exini bone), and in a few seconds hotspots will be marked in red if they 
have been classified as pathological lesions and in blue if have been 
classified by the automated software as being non-metastatic (Fig. 13). 
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Figure 13. Routine bone scan images (anterior and posterior projections) before 
(left) and after (right) hotspots detection and classification. Red marks 
demonstrate hotspots with high-risk probability of metastases. Blue marks 
indicating hotspots with low-risk probability of metastases.  

 

3.6 Bone Scan Index 
Visual inspection, counting the number of metastases from 0 to >20 and a 
superscan (widely metastasised bone scan) constituted a quantification 
method for visualising the extent of skeletal disease showed by Soloway et al 
(63). Calculation of Bone Scan Index (BSI) was presented by a group from 
Memorial Sloan-Kettering Cancer Center in the late 90s (55). Erdi et al 
demonstrated that the extent of metastatic lesions in bone is an indicator of 
prediction of survival in patients with metastatic PCa. They presented a semi-
automated method for calculation of BSI, and showed why the important part 
of the procedure, i.e. detection of metastatic hotspots, should be carried out 
by an experienced physician, after which the software can delineate the 
hotspots and calculate the mass of the total pathological skeletal lesions in the 
images. Sabbatini et al calculated BSI by scoring each bone scan and using 
the weight of 158 bones from a reference table (57). This quantification 
method was not widely accepted by nuclear-medicine physicians, because the 
calculations involved in each examination were so time-consuming.   
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Automatic classification of hotspots makes it possible to gather information 
that is limited to hotspots classified as representing a high probability of 
metastatic disease. The sum of the skeletal involvement of all high-
probability hotspots in the entire skeleton is defined as the BSI. This measure 
is indicative of the total metastatic burden, and can be reported as being a 
percentage of the total skeletal weight (55). Fig. 14 demonstrates calculation 
of BSI in a prostate-cancer patient with metastases in the vertebrae. 

 

 

 

 

 

 

 

 

Figure 14.  Calculation of BSI in a segmented image of a prostate cancer patient 
with metastases in vertebrae. 

3.7 Bone scan examinations 
Bone scans from patients at Sahlgrenska University Hospital, Sweden and 
Skåne University Hospital, Sweden were obtained between three and four 
hours after intravenous injection of 600 MBq 99m-technetium MDP 
(Amersham, UK). Whole body bone scans and anterior and posterior views 
(scan speed 10 cm/min [training group in Paper I, Paper II, and evaluation 
group in Paper III] or 15 cm/min [evaluation group in Paper I and treatment 
group in Paper III], matrix 256 x 1024) were obtained using a gamma camera 
equipped with low-energy, high-resolution parallel-hole collimators (Maxxus, 
GE Healthcare, Milwaukee, WI, USA [training group in Paper I, evaluation 
group in Paper II and evaluation group in Paper III] or MultiSPECT2, 
Siemens Healthcare Diagnostics, Deerfield, IL, USA [evaluation group in 
Paper I and treatment group in Paper III]). Energy discrimination was 
adjusted by a 15% window centred on the 140 keV of Tc 99m (Fig. 15). 
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Several centres in the United States, Sweden and Canada contributed bone 
scans for Paper IV. Bone-scan examinations in Paper I and Paper II were 
obtained less than three months after the diagnosis. In Paper III and Paper IV 
bone scans were obtained at baseline and during treatment.  

 

Figure 15. Bone scan examination of a PCa patient with a dual detector gamma 
camera three hours after injection of 99mTC-MDP. 
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4 PATIENTS 

4.1 Study design 
 
All studies in this thesis are retrospective in design, i.e. we look back in 
patients' medical history and data to investigate the aims mentioned above. A 
comparison of retrospective studies with prospective studies shows that the 
former have advantages and, of course, disadvantages (64). One advantage of 
a retrospective study is that analysis of long-term follow-up, e.g. five-year 
survival data, can be obtained immediately. A disadvantage is that not all 
variables are available for all patients. In Paper I, Paper II and Paper III the 
patients were selected from clinical cases, thus the indications for performing 
the bone scans are not clear. The patients in Paper IV were part of a 
randomised Phase 2 clinical trial, and the indication for the bone scans and 
their timing was thus stricter, as was the inclusion of other biomarkers. 
Quantitative analysis of the bone scans was not planned from the start, thus 
the quality of these scans was not sufficient in all patients.  

Paper I and Paper II were prognostic studies focusing on the value of BSI at 
the time of diagnosis. In Paper III and Paper IV we studied BSI and change in 
BSI as a biomarker to evaluate treatment response. 

