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Abstract 
Trabecular bone structure as well as bone mineral density (BMD) have impact on the 
biomechanical competence of bone. In osteoporosis-related fractures, there have been shown 
to exist disconnections in the trabecular network as well as low bone mineral density. Imaging 
of bone parameters is therefore of importance in detecting osteoporosis. One available imaging 
device is cone-beam computed tomography (CBCT). This device is often used in pre-operative 
imaging of dental implants, for which the trabecular network also has great importance. 
 
Fourteen or 15 trabecular bone specimens from the radius were imaged for conducting this in 
vitro project. 
 
The imaging data from one dual-energy X-ray absorptiometry (DXA), two multi-slice 
computed tomography (MSCT), one high-resolution peripheral quantitative computed 
tomography (HR-pQCT) and four CBCT devices were segmented using an in-house developed 
code based on homogeneity thresholding. Seven trabecular microarchitecture parameters, as 
well as two trabecular bone stiffness parameters, were computed from the segmented data. 
Measurements from micro-computed tomography (micro-CT) data of the same bone 
specimens were regarded as gold standard. 
 
Correlations between MSCT and micro-CT data showed great variations, depending on device, 
imaging parameters and between the bone parameters. Only the bone-volume fraction 
(BV/TV) parameter was stable with strong correlations. Regarding both HR-pQCT and CBCT, 
the correlations to micro-CT were strong for bone structure parameters as well as bone 
stiffness parameters. The CBCT device 3D Accuitomo showed the strongest correlations, but 
overestimated BV/TV more than three times compared to micro-CT. The imaging protocol 
most often used in clinical imaging practice at our clinic demonstrated strong correlations as 
well as low radiation dose. 
 
CBCT data of trabecular bone can be used for analysing trabecular bone properties, like bone 
microstructure and bone biomechanics, showing strong correlations to the reference method of 
micro-CT. The results depend on choice of CBCT device as well as segmentation method 
used. The in-house developed code based on homogeneity thresholding is appropriate for 
CBCT data. The overestimations of BV/TV must be considered when estimating bone 
properties in future clinical dental implant and osteoporosis research. 
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Populärvetenskaplig sammanfattning 
Skelettet har stor betydelse för vårt dagliga liv. Frånsett tandemalj så är ben den hårdaste 
vävnaden i vår kropp. Två av skelettets huvudsakliga funktioner är att vara stöd för våra 
mjukvävnader och skydda våra inre organ från skada. Benvävnad består förutom av mineral, 
som kalcium och fosfat, också av benmärg och kollagena fibrer. Kalciumfosfat gör 
benvävnaden hård för att klara belastning. I skelettet sker ombyggnad under hela vår livslängd. 
Makroskopiskt ses två olika sorters ben: kortikalt (kompakt) respektive trabekulärt (spongiöst) 
ben. Det kortikala benet, som utgör cirka 80 % av skelettets kalkmängd, är det hårda yttre 
skalet. Det trabekulära benet består av bentrabekler (tunna benbalkar) av olika tjocklek och 
form vilka löper kors och tvärs i olika riktningar. Detta bennätverk ökar skelettets styrka mot 
olika sorters belastningar. Det kortikala benet innehåller inte så många benceller och bara cirka 
4 % av kortikalt ben byggs om årligen. Det trabekulära benet innehåller många benceller och 
har en ombyggnadstakt på cirka 28 % per år. Olika delar av vårt skelett består av olika mycket 
kortikalt och trabekulärt ben. Exempelvis består kotkropparna i våra ryggkotor av 25 % 
kortikalt och 75 % trabekulärt ben, medan underarmens yttersta del till 95 % består av kortikalt 
och till bara 5 % av trabekulärt ben.  

Människans skelett får sin maximala benmassa ungefär vid 25 års ålder och kvarstår relativt 
oförändrad till i 40-årsåldern. Senare i livet minskar benmassan och för kvinnor sker en tydlig 
minskning kring övergångsåldern, mycket på grund av de minskade östrogennivåerna. När 
benmassan minskar blir skelettet svagare och det kan uppstå brott redan efter mindre trauman, 
s.k. lågkraftsfrakturer. Det uppstår skelettsvikt, som kan jämföras med hjärtsvikt, njursvikt 
m.fl., och också kallas benskörhet eller osteoporos. Vanligaste metoden att mäta benmassan i 
skelettet är DXA (dual energy x-ray absorptiometry). Med denna metod får mängden kortikalt 
ben stor betydelse, medan de tunna benbalkarnas utseende inuti benet inte kan bedömas. Vid 
osteoporos är påverkan på det trabekulära bennätverket stor eftersom där sker snabbast 
benombyggnad. Benbalkarna blir färre, tunnare och det uppstår brott i förbindelserna mellan 
de olika benbalkarna. Benets motståndskraft mot våld minskar. Det påverkar framför allt 
ryggkotorna som huvudsakligen består av trabekulärt ben. Förändringarna i benbalkarna kan 
dock också ses i ben i andra delar av kroppen såsom underben och underarm. Dessa delar av 
skelettet kallas det perifera skelettet.  

Trabekulär benstruktur kan undersökas med mikroskopi på benbitar som plockats ut ur 
kroppen. Med mikro-datortomografi (mikro-DT), som är en form av skiktröntgen, kan man 
tredimensionellt (3D) avbilda trabekulärt ben. Undersökning med mikro-DT tar upp till några 
timmar, och kan endast göras på benbitar eller sövda försöksdjur av storlek liten råtta. En 
annan metod där perifera skelett kan undersökas i 3D är högupplösande perifer kvantitativ 
datortomografi (HR-pQCT). En sådan undersökning av underarm eller underben tar cirka 3 
minuter och avbildar benbalkar som är 0,08 mm eller större. HR-pQCT finns endast på 
speciella kliniker och finns t.ex. bara på ett sjukhus i Sverige. Ytterligare en metod där man 
kan avbilda benbalkar i 3D, med en tjocklek på cirka 0,08 mm, är högupplösande dental 
volymtomografi eller cone-beam computed tomography (CBCT). Tekniken introducerades i 
slutet av 1990-talet, men har utvecklats snabbt och maskiner finns nu på såväl röntgenkliniker 
som på tandläkarhögskolor och hos specialistutbildade och privatpraktiserande tandläkare. Det 
finns många olika fabrikat och deras förmåga att avbilda tunna benbalkar med hög kvalitet 
varierar. 
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Tanken med vårt projekt var att undersöka hur väl man kan bedöma benbalkarnas utseende 
med hjälp av olika tekniker av datortomografi. För att kunna göra dessa bedömningar utan att 
utsätta personer för röntgenstrålning har vi haft tillgång till 15 benbitar från underarm, vilka 
donerats för forskningsändamål. Dessa benbitar har undersökts med mikro-DT med en 
upplösning på 0,02 mm, som får gälla som sanningen om hur benbalkarna ser ut. Därefter har 
de undersökts med fyra olika modeller av CBCT. Med den CBCT som finns på 
röntgenkliniken i Linköping har de undersökts med ett tiotal olika inställningar för att få fram 
bästa möjliga bildkvalitet till så låg röntgenstråldos som möjligt. Dessutom har benbitarna 
undersökts med DXA och med HR-pQCT. De har även undersökts med multi-snitt-
datortomografi (MSCT), som är den vanligaste formen av skiktröntgen.  

Analyserna av benbalkarna har gjorts med ett bildbehandlingsprogram utvecklat i Linköping 
och görs oberoende av personliga, subjektiva bedömningar. Mjukvaran levererar ett antal 
siffermått på benbalkarnas egenskaper, såsom tjocklek, antal, täthet samt antalet förbindelser 
och s.k. lösa ändar. 

Då en annan tanke med studien var att studera benets hållfasthet och styrka har benbalkarnas 
tjocklek, antal och hur de är orienterade studerats med en matematisk metod som kallas finita 
elementmetoden (FEM), vilken med hjälp av datorsimulering kan beräkna ett materials 
mekaniska egenskaper. På så sätt har benbitarnas styvhet och motstånd mot skjuvkrafter 
kunnat bedömas utan att benbitarna har behövt förstöras. 

Kliniska studier, utförda vid andra forskningscentra, har visat att benstruktur och 
benhållfasthet kan bedömas med hjälp av HR-pQCT. Vårt projekt visar att det är möjligt att 
bedöma det trabekulära benet även med dental CBCT och att korrelationen mellan CBCT och 
mikro-DT då är stark. Bedömningen är därför att man med denna undersökningsmetod borde 
kunna göra tillförlitliga beräkningar också av benets struktur och hållfasthet i framtida kliniska 
studier. 
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Preface 
Like most other dentists, I have a focus on sub-mm details that results in everyday questions 
like:  

 Has this caries decay progressed from the enamel into the dentin? 
 Is this root-canal filling at the root end? 
 Is there some dentin left between the root resorption and the tooth pulp? 
 Is this cyst involving one, two or more teeth? 

The treatment of each patient depends on the answers to these questions. The decision can in 
some cases alter the treatment from no treatment at all, to the removal of many teeth.  

After working as a general dentist for more than fifteen years, I studied three more years to 
become a maxillo-facial radiologist. This meant more diagnostics and even tinier details. In 
2003, a new device for imaging the jaws, the CBCT, was introduced in Gothenburg that made 
it possible to image details as small as 0.1 mm. Suddenly I could see details like the 
“gubernaculum dentis” the connective tissue strand that is supposed to guide the tooth into its 
position in the jaws. A detail I had heard about throughout my carrier, but never previous 
seen. This fascinated me. I could also see the tiny bone network in the jaws. I did like to look 
at all this, but at the same time I wanted to use this new information for something potentially 
useful for patients. My PhD studies started in collaboration with Gothenburg. 

In 2008, a CBCT was installed in Linköping with a resolution of 0.08 mm. This resulted in 
that I, when imaging wisdom teeth, cystic lesions and/or dental implants, could see the 
trabecular bone network as part of the examinations. Many years later, and in collaboration 
with people in Linköping, Växjö, Stockholm, Göteborg, Jönköping, and Wien specialized in 
osteoporosis, radiology, biomechanical analysis, statistics and image analysis, I think we 
have a result. Now, after all hours of research, our method is going to be validated in research 
in vivo. 
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Introduction 

Skeleton 
The skeleton is an important structure in the human body, not only providing protection for 
the vital inner organs, permitting movement of the body but also as a reservoir for minerals 
and being an environment for the blood-producing cells in the marrow of the bones. 

The skeleton consists of 213 bones divided in four different types: long bones, short bones, 
flat bones and irregular bones [1]. There are mainly two types of bone tissue: cortical and 
trabecular. The cortical bone is the outer, hard shell and the trabecular or cancellous bone is 
the inner part, consisting of a network of bone trabeculae with different shapes and 
thicknesses. Of the total bone mass in the skeleton, there is 80% cortical and 20% trabecular 
bone. Different skeleton parts contain different amounts of cortical and trabecular bone. For 
comparison the vertebrae are 75% trabecular and 25% cortical while the most distal part of 
the radius is 95% cortical and only 5% trabecular [2].  

The strength of the skeleton depends on both the bone mineral content and the internal 
structure of the different bones [3, 4]. It is therefore of importance to study both the total 
bone mass and the trabecular bone structure. In cortical bone, the bone mass is high, 80-90% 
is mineral, while only 15-20% is mineral in the trabecular part of the bones. The major part of 
the physiological loading in limbs depends on the cortical bone mass while the network in the 
trabecular part plays a more important role for forces like when stumbling without falling [5]. 
Both the cortical and the trabecular part play an important role in bone strength and there is 
not one single bone architecture type optimal for the strength [6]. Instead there are different 
architectural solutions, optimized for the mechanical requirements in different parts of the 
body. 

Bone 
Bone tissue  
Bone tissue is an active, metabolic organ where remodelling takes place throughout the whole 
life span [7]. Trabecular bone has a higher turnover rate than the cortical bone and therefore 
plays a more important role in the metabolic function. In adults, the annual turnover rate is 
about 4%  for cortical bone while about 28% of the trabecular bone is remodelled every year 
[8].  

In the remodelling phases of bone there are mainly three types of bone cells involved [9]. The 
osteoclasts (the bone eating cells) are large cells, that are responsible for resorption of old 
bone and of bone that is exposed to biomechanical forces. Only about 1-2% of the bone cells 
in the adult skeleton are osteoclasts [10]. The resorption phase takes about 4 weeks which is 
the approximate lifespan for an osteoclast. The osteoblasts are the cells that replaces the 
resorbed bone with new bone matrix. This matrix is at first a collagenous tissue that gradually 
gets more and more mineralised. This bone formation phase, in an healthy adult, takes about 
4-6 months [2]. As the bone formation progresses, the osteoblasts become embedded in the 
bone matrix they have synthesised and become osteocytes [11], buried alive [12]. Already in 
1960 Frost stated that these bone cells make up 90-95% of the total amount of cells in the 
adult skeleton and that there are about 20,000 to 80,000 cells per mm³ bone [13]. These 
osteocytes are connected to each other through tiny canals that function as a network 
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sensitive for mechanical loading [10]. Earlier knowledge proclaimed that when the 
osteoblasts became embedded most of them underwent programmed cell death; apoptosis 
[12, 14] More resent research shows that the embedded osteocytes take an active role in bone 
remodelling [10, 15]. They are multifunctional cells that control the bone remodelling process 
by regulations of osteoblasts as well as osteoclasts. The osteocytes are connected to each 
other through tiny canaliculi through which their dendritic processes can communicate. 

Cortical bone 
The cortical bone is dense, solid and contains high amounts of mineral. Cortical bone is 
synonymous to compact bone, which can be a misleading term, because the cortical bone is 
penetrated by both Haversian and Volkmanns canals through which the bone gets its blood 
supply. In lacunes in the cortical bone there are lots of osteocytes. Previously, when those 
osteocytes were thought to be inactive cells, only the periosteal (outside of the cortical bone) 
and the endosteal (inside of the cortical bone) were considered to be of interest for bone 
remodelling. More recent research shows that the active osteocytes play an important role in 
the remodelling process and the interest for cortical bone has increased. When apoptotic 
osteocytes accumulate in the cortical bone, it may lead to osteonecrosis and forming of intra-
cortical porosity lacunes [16]. Also on the inside of the canals bone resorption takes place, 
resulting in strip-shaped porosities. In the femur (thigh-bone) the porosities have diameters 
between 60-400 µm and in the radius diameters of about 200 µm [17]. Over 60% of the 
porosities have diameters less than 100µm [11]. The cortical porosity has been reliably 
imaged in vitro and measured by microscopy and micro-computed tomography (micro-CT) 
[18]. In vivo imaging and research of porosities is dependent on high-resolution techniques 
and currently the technique most often used is high-resolution peripheral computed 
tomography (HR-pQCT). Recent in vivo studies show that such porosities impact the 
mechanical properties of bone and are related to fractures [19].  

Trabecular bone 
The inner, trabecular part is, according to Nazarin et al “Light as a Feather, Stiff as a Board” 
[20]. Trabecular bone can rapidly adapt to mechanical loading and optimize its structure in 
order to be able to bear high loads with as little tissue as possible. Many fractures occur at 
skeletal parts mainly consisting of trabecular bone, like the vertebrae. It is therefore of high 
importance to ascertain how to image and measure the structure of the trabecular bone. In 
specimens, this can be done by microscopy and by micro-CT and there is good agreement 
between those two methods [21]. To describe the structure and enable comparison between 
studies it is important to use the same nomenclature [22, 23]. Important structure parameters 
to measure are the following that can be seen in Fig 1.  