4.2 Population  
 
In the four papers that make up this thesis a total of 1,691 patients were 
included (Table 2). The mean age of the total population was 68, ranging 
from 25 to 97. Most patients came from Sahlgrenska University Hospital in 
Gothenburg, Sweden and Skåne University Hospital in Malmö, Sweden. 

With the exception of part of the training group in Paper I, the patients in all 
studies were prostate-cancer patients (Table 2). The training group in Paper I 
comprised a combination of male and female patients with different kinds of 
malignant disease, though the majority of them were prostate-cancer and 
breast-cancer patients. The reason for this non-homogeneous patient selection 
was that our aim was to develop a quantification method that could be 
applied to bone scans from patients with different types of cancer. The initial 
studies included in this thesis focus on patients with prostate cancer, but 
future studies will also evaluate the value of BSI in other patient groups, e.g. 
breast-cancer patients.  
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The evaluation group for Paper I comprised PCa patients from two large 
screening programmes – the Malmö Preventive Medicine Project and the 
Malmö Diet and Cancer Study. Patients with a digitally stored whole-body 
bone scan performed less than three months after diagnosis and a PSA value 
were included. In Paper II we wanted to confirm the results from Paper I, but 
this time in a more homogeneous group of PCa patients. In Paper I low-, 
intermediate- and high-risk patients were included, and treatment after 
diagnosis was not considered in the analysis. In Paper II we only included 
high-risk patients who received primary hormonal therapy.  

The bone scans in the evaluation groups in Paper I and Paper II were 
obtained close to the date of diagnosis. Contrastingly, the bone scans 
analysed in Paper III and Paper IV were obtained from patients at an 
advanced stage of disease – metastatic castration-resistant prostate cancer. 
This selection of patients in the different papers facilitated the study of the 
value of BSI at different stages of disease.  

The patients enrolled in Paper IV were part of a Phase II, double-blind, 
placebo-controlled study of tasquinimod. The patients were randomly divided 
into two groups, with two thirds of them (n=57) being treated with 
tasquinimod and a third (n=28) receiving placebo. Tasquinimod is a new drug 
for treatment of mCRPC that has demonstrated improved progression after 
six months' treatment. This was our first attempt to use BSI as an objective 
biomarker to show positive effects of a new drug.  

 

Table 2.  Population characteristic in development of automated method. PCa= Prostate 
cancer, Brca= Breast cancer, Kica= Kidney cancer, Blca= Bladder cancer. 
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5 STATISTICAL ANALYSIS  

Pearson’s correlation coefficient was used to assess the agreement between 
the manual and the automated methods of calculating BSI.  

Cox proportional-hazards regression models were used to evaluate the 
association between BSI, other biomarkers (PSA, Gleason score, clinical T-
stage, treatment, haemoglobin, pain, PSA doubling time) and survival. 

The concordance index (C-index) was used to examine the discrimination 
between different parameters.  

Kaplan-Meier estimates of the survival function together with the Log-rank 
test were used to study differences between groups of patients stratified on 
the basis of their BSI values.  
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6 RESULTS 

6.1 Automated vs. manual method 
The correlation between BSI measurements from the original manual method 
and BSI from the new automated quantification method was high (Paper I). 
The agreement between the methods was highest for patients with a few 
metastases, but for patients with widespread bone metastases there were 
bigger differences (Fig. 16).  

 

 

 

Figure 16. Whole-body bone scan of two PCa patients, one with limited 
metastatic spread (left) and one with widespread bone metastases(right).  

 

The automated method for detection of new lesions displayed a high degree 
of sensitivity as well as a high degree of specificity (Paper III), using the 
interpretations of three experienced readers as the gold standard.  
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Paper I and Paper III also show the presence of intra-observation and inter-
observer variation. In Paper I an experienced reader calculated BSI twice for 
each bone scan on different occasions, and the results were not identical. In 
Paper III there was disagreement between the three observers regarding the 
presence or absence of at least two new lesions in 13% of the cases. These 
types of disagreement illustrate the value of objective methods featuring a 
high degree of reproducibility.  

The automated method was at least 30 times faster than the manual method at 
processing and analysing the images and calculating BSI. 

 

6.2 BSI as a prognostic tool  
In Paper I survival in patients with a high BSI was significantly inferior to 
survival in those with a low BSI. Kaplan-Meier curves showed that in 
patients with a BSI of under 1.0 the prognosis was similar to that for patients 
without metastases. Adding automated BSI to a base model comprising PSA, 
Gleason score and T-stage improved the C-index, raising it from 0.768 to 
0.825.  