 Trabecular nodes (Tb.Nd); are the number of trabecular intersections per mm3 

 Trabecular termini (Tb.Tm); are the number of free ends of trabeculae per mm3 

 Trabecular separation (Tb.Sp); is the thickness of the spaces between the trabeculae in 
mm 

 Trabecular spacing (Tb.Sc); is the distance between the midlines of the trabeculae in 
mm  
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 Trabecular number (Tb.N); are the number of trabeculae in 1/mm (not illustrated in 
Fig. 1) 

 Trabecular thickness (Tb.Th); is the thickness of the trabecular structures in mm 

 Bone volume over total volume (BV/TV); is measured by dividing the number of 
voxels classified as bone by the total number of voxels in the volume (not illustrated 
in Fig. 1) 

 

 

Figure 1. Definition of bone structure parameters. Trabecular nodes (A). Trabecular termini (B). 
Trabecular separation (C). Trabecular spacing (D). Trabecular thickness (E). 

The thickness of a bone trabeculae, in the radius, as measured by micro-CT is about 0.1 mm 
(100 µm) [24, 25]. To be able to image and measure the trabecular network, the technique 
used has to work in 3D and have resolutions that can image the thickness of a trabecula or 
even thinner structures. 

Bone structure and dental implants 
The stability of implants in the jaws is related to the bone health and quality [26, 27]. 
Traditionally cortical bone is preferred as an implant site, however trabecular bone sites show 
tendency to, in time become more cortical around the metal implants, hence having a primary 
cortical implant bed is not crucial for implant survival. In the upper jaw, the alveolar bone 
(the part that contains the teeth) is mostly trabecular with only a thin cortical rim at the top of 
the alveolar crest. The quality and health of the trabecular bone is therefore of high 
importance. There is a strong correlation between the grey values (density) of the bone and 
the primary stability of the implants [28-30] which is known to predict the implant survival 
rate [31-33]. Cone beam computed tomography (CBCT) is often the imaging method of 
choice before implant installation and the method has a high accuracy for linear 
measurements [34-36] but lower for grey value measurements [37-39]. Individuals with 
osteoporosis have lower primary implant stability compared to non-osteoporotic individuals 
[30]. 



24 
 

Osteoporosis – Skeletal failure 
According to the National Institutes of Health (NIH) Osteoporosis and Related Bone Diseases 
National Resource Centre, 
(https://www.niams.nih.gov/Health_Info/Bone/Osteoporosis/bone_mass.pdf) one can look at 
human bone tissue as a bank account, where it is possible to make deposits and withdrawals 
throughout life. By the age of about 18 for girls and 20 for boys, approximately 90% of the 
bone tissue has been acquired. 26% of the calcium amount in the adult skeleton is acquired 
during two years around the peak skeletal growth in adolescence [40]. Therefore, the years of 
childhood and adolescence are of great importance for making the skeleton strong. Up to the 
age of about 25, there is continuing growth of the skeleton and the maximum amount of bone 
is reached, which is often mentioned as “peak bone mass”. For healthy women, the bone 
mass remains almost unchanged between this age and the years just before the menopause. 
Rather rapid loss of bone mass occurs during the first few years after menopause [41, 42], 
which continues but with a slower rate, throughout life. This often leads to a more fragile 
skeleton with risk for skeletal failures and fractures. Factors having great impact on the bone 
mass include gender, ethnic group, hormone levels, nutrition, physical activity and smoking 
[43-45]. The three latter can be influenced by the individuals and their way of living/daily 
habits. Smoking is highly associated with bone loss. Physical activity has a positive effect on 
bone mass. In older women (75-85 years of age) with low bone mineral density (BMD) 
resistance training for six months resulted in a significant increase in cortical bone density at 
the radial shaft [46]. Physical activity also decreases the risk for falls in elderly people, which 
reduces fracture risk [47, 48].  

NIH has introduced an operational definition of osteoporosis based on the BMD, which can 
be measured by dual energy x-ray absorptiometry (DXA) [49-51]. BMD reflects the total 
bone amount and rather reflects more the cortical bone, than the trabecular bone amount. The 
peak BMD of a healthy 30-year-old adult, serves as the reference for bone quality, defined as 
T-score 0. 
(https://www.niams.nih.gov/Health_Info/Bone/Bone_Health/bone_mass_measure.pdf). The 
T-score for an individual is calculated as the difference between the measured BMD of the 
actual individual and the mean BMD in healthy young adults of the same gender, divided by 
the standard deviation (SD) for the healthy young adult population. If the T-score is rated as 
0, the BMD is equal to the norm of a healthy young adult. A T-score above −1 is considered 
normal or healthy. If the T-score is between −1 and −2.5, it indicates osteopenia, and a T-
score of −2.5 or lower is considered as osteoporosis [52, 53]. Examples of DXA images can 
be seen in Fig. 2.  

In summary, the lower the T-score, the lower is the bone mass, the more severe is the 
osteoporosis and thus the risk for skeletal failure.  
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Figure 2. DXA imaging and measurements of the radius. Skeletal healthy 67-year old woman with a T-
score over -1 to the left. Osteoporotic 76-year old woman to the right with a T-score below -2.5. 
Courtesy of Anna Spångéus at Linköping University, Linköping Sweden. 

Osteoporosis is an ongoing process, throughout life, where multiple pathogenic processes 
may cause an increased loss of bone mass and changes in the microarchitecture of the skeletal 
structure [54]. When the bone mass decreases, the skeleton becomes more fragile, 
osteoporotic, which increases the risk for fractures. Hip fractures are common in osteoporotic 
skeleton and result in major health costs and great suffering for the affected individuals [55]. 
Sweden, Denmark, Norway and Austria are among countries having the highest incidence of 
hip fractures in women in the world [56]. Fractures are not only caused by fragile skeleton, 
but is also influenced by the patient’s risk to fall. This could be due to impaired balance 
which is often seen in the elderly [57]. Therefore older persons with a T-score, in the 
osteopenic range (between -1 and -2,5), may experience more fractures due to their higher 
tendencies of falling [58]. Another tool for clinically predicting future fracture risk is 
FRAX® [59]. This is a web-based tool that combines several known strong risk factors for 
osteoporotic fractures to calculate patients risk of major osteoporotic fracture as well as for 
hip fracture. The risk factors in FRAX includes for example previous low energy fracture, 
parental history of hip fracture, gender, glucocorticoid medication, rheumatoid arthritis and 
smoking. Risk score could be calculated either with or without known BMD, however 
including BMD in the calculations will make them more adequate.  

Osteoporosis associated with the normal aging process is called primary osteoporosis. In 
addition to primary osteoporosis, there are also secondary forms of osteoporosis caused by 



26 
 

diseases or medications with a negative effect on bone. One example is in the case of chronic 
kidney diseases (CKD), that affect about 10% in a general population, and often lead to 
severe secondary osteoporosis. CKD patients seem predisposed for fractures that are linked to 
much higher morbidity and mortality rates than fractures observed in the normal population 
[60, 61]. 

In conclusion there are many factors that may impact the risk for fractures [49, 62-67] and 
regardless of whether osteoporosis is to be counted as a disease or not, it is one risk factor 
among many others [68]. One may therefore discuss whether a name-shift from osteoporosis 
to skeletal failure, could be motivated. 

 

Imaging techniques 
Dual-energy x-ray absorptiometry - DXA 
The most common imaging technique for measuring and diagnosing fragile skeleton and 
assess the future fracture risk for an individual, is DXA [49, 69, 70]. This method gives the 
bone mineral density (BMD) in the specific bone area, measured in g/cm². BMD is a major 
determinant of bone strength but many low violence fractures occur in individuals with the 
osteopenic or normal BMD [51]. An examination with DXA can also give information about 
the bone mineral content (BMC) in g in the measured area. This is a non-invasive, two-
dimensional (2D) technique that uses ionizing radiation for measuring the bone mineral in the 
skeleton.  

The name, dual-energy, refers to the fact that the X-ray tube supplies photons of two energy 
levels, e.g. of 70 kV and 140 kV. The ratio of attenuation of these high respective low-energy 
beams allows the identification and separation of bone from soft tissue, based on the density 
of each pixel. From the areas that consist of bone, in selected regions of interest (ROIs), 
calculations of both BMD and BMC can be made. Due to the limited spatial resolution and 
the 2D technique it is not possible to distinguish between cortical and trabecular bone or 
assess trabecular bone micro-structure. Another limitation is that the mathematical algorithm 
used for the measurement of BMD assume homogeneity of the soft tissue. But as the soft 
tissue is heterogeneous this assumption is a source of error [71]. More recently, trabecular 
bone score (TBS) computed from the grey-level matrix of DXA devices has been proposed. 
However, the impact of TBS is still controversial [72-74]. 

The body parts that are most often scanned by DXA are the hip and the lumbar spine 
(vertebrae L1-L4), as demonstrated in Fig. 3. 
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Figure 3. DXA-examination of the lumbar spine. Courtesy of Marit Svensson at the Osteoporosis unit, 
Linköping University hospital, Linköping, Sweden. 

Other parts scanned may be the forearm (Fig 2) and in certain cases the whole body is 
scanned. Measurements of BMD is currently the most accepted standard for clinical 
assessment of the risk for bone fractures, often in conjunction with the FRAX score, and 
increased risk for fractures is clearly related to decreased BMD [75].  

DXA-imaging is considered to be a low-dose radiation technique, with an effective dose from 
a hip and spine examination varying between 1 and 20 µSv [76], and at a low economical 
cost [77]. For comparison the dose from a dental x-ray examination, consisting of two intra-
oral images, is 5 µSv, the annual background radiation in Sweden is 1-2 mSv (i.e 1000-2000 
µSv) and a Western Europe-New York round trip entails a dose of about 100 µSv 
(http://www.stralsakerhetsmyndigheten.se/Om-myndigheten/Aktuellt---Bilagor/Resultat-fran-
matningarna-i-Sverige). 

 

Computed tomography – CT 
Computed tomography is a diagnostic imaging technique where fan beam shaped X-rays 
passing through an object provides you cross-sectional grey-scale images of the object (Fig. 4 
and 5). The x-ray source rotates around the object and the x-rays generated from the source 
pass through the object, e.g. the human body. The x-rays passing the object will be measured 
by a detector. There are multiple projections for each rotation. The digital values sent from 
the detector, describing the amount of radiation passing through the tissue and reaching the 
detector, will be analysed by complex reconstruction algorithms demanding advanced 
computer systems. Due to differences in attenuation in tissues, these complex mathematical 
computations, enable the possibility to differ tissues from each other and to assign them 
different CT- or Hounsfield Unit (HU)-values [78]. The HU-values are obtained from a linear 
transformation of the measured attenuation coefficients. The radio-density of distilled water 
at standard temperature and pressure (STP) is defined as 0 HU and air has a HU-value of  
-1000. 
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A Multi-Slice CT (MSCT) (Fig. 4), is a device where the patient passes through the CT 
scanner while the circular opening (gantry) rotates and takes a volume of images of the body 
part inside the gantry. This makes it possible to image objects in 3D. Reconstruction of 
images with different thickness and different in-plane resolution is possible by MSCT, which 
makes the technique useful for diagnostic medical imaging. 

The advantages of MSCT in diagnostics for identifying persons at risk for having future 
osteoporotic fractures, are the higher resolution and the 3D technique, making it easier to 
identify earlier suffered fractures. This is important, because prior experience of fractures is 
one risk factor among others being at risk for future fractures. Although the resolution is 
high, with voxels having sides of about 0,2 mm, imaging the trabecular and cortical bone 
structure needs resolutions of 0.1 mm or less [79], making MSCT for the moment promising, 
but not ideal for such imaging [80, 81]. 

 
Figure 4. MSCT device at Center of Medical Image Science and Visualization (CMIV), Linköping. 
Courtesy of Petter Quick at CMIV, Linköping, Sweden. 

A disadvantage of MSCT is the much higher radiation dose compared to DXA. According to 
the report from European Commission of Radiation Protection in 2015 including 36 
European countries, (https://ec.europa.eu/energy/sites/ener/files/documents/RP180web.pdf), the 
annual frequency of x-ray procedures (including dental) were about 660 millions. CT 
examinations were responsible for about 10% of the total number of the radiology 
examinations, but contributed to almost 60% of the total radiation dose. For comparison, the 
radiation dose of a DXA of the lower spine is between 1 and 20 µSv [76] and the dose for a 
CT of the spine is, according to the same report from the European Commission, about 10 
mSv. For comparison the dose for a CT of the abdomen, where the lower part of the spine is 
in the FOV, is about 8 mSv [82]. Low dose imaging MSCT of e.g. the chest and lumbar spine 
is, however, a field of current research where studies have found that radiation doses can be 
decreased while remaining a high image quality [83, 84]. For a visual demonstration of 
differences in noise and the visualisation of trabecular bone structure between conventional 
dose and low dose protocol in the lumbar spine, see Fig. 5. 
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Figure 5. Lumbar spine imaged with a low dose protocol at a tube current of 20 mA and a tube voltage 
of 120 kV to the left. Radiation dose in DLP (dose length product) is 42.90 mGycm. Lumbar spine. of a 
person at the same age, imaged with a conventional CT-protocol at a tube current of 180 mA and a tube 
voltage of 120 kV to the right. DLP for the examination is 361.50 mGycm. Images from CMIV, 
Linköping, Sweden. 

 

High- resolution peripheral quantitative computed tomography – HR-pQCT 

  

Figure 6. Wrist imaged by HR-pQCT. To the left, demonstrating the examination. In the middle, an 
image slice of a healthy individual and to the right an image slice of an osteoporotic individual. 
Courtesy of Daniel Sundh at University of Gothenburg, Sweden. 

Imaging bone micro-structure in vivo is possible by HR-pQCT of the peripheral skeleton, 
such as the wrist (Fig. 6) and heel. A precursor to HR-pQCT was pQCT, introduced in the 
1990’s [85, 86]. HR-pQCT was introduced in the beginning of this century [87]. By this 
technique, it is possible to measure volume BMD and micro-architectural morphology as well 
as some mechanical properties of the imaged bone [88-92]. The isotropic voxel resolution for 
most HR-pQCT devices is down to 82 µm, allowing the bone trabeculae to be visualised 
properly. There is good agreement between HR-pQCT and the gold standard micro-CT 
regarding trabecular bone parameters like Tb.N, Tb.Th and Tb.Sp [24, 87]. In vivo studies 
have shown that trabecular bone volume fraction derived by HR-pQCT data is independently 
associated with prevalent fractures [66]. Other bone quality factors, like cortical porosity, 
have been imaged and measured by HR-pQCT, but as 60% of the pores have diameters of 
less than 100µm this may lead to an underestimation of the porosities [17, 93]. Research is 
ongoing with a recently introduced device working with isotropic voxels of 61 µm [94]. This 
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is promising for future in vivo studies for estimations of cortical porosities and trabecular 
bone microarchitecture. 

Micro-computed tomography – micro-CT or µCT 
Micro-CT, like other CT-techniques, uses X-rays for producing images of an object. The first 
device was introduced in the 1980’s [95]. The voxels from these devices are isotropic and it 
is possible to create 3D volumes from the data. Imaged voxel sizes in modern devices can be 
below 10 µm and the method is used both in medical imaging and for industrial purposes. 
The round opening, gantry, between the x-ray source and the detector is small, approximately 
50-80 mm in diameter, allowing only small animals to be imaged in vivo (Fig. 7). 

 
Figure 7. Image demonstrating the small gantry opening of a micro-CT machine. For comparison, the 
device close to the gantry is a mask for anaesthesia of small research animals. (Private image). 