In Paper II the 130 high-risk PCa patients had a 41% chance of five-year 
survival. Those patients with metastases had a 24% chance of five-year 
survival, whilst the patients without metastases had more than double the 
chance of still being alive after five years. Stratifying the high-risk PCa 
patients into subgroups with different levels of BSI at the time of diagnosis 
showed that those with BSI>5 were all dead after five years, whereas 55% of 
those with BSI=0 were alive after the same period (Fig. 17). In a multivariate 
analysis BSI (p<0.001) and Gleason score (p=0.01) were significantly 
associated with overall survival, whilst PSA (p=0.57) and T-stage (p=0.29) 
were not.  

In Paper IV BSI was correlated with survival in both univariate and 
multivariate analysis, together with PSA doubling time, tumour pain and 
treatment arm. A baseline of BSI<1.0 was associated with longer survival 
than in men with BSI>1.0. 
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Figure 17. Five-year overall survival for advanced prostate cancer patients with 
different BSI levels. 

 

6.3 BSI as a treatment- response tool 
In Paper III BSI was calculated before and after treatment with chemotherapy 
in a group of 31 patients with metastatic castration-resistant prostate cancer. 
A total of 55% of these patients displayed an increase in BSI during 
treatment, and 82% of them were dead after two years' follow-up. The 
corresponding level in 45% of patients with a decrease in BSI was a 43% 
mortality rate after two years' follow-up. Both the percentage change in BSI 
(p=0.008) and the number of new lesions (p=0.0004) were associated with 
survival in univariate analyses. 

In Paper IV the relative change in BSI from baseline to 12 weeks after 
commencement of treatment prognosticated survival in a multivariate 
analysis including baseline BSI and tasquinimod treatment. The increase in 
BSI at Week 12 vs baseline was slower with tasquinimod than with placebo 
(0.16±0.41 vs 0.26±0.49 BSI increase). 
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7 DISCUSSION 

Interpretation of bone scans is a subjective process that is dependent on the 
experience and knowledge of the nuclear-medicine physician in question. 
Reports often express a degree of uncertainty, e.g. 'may be degenerative' or 
'possible metastasis', and the tumour burden can be expressed as 'extensive 
metastatic disease' and 'some spread of metastases'. This type of final 
reporting has the disadvantage that it may be perceived differently by the 
nuclear-medicine physician and the referring physician. This type of 
misunderstanding in communications may lead to inappropriate or incorrect 
treatment in patients with severe disease, and an effective medication may be 
stopped as a result of a misconception. Quantitative standardisation of the 
final reports so as to minimise the risk would thus be of value. Trägårdh et al 
reported that almost half of the referring physicians underestimated the extent 
of the ischaemic or infarction area in stress myocardial perfusion scintigraphy 
reported by nuclear-medicine physicians (65).  

Manual interpretation of serial bone scans is also subjective. The reporting 
physician often expresses the intensity or size of the hotspots when assessing 
the progress of disease after treatment, and this may result in an incorrect 
conclusion on the part of the referring physician. Counting metastases, as 
reported by Soloway et al, is one method of quantification (63). The Prostate 
Cancer Clinical Trials Working Group (PCWG2) defined progression in bone 
as the presence of two or more new lesions on a bone scan when it is 
compared with a prior bone examination. They recommended a confirmatory 
bone scan three to six months later, to minimise the risk of falsely reporting 
progression, e.g. as a result of a flare phenomenon (66). Expression of 
disease progress in numerical terms is common in clinical trials, as PCWG2 
defines above. Measurement of BSI by the research group at the Memorial 
Sloan-Kettering Cancer Center in New York was another step towards 
quantitative reporting (55). Quantitative analysis of bone scans may lead to a 
clearer message being sent to referring physicians. Our automated method of 
calculating BSI and detecting new lesions in bone scans in a matter of 
seconds may be a useful tool both in clinical use and in clinical trials (67, 
68). 

The results of our studies showed that it is possible to develop a method that 
can calculate tumour burden automatically, with a minimal need for manual 
steps on the part of the operator. The reproducibility of a completely 
automated method is 100%, i.e. if the same digital image is analysed twice 
the automated BSI will be the same. We also showed that the complex 
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analysis can be performed in under ten seconds. These features are important 
for acceptance of a method in a clinical setting, especially as it is being 
applied to the large group of prostate-cancer patients. The cost of a bone scan 
is low  compared to that of other examination modalities, and it is widely 
available. An easy-to-use method of quantifying BSI could therefore qualify 
BSI as an imaging biomarker to be used together with PSA and other 
biomarkers.  