The imaging time is considerably long, often hours, and the radiation dose high [96]. These 
factors make micro-CT unsuitable for medical imaging of patients or study persons. Micro-
CT is of high importance for imaging of tissue samples in research projects where it is 
regarded as gold standard for imaging of bone microarchitecture [21, 23]. 
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Cone-beam computed tomography – CBCT 
Dental CBCT is an image technique that uses a cone-beam shaped x-ray beam instead of the 
fan-beam shaped beam, used in conventional MSCT modalities (Fig. 8,9).  

 

  
Figure 8. Image demonstrating the difference between fan beam CT used in conventional CT (left) and 
cone beam CT (right) in the supine (lying down on the back) position. Courtesy of Scarfe WC, Farman 
AG, Sukovic P. Clinical Applications of Cone-Beam Computed Tomography in Dental Practice. J Can 
Dent Assoc. 2006;72(1):75-80. Reprinted with permission of the Canadian Dental Association. 

The technique was first introduced in the end of the last century [97] and is today widely used 
for imaging of the teeth, jaws, sinuses, middle ear and temporo-mandibular joints (TMJ:s) 
[98-103]. The mandibular bone has like the radius and other long bones an outer, cortical part 
that surrounds an inner trabecular part. That makes the mandibular bone an interesting body 
part for studies in bone structure and strength research. 

  
Figure 9. Demonstration of CBCT technique in the sitting position, to the left. Acknowledge to Aron 
Saar - Own work, CC BY-SA 3.0. To the right demonstration of clinical imaging in the Accuitomo 80. 
Image, courtesy of Benjamin Klintström. 
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There are many brands and manufacturers of CBCT devices [104]. All of them have the 
cone-beam shaped x-ray beam and isotropic voxels, but they differ in many other ways [105]. 
There are devices for imaging in the standing and sitting position as well as the supine (lying 
down on the back) position. There are devices possible for extremity imaging where the 
person can be either sitting or standing [106-108]. CBCT devices differ e.g. in imaged FOV 
sizes, rotation degree, tube current settings, tube voltage settings and in resolution (voxel 
size) (http://www.sedentexct.eu/content/comparison-cbct-machines). The resolution 
expressed as the sides of the voxels varies between about 75 and 400 µm. Fig. 10 
demonstrates CBCT images with voxel sizes of 80 µm and a FOV of 60 mm. Because, as 
earlier mentioned, the mean thickness of bone trabeculae is approximately 100 µm, the 
possibility for imaging those structures strongly varies between the devices. The possibility 
of imaging bone microstructure with CBCT are highly dependent on the imaging parameters 
and image resolution and studies show diverse results [109-118].  

 

Figure 10. Upper left a 3D rendering of a CBCT (3D Accuitomo 80) examination of the left radius of a 
22-year old healthy male. Upper right of a 57-year old healthy woman. In the lower row, there are 
image slices of the same examinations. (Imaging parameters: 85 kV, 5 mA, 80 µm voxels, 60 mm FOV 
and a 360 degree rotation). Note the sparser trabecular pattern for the older woman. Images from 
Linköping University Hospital, Sweden. 

CBCT is often referred to as a low-dose technique compared to MSCT. For example, a study 
comparing radiation doses from CBCT and MSCT demonstrates that the effective radiation 
dose when imaging a wisdom tooth in the lower jaw by CBCT is 29 µSv. When imaging the 
same region by MSCT, the dose is 474 µSv [119]. However, due to the many changes in 
imaging parameters possible both for MSCT and for CBCT, the radiation doses show great 
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differences. One undisputable fact is that CBCT allows imaging of small cone-shaped FOVs’, 
e.g. 4x4 cm, which reduces the effective dose compared to MSCT [120-122]. 

A major drawback of CBCT compared to MSCT is that current CBCT devices do not 
produce calibrated grey-scale values. It is therefore not possible to get HU-values for 
correctly differentiating between tissues. The devices produce a kind of grey-scale values and 
some studies suggest that they may be reliable [123, 124], but the values differ between 
devices as well as on the placement of the object in the imaged FOV [34, 37-39, 114]. 

 

Image processing and analysis  
Image analysis aims to extract information of interest from images. This analysis is mainly 
used for digital images. To be able to extract different components from an image data set, 
the data must be processed. This process aims to find different shapes or edges, remove noise 
and/or measure properties of an object. As example, image enhancement is used to remove 
noise and image segmentation is used to isolate objects or regions of interest. Image data sets 
are most often data intensive and the use of computers for the analysis is therefore demanded.  

Image processing in skeletal failure quantification 
Image analysis of medical images, in purpose of detecting individuals at risk of having 
skeletal failure, requires image processing in many steps. The primary goal is to delineate the 
bone tissue from other tissues in the imaged object or volume.  

One important step in the image analysis is segmentation where the grey-scale images are 
converted into binary images. In this step, the image processing aims to find the boundary 
between bone and other tissues. The voxels that are identified as bone will be assigned the 
value ‘one’ and the other voxels are assigned the value ‘zero’, resulting in black-and-white 
images. Images obtained by low dose CT imaging protocols (MSCT, CBCT as well as HR-
pQCT) contain more noise compared to high-dose imaging protocols from the same devices, 
and the image processing will be more demanding and the noise may reduce the possibility of 
differentiating tissues from each other. Low resolution images, with voxels larger than the 
bone trabeculae, result in problems with edge detection. Many of the voxels in the periphery 
of the bone tissue will consist of both bone and soft tissue and the edge between those tissues 
will be blurred. Both low-dose (Fig. 5, left image) and low-resolution images may negatively 
impact the possibility to correctly identify the bone voxels which will impact all future 
processing and analyses. 

Intensity thresholding 
Micro-CT, MSCT and HR-pQCT devices provide image data with intensity values. From 
these values, tissues in e.g. a bone specimen can be separated from each other. This allows 
the segmentation of hard tissues as bone from soft tissues like muscles and fat and is very 
useful in image processing for analysis of bone. When the voxels are small (20 µm or less) as 
in micro-CT, the voxels most often contain only one kind of tissue. In trabecular bone 
imaging, the voxels will then contain either bone or background. As can be seen in Fig. 11, 
micro-CT has two separate peaks in the histogram. Segmentation of bone from background 
may in this type of datasets be solved by fast segmentation methods like Otsu [125]. This 
segmentation method is based on intensity thresholding and in data sets like the micro-CT 
data in Fig. 11, the threshold is automatically placed in the valley between the two peaks in 
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the histogram. The high peak to the left in the histogram (around 0 units) represents one type 
of tissue (water) and the much lower peak to the right (around 4000 units) represents the bone 
voxels. When the voxels are bigger like in for example MSCT, HR-pQCT and CBCT this 
results in voxels being a mixture of both bone and background and there will not be a 
pronounced valley between the peaks. This makes the segmentation of bone from background 
more challenging.  

 

 
Figure 11. Histograms from four different CT-devices of one of the defatted trabecular radius bone 
cubes, used in the four studies, consisting of only bone and water. 

 

Image segmentation is a critical step and requires images in 3D with sufficient quality both 
regarding resolution and noise as well as a correct chosen threshold. If the threshold is set at a 
too high level, it will result in an underestimation of the bone amount. A threshold at a too 
low intensity level will result in an overestimation of the amount of bone (Fig. 12). 



35 
 

 
Figure 12. Raw image slice from CBCT (3D Accuitomo 80) of trabecular bone at 80 µm resolution 
(upper left). Binary image of the same slice segmented by correct intensity thresholding (upper right). 
Binary segmentation of the same slice with a higher threshold, resulting in underestimation of the bone 
amount (lower left). Binary segmentation of the same slice, with a lower threshold resulting in 
overestimation of the bone amount (lower right).  

Homogeneity thresholding – ARG 
Data from devices that have lower resolution than micro-CT, where there will be many 
voxels containing both bone and background, intensity thresholding like Otsu [125] may not 
be ideal for segmenting the data. Other segmentation methods like homogeneity thresholding 
can be possible solutions. One useful method is the Automated 3D region growing (ARG) 
algorithm based on an assessment function [126]. With this method, the separation of bone 
from background starts with a very strict homogeneity threshold to define bone. This results 
in an underestimation of the bone amount. The process then repeats with more and more 
permissive thresholds until too many voxels are defined as bone. The strictest homogeneity 
threshold is defined as the homogeneity of the original bone seeds. Those seeds clearly 
consist only of bone. The most permissive threshold results in a great over-estimation of the 
bone amount. Between those thresholds multiple iterations are performed and the iteration 
where the assessment function (f(seg)): 

  
reaches its minimum will be used for calculation of the bone structure parameters. 

The device, where the separation of bone voxels from the background voxels is most 
challenging is MSCT [127]. The voxels from this device have sides with a length of about 
200 µm which will result in many voxels containing partially of bone and partially of 
background [81]. This will impact both the intensity values and the homogeneity in the 
voxels. 
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Biomechanical studies 
Destructive mechanical testing 
The conceptually simplest method to understand the behaviour of a material under different 
loadings is destructive mechanical testing (DMT). Such tests are carried out until the material 
or specimen breaks. By DMT the properties of a material can easily be understood and the 
process can be filmed by high-speed cameras allowing the process to be carefully studied 
after the test. The problem is that the method is destructive, resulting in that only one kind of 
loading can be carried out on each specimen. For materials that can be mass-produced, this is 
a cost-effective and suitable test. For bone specimens that are unique, destructive testing is 
not preferable. 

Finite element methods – FEM 
Finite element methods (FEM) are mathematical methods making it possible to simulate 
properties of bone like strength, concentration of mechanical stress (stress) and physical 
deformation (strain). The methods rely on computers to solve the large sets of equations 
[128]. Information of bone mineral density (BMD) and bone mineral content (BMC) are 
important for this mathematical analysis. Information of BMD and BMC can be derived from 
DXA imaging [129, 130]. To be able to make more correct analyses of the trabecular bone 
properties, information of the 3D structure is of importance [131]. The availability of CT data 
increased the usefulness of FEM for the measurements [128]. When predicting bone 
behaviour, FEM requires that the analysed bone parts are divided into smaller pieces called 
elements that are equally sized (isotropic) [132]. Finite element analysis (FEA) can be used 
on these elements to determine stress and strain that occurs in the elements when they are 
exposed to external forces. FEM methods have been used for in vitro studies since the 1970s 
and are still evolving [133-136]. In clinical studies, the introduction of pQCT and HR-pQCT 
for imaging peripheral parts of the body made FEM analyses possible also in vivo [66, 132, 
137-140]. 
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Aims 
 

All four studies included in this thesis, are in vitro studies of radius bone specimens. 

 

I. The aim of Study I was to develop a method for quantitative assessment of trabecular 
bone structure by applying three-dimensional (3D) image processing methods to data 
acquired with MSCT and CBCT in vitro and to correlate those results to the results 
from the reference method of µCT. 
 

II. The aim of Study II was to evaluate how different CBCT image protocol settings may 
affect the accuracy in quantifying trabecular bone structure by comparing the results 
to those of the reference method of µCT. The study also aimed to identify differences 
in CNR between the settings and relate them to the radiation dose. 
 

III. The aim of Study III was to evaluate how closely trabecular bone structure parameters 
computed on data from CBCT as well as HR-pQCT devices correlated with the 
reference method of micro-CT. Another aim was to evaluate how well stiffness and 
shear moduli calculated by finite element analysis from micro-CT data could be 
predicted from the same data. 
 

IV. The aim of Study IV was to evaluate the ability of three different CBCT machines to 
assess biomechanical parameters of trabecular bone through FE simulations. Stiffness, 
including the Young’s modulus and shear moduli, was assessed and the measurements 
and shape of the stiffness tensor were assessed. Corresponding evaluations, using 
micro-CT were regarded as the reference standard. 
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Material and methods 

Material Study I-IV 
Radius (human wrist) specimens from human cadavers have been analysed in all four studies. 
The specimens were donated for medical research at University of California, San Francisco 
in accordance with the ethical guidelines regulating donations and have been used in previous 
studies [127, 141, 142]. All the specimens are almost cubic with sides of about 12-15 mm and 
they all include slabs of cortical bone, (Fig. 13). The presence of the cortical bone parts 
makes the orientation of the specimens more correct when performing the different analyses. 
The radius samples are all stored in separate test tubes filled with water and numbered to 
differentiate them from each other. Before imaging, each test tube was placed in a glass 
cylinder with a diameter of 100 mm filled with paraffin. This was performed to mimic the 
presence of soft tissue and simulate measurements in vivo. In study I and II, fifteen specimens 
were analysed. During handling and transportation, one of the specimens was destroyed after 
study II. Therefore only fourteen specimens were analysed in study III and IV. 

Scanners 
The specimens have been imaged by:  

 One micro-CT, the µCT 40 (SCANCO Medical AG, Bassersdorf, Switzerland) which 
is a small desktop CT machine for imaging biopsies and other specimens. This data 
has been regarded as the reference method in all four studies. 

 Two different 64-slice MSCT devices: one Siemens Definition (Siemens AG, 
Erlangen, Germany) and one Light Speed VCT (GE Medical Systems, Milwaukee, 
WI, USA).  

 Four CBCT devices; one 3D Accuitomo 80 and one 3D Accuitomo 170 (J. Morita 
Mfg. Corp., Kyoto, Japan, one NewTom 5G (QR, Verona, Italy) and one Verity 
(Planmed, Helsinki, Finland). 

 One HR-pQCT XtremeCT, (Scanco Medical AG, Brüttisellen, Switzerland). 
 One DXA device using the Discovery A S/N 82934, (Hologic Inc, Bedford, MA). 

Image acquisition 
 The images from the micro-CT were acquired using a tube voltage of 70 kVp, a tube 

current of 114 µA and an isotropic resolution of 20 µm. 
 The acquisition for the MSCT devices differed in slice thickness and tube current. The 

images were also reconstructed with two different reconstruction kernels, “bone” and 
“bone plus” (Table 1 in Study I) 

 Regarding CBCT Accuitomo 80 and 170, nine different settings were used with 
variations in tube voltage, tube current, rotation degree, scanning time, voxel size and 
FOV (Table 1 in Study II). For the CBCT NewTom 5G, the images were acquired 
using a peak tube voltage of 110 kV, a tube current of 4.2-4.6 mA, a FOV of 60 mm 
and an isotropic voxel size of 75 µm. For the CBCT Verity the images were acquired 
using a tube voltage of 90 kVp, a tube current of 12 mA, a FOV of 160 mm and the 
isotropic resolution of 250 µm (up sampled to 125 µm). 

 The images for HR-pQCT were acquired using a peak tube voltage of 60 kVp, a tube 
current of 0.9 µA, FOV of 126 mm and an isotropic resolution of 82 µm. 
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 The imaging in the DXA device was performed with a switched pulse dual-energy at 
100 kVp and 140 kVp 

Image processing 
After imaging, cubes consisting of only trabecular bone was digitally cut and these cubes 
were used for the analyses in all four studies. After the digital cutting the remaining 
trabecular bone cubes had sides of approximately 8 mm, (Fig. 13). 

 

  
Figure 13. To the left a 3D rendering from micro-CT data of a radius bone specimen with cortical bone 
included. To the right a 3D rendering of a bone cube consisting of only trabecular bone (used for the 
image analyses). 

After imaging, we used an automated region growing algorithm (ARG) as well as an intensity 
thresholding by Otsu for the segmentation of the data (Introduction, Image processing at 
pages 33-34). The analysis included six to seven bone structure parameters, namely: Bone 
volume over total volume (BV/TV), Trabecular thickness (Tb.Th), Trabecular separation 
(Tb.Sp), Trabecular number (Tb.N), Trabecular nodes (Tb.Nd), Trabecular spacing (Tb.Sc), 
and Trabecular termini (Tb.Tm). Imaged data was segmented and bone structure parameters 
were calculated using MATLAB® (MathWorks®, Natick, MA) with a code developed in 
house. The computer used was a standard PC with Intel Core i5, CPU at 2.60 GHz, 4GB of 
RAM and a 64-bit operating system. From the DXA device imaging, the bone mineral 
density (BMD) in g/cm² was derived. 