In the development of the automated method we used bone scans obtained 
during the period 1996 to 2006. During this ten-year period different gamma 
cameras were used and other parameters underwent changes, but the 
technical quality of the bone scans remained sufficient for a retrospective 
analysis of these scans. We consider the fact that the automated method can 
handle bone scans to be a strength, despite some differences in scintigraphic 
methodology. It is likely that the method can be used without any problems 
in hospitals using different imaging procedures, as long as the image quality 
is sufficient.  

Another issue with the use of retrospective materials is that a lack of data 
such as missing PSA values and missing causes of deaths in Paper I is more 
common than in prospective studies. On the other hand we could apply our 
new quantification method to bone scans from patients with up to 15 years of 
follow-up.  

In Paper I we applied the automated method to a patient population for which 
prostate-cancer-specific mortality was available. In Papers II-IV we used the 
more common endpoint of overall survival. The different endpoints explain 
the different survival curves presented in these studies. In Paper I the 
five-year survival for patients with metastatic disease and BSI<1.0 is much 
higher than in the other papers.  

We studied the clinical value of BSI in prostate-cancer patients, but initial 
developments were based on a training group that also included other types 
of diagnosis. Inclusion of patients with kidney and bladder cancer should 
particularly be noted, since these cancers are often associated with osteolytic 
metastases. However, the method is designed to handle hot spots due to 
osteoblastic metastases, not cold spots due to osteolytic metastases. The 
training group also comprised both male and female patients. It is possible 
that a gender- and disease-specific training database would have improved 
the performance of the automated method, but the differences between 
metastatic and non-metastatic findings are probably more pronounced than 
differences due to gender and type of cancer.  
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Our primary goal was to develop a quantification method for analysis of a 
single bone-scan examination. The automatically calculated BSI proved to be 
associated with survival in prostate-cancer patients. These results encouraged 
us to take the method one stage further, and to analyse bone scans from the 
same patient. This analysis was the most interesting one from a clinical point 
of view, since treatment response is commonly evaluated using serial bone 
scans. We developed the method to mimic analysis by an experienced reader. 
For each lesion detected in the current scan the same anatomical site in the 
previous scan is scrutinised to assess whether the lesion was present 
previously or whether it is new. This type of serial analysis is performed both 
in clinical trials and in routine clinical procedure for the detection of 
progressive disease. The decision whether or not to continue a treatment 
depends on the presence or absence of progressive disease. This decision is 
very important for the patient. The risk of stopping a potentially effective 
treatment or continuing an ineffective treatment with side effects must be 
minimised. From a healthcare perspective it is also important that new and 
expensive treatments only be offered to patients who will benefit from them.  

The automated method for detection of new lesions in follow-up scans 
displayed high levels of sensitivity (93%) and specificity (87%). These 
results are good, considering that even the experienced bone-scan readers in 
our study did not always agree. Sadik et al also studied inter-observer 
variability by having 37 readers interpret the same 59 bone scans (69). They 
demonstrated agreement of 64% between paired observers while assessing 
the same bone-scan images, which is a much lower percentage than our result 
in this paper. The lower level of agreement in the Sadik et al study was 
probably partly due to the observers in that study being from different 
hospitals and their use of a four-degree classification scale, whilst the 
bone-scan readers in our study were all from the same hospital and used a 
two-degree classification scale.  
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8 CONCLUSION 

The global total of older men with prostate cancer is continuously increasing. 
New treatment options that can improve survival and quality of life in this 
patient group will be available in the near future. These new and expensive 
drugs may increase healthcare costs. We thus need to find new strategies to 
optimise the treatment of prostate cancer so we get the maximum patient 
benefit at the minimum cost to the healthcare system.  

The results of this thesis indicate that BSI could be a valuable imaging 
biomarker in the management of prostate-cancer patients. The method of 
calculating BSI was presented more than 13 years ago, but it has not been 
widely used. The method was manual and time-consuming, and thus not 
suitable for clinical use. We developed a fully automated method that can 
calculate BSI in under ten seconds. We demonstrated a good level of 
agreement between manual and automated BSI.  

In Paper I and Paper II we showed the prognostic value of BSI in prostate-
cancer patients at the time of diagnosis. BSI was associated with survival, 
and may become a prognostic biomarker in addition to the conventional 
biomarkers used for risk stratification in PCa patients. 

In Paper III and IV we showed that BSI and BSI-change on-treatment were 
associated with survival and may become an imaging biomarker for treatment 
response analysis in PCa patients. 
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