Biomechanical analysis  
Finite element (FE) analysis was performed to measure the biomechanical properties of the 
trabecular bone cubes. This analysis was based on the segmented micro-CT data, to study if 
shear and stiffness could be predicted as well as estimated from the HR-pQCT and CBCT 
data. 

Reproducibility 
The reproducibility of the methods was tested by scanning the bone specimens in one of the 
CBCT devices (3D Accuitomo 80) twice at the same imaging parameters and by performing 
the analyses of the trabecular bone structure parameters on both image data sets. 
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Statistics 
In all four studies, results of the bone structure parameter analyses were presented as mean 
values with standard deviations. The normal distribution of the dependent variables was 
tested by Kolmogorov-Smirnov test. Data were compared using Pearson correlation with 
95% confidence intervals. Bland Altman analyses were taken place to test the reproducibility 
of the methods. For studying the ability to predict biomechanical parameters, linear and 
stepwise multiple regression analyses of the shear and stiffness predictions as well as tests of 
the normal distribution of the variables, were performed with the IBM SPSS Statistics 
program.  
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Results 
In the first three studies, trabecular bone structure parameters imaged by CBCT and 
segmented using the in-house developed code, based on the ARG algorithm, showed strong 
correlations with the reference data derived by micro-CT. The correlation factors were above 
0.90 for Tb.N, Tb.Th and BV/TV when the CBCT device 3D Accuitomo 80 was used. 
Regarding Tb.Tm, the correlation was below 0.80. All the other bone structure parameters 
had correlations above 0.80.  

Regarding the mean values, CBCT either overestimated or underestimated some of the 
parameters compared to the reference method of micro-CT. The parameters BV/TV and 
Tb.Th were overestimated three to four times while Tb.N was underestimated by a factor of 
three or more (Fig. 14).  

 
Figure 14. Linear regression analysis of trabecular nodes (mm-3) measured from CBCT and micro-CT 
(left) and of trabecular thickness (mm) (right). From Klintström E, et al. “Trabecular bone structure 
parameters from 3D image processing of clinical multi-slice and cone-beam computed tomography 
data.” Skeletal Radiol 2014; 43: 197–204.  

Due to the developments of the segmentation algorithm code, when more data were analysed 
in later studies, there were changes in both correlation factors and mean values between the 
studies. In the second study when more data from the CBCT device Accuitomo was included, 
the mean correlation for the six parameters increased. When the code, in Study III, was 
adjusted to work faster, the correlation mean (for all parameters) became slightly weaker for 
the Accuitomo. 
 
In the first study, where imaging besides two dental CBCT devices also were performed by 
two MSCT devices, the results for correlations between micro-CT and MSCT were not 
encouraging for other parameters than BV/TV, which showed correlations ranging from 0.87 
to 0.94. Correlations regarding the five other bone parameters showed great variance in-
between the two devices, as well as regarding different imaging settings and between the 
bone parameters, where correlations varied between 0.06 and 0.91 (Table 1). 
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Table 1. Correlations with micro-CT. Pearson correlation coefficient (r) with 95% 
confidence limits. 

MSCT 
device 

GE Light 
speed 
Bone 

GE Light 
speed 

Bone plus 

Siemens 
Definition 
600 µm 

Siemens 
Definition 
400 µm 

Tb.Sp 0.80 
(0.49; 0.93) 

0.91 
(0.73; 0.97) 

0.12 
(-0.42;0.60) 

0.52 
(0.01;0.81) 

Tb.Th 0.47 
(-0.06;0.79) 

0.58 
(0.10;0.84) 

0.89 
(0.70;0.96) 

0.88 
(0.66;0.96) 

Tb.N 0.76 
(0.41;0.92) 

0.79 
(0.47;0.93) 

0.15 
(-0.39;0.62) 

0.66 
(0.22;0.87) 

BV/TV 0.89 
(0.71;0.96) 

0.94 
(0.81;0.98) 

0.92 
(0.76;0.97) 

0.87 
(0.65;0.96) 

Tb.Nd 0.74 
(0.36;0.91) 

0.78 
(0.44;0.92) 

0.02 
(-0.53;0.50) 

0.70 
(0.29;0.89) 

Tb.Tm 0.06 
(-0.47;0.55) 

0.06 
(-0.46;0.55) 

0.63 
(0.18;0.86) 

0.53 
(0.03;0.82) 

MSCT Multi slice computed tomography; CBCT cone beam computed tomography; Tb.Sp = Trabecular 
separation; Tb.Th = Trabecular thickness; Tb.N = Trabecular number; BV/TV = Bone volume; Tb.Nd = 
Trabecular number; Tb.Tm = Trabecular termini Bold figures denote correlations above 0.90. Italic figures 
denote correlations not significantly different from 0. 

 

The second study focused on the CBCT device 3D Accuitomo, and the influence changes in 
imaging parameters like tube voltage, tube current, imaging time, imaging voxel size and 
field of view (FOV) had on the correlations to micro-CT and how those parameters affected 
the radiation doses and the contrast-to-noise ratios (CNR). The differences in correlations and 
mean values were only minor in-between most of the nine imaging protocols. Decreasing the 
imaging time, which also changed the rotation degree from 360 to 180 degrees, had a 
negative effect on the protocol with the 80 µm voxels. The negative effect was clearly visible 
regarding Tb.Sp, Tb.N and Tb.Tm. Decreasing the imaging time also negatively impacted the 
CNR, but lowered the radiation dose. The protocol used as clinical standard protocol at our 
department for implant and dental imaging, showed strong correlations, fair CNR and the 
second lowest radiation dose. 

In the third study, where besides the correlations to micro-CT regarding the trabecular bone 
structure parameters, also the ability to predict trabecular bone stiffness and shear were 
studied. Stiffness and shear were predicted using finite element methods (FEM). Two CBCT 
devices and one HR-pQCT were included using the micro-CT data as the reference. Like in 
the two previous studies, the data was segmented using the in-house developed code based on 
the ARG algorithm. The HR-pQCT data was also segmented using the software specially 
dedicated for this device. 

Trabecular bone stiffness and shear could from the CBCT data be predicted with simple 
linear regression from all trabecular bone structure parameters (except from Tb.Th) having 
significance levels <0.05 (See Tables 3-4 in Study III). The parameter, BV/TV had the 
highest R²-values varying from 0.70 to 0.93 with a p-value below 0.001 regardless of CT-
device used. In this study, the CBCT device 3D Accuitomo performed better than the 
NewTom 5G. 
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Using stepwise multiple regression, the CBCT device Accuitomo and the HR-pQCT device 
had R²-values ≥0.84 for predicting both stiffness and shear from the variable Tb.Tm (Table 5 
in Study III). 
 
The two CBCT devices overestimated BV/TV and Tb.Th with a factor of close to four (Table 
6 in Study III) compared to micro-CT. Tb.Nd was, like in Study II and III, underestimated 
by CBCT almost four times. HR-pQCT overestimated Tb.Th with a factor of almost three 
when using the in-house code. HR-pQCT underestimated Tb.Nd more than four times 
regardless of software used. 

There were strong correlations between CBCT Accuitomo and micro-CT regarding the bone 
structure parameters, with four parameters out of seven having correlations above 0.90 and 
two above 0.86 (Table 2 in Study III). Only the parameter Tb.Tm had a somewhat lower 
correlation at 0.79. The in-house code worked well also regarding HR-pQCT data as well as 
for CBCT NewTom 5G. Those devices showed slightly weaker correlations to micro-CT than 
the Accuitomo.  

When segmenting HR-pQCT data, using the in-house code, Tb.Tm had a correlation with 
micro-CT of 0.70. This parameter had a correlation to micro-CT of -0.27 when using the 
software dedicated for the HR-pQCT device. Trabecular nodes had almost identical 
correlations regardless of soft-ware used while the remaining five parameters showed 
stronger correlations when segmented with dedicated software. 

In the fourth study the main interest was to directly estimate biomechanical properties of 
trabecular bone through CBCT. The data from two dental CBCT devices (3D Accuitomo and 
NewTom 5G) as well as one CBCT dedicated for extremity imaging (Verity) were segmented 
using the in-house method based on the ARG algorithm as well as a method based on 
intensity thresholding (Otsu). The CBCT Accuitomo 80 showed good performance in 
estimating stiffness (Young’s modulus) and shear moduli but was sensitive to the choice of 
segmentation method. The other two CBCT devices, NewTom 5G and Verity, yielded good 
but not as strong correlations as the Accuitomo. Both stiffness and shear was overestimated 
by the CBCT devices compared to the micro-CT estimations. 
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Discussion 
Since trabecular bone is of great importance for bone strength, and cone beam computed 
tomography (CBCT) is a wide-spread technique, the main aim of this thesis was to study the 
possibilities of CBCT to evaluate trabecular bone properties. 

People all over the world suffer from fractures. Often, they are induced by high impact 
violence, but the cause can also be related to a weak skeleton, a kind of skeletal failure, due 
to osteoporosis. Denmark, Sweden, Norway and Austria have the highest incidence of hip 
fractures amongst women in the world (more than 500 per 100,000 annually) [56]. This 
causes major health costs and great suffering for the affected individuals. The strength of 
bone, depends on both the mineral content and the bone structure [3, 65, 143-145]. Clinical 
studies have shown that vertebral fracture risk is correlated to disconnections in the trabecular 
network [146-148]. Detection of decreased bone strength in an earlier stage, before the first 
fracture, may lead to correct help for avoiding future fractures. Not only a weak skeleton but 
also impaired balance increases the risk for fractures [57] and it is shown that physical 
training to improve balance is of importance amongst the elderly, in fracture prevention 
[149].  

Another aspect on trabecular bone is the impact the bone properties have on dental implants. 
Primary stability, which measures the mechanical engagement of the implant with the 
surrounding bone tissue directly after insertion, is an important factor that highly impacts the 
survival rate of the implants [26, 28, 29, 33]. 

Considering the above mentioned facts, it seems to be of great importance to find methods 
that can be used for measurements of both structural and mechanical parameters in the 
trabecular network, and to do so on individuals in vivo.  

Magnetic resonance imaging (MRI) can be used for imaging of the trabecular bone structure 
in vivo [92, 150-153]. The method is of high interest since it does not use any radiation. But 
susceptibility artefacts cause overestimations of the trabeculae [151] and examination time is 
rather long causing risk for movement artefacts. Besides that, the cost per examination is high 
compared to many other imaging methods.  

CT devices of many different types are used for medical x-ray examinations of living people. 
According to the report from Swedish Radiation Safety Authority in 2008, the number of x-
ray examinations per year in Sweden was 5.4 million and 30% of those were CT-
examinations [154]. MSCT is the most commonly used CT- device and it would be appealing 
if the examinations could be used not only in diagnostics of medical diseases but also for 
structural and biomechanical measurements of the trabecular bone in the imaged FOV. 
MSCT devices can produce images with voxels having side lengths of about 0.2 mm which 
results in difficulties of depicting the microstructure of trabecular bone [127, 155]. This was 
also the result in Study I, where the trabecular bone parameters analysed from MSCT data 
showed weak correlations for many of the parameters despite high-dose protocols. The 
parameters were most often highly overestimated or underestimated and showed variations 
depending on which imaging protocol, reconstruction kernel or device used. In a study from 
another study-group it was shown that if a high-resolution and high-dose MSCT protocol of 
the calcaneus was used, it was possible to differentiate individuals with and without vertebral 
fractures [156]. It is also known that MSCT data in combination with the information of 
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BMD from DXA improves the prediction of bone strength in vitro [157]. The MSCT 
technique, like the segmentation technique is evolving and future research may result in 
methods useful for trabecular bone microstructure imaging. 

HR-pQCT is today often the method of choice for imaging in bone micro-structure research 
in vivo [19, 90, 93, 158-160]. It is a high-resolution technique where the first-generation 
devices had voxels with sides down to 0.082 mm. In Study III, we used a device with this 
resolution and got rather strong correlations (0.70-0.93) to micro-CT regarding all 
parameters, when segmenting using our in-house developed code. When segmenting using 
the software dedicated for the HR-pQCT data, the correlations were stronger (0.75-0.97), 
except for Tb.Tm where the correlations were weak. In the second-generation devices of HR-
pQCT, the isotropic voxels have sides of 0.061 mm [94]. One study demonstrated that the 
voxel size had effect on accuracy of the measurements of both trabecular and cortical 
microstructure [24] and like a more recent study showed that measurements of some of the 
bone structures could be more correctly depicted with smaller voxels [161]. Our in-house 
developed code overestimated BV/TV compared to when using the dedicated software. Both 
segmentation methods regardless showed results regarding the trabecular bone structure that 
were in the same range as other studies [24, 162]. A recent study, showed that results from 
the two HR-pQCT devices are comparable [163], and that is encouraging indicating that new 
studies can be compared to earlier executed ones. A major draw-back of HR-pQCT is that the 
technique is less wide-spread than MSCT and MRI devices. This is especially true in 
Sweden, where the first device was installed in Gothenburg in 2007 and still, to the best of 
my knowledge, is the only available device.  

A more wide-spread high-resolution CT device is CBCT. The method is applicable for 
fluoroscopy of the intestines as well as for imaging of the skeleton. CBCT is often the 
method of choice in teeth, jaws and temporal bone imaging [164-166] [100, 103]. CBCT-
devices are installed at University Hospitals and Dental Schools as well as in many private 
dental practices. The devices are often used only during day-time, opening possibilities for 
research during out-off office hours. The market of dental CBCT devices is expanding. There 
are devices for imaging in the sitting, standing as well as in the supine (lying down on the 
back) position [104]. Devices for imaging in the supine position can besides dental imaging 
also be used for examinations of the skeletal extremities , such as the wrist, heel and knee 
[108]. The devices differ in FOV imaging possibilities, tube current and voltage, rotation 
degree, pulsed or continuous x-ray emission. These factors have a high impact on the 
radiation dose [120, 121]. Recently, devices more dedicated for the extremities have been 
developed and are installed in many hospitals. These CBCT devices offer 3D examinations of 
the extremities with an effective radiation dose much lower than that of MSCT [167]. The 
device is applicable also for imaging in the maxillofacial region with radiation doses 
comparable to dental CBCT [168].  

During the research process, we have used CBCT devices from three manufacturers; J. 
Morita Mfg. Corp., Kyoto, Japan, QR, Verona, Italy and Planmed, Helsinki, Finland. The 
machines were chosen because they are available in many hospitals in Sweden and because 
of the differences in between them.  

1. From the Morita Company, we have tested three devices, namely, 3D Accuitomo 
(image intensifier screen), 3D Accuitomo 80 and 3D Accuitomo 170 (flat panel 
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detector). Those devices are for imaging patients in the sitting position and have the 
possibilities to manually change tube current, tube voltage, image voxel size, rotation 
degree as well as imaged field of view (FOV).  

2. From QR, Verona we have tested two devices of NewTom 5G (installed in two 
different hospitals). In this scanner, for patients in the supine position, the tube current 
cannot be changed manually due to the automatic exposure control where the mA is 
based on patient size estimated from two scout images. The radiation emission is 
pulsated. FOV, image voxel size as well as radiation exposure time can be changed 
manually.  

3. From Planmed, we have tested one Verity device dedicated for the extremities as well 
as for the maxillo-facial region. The image protocols installed in this device have 
several reconstruction kernels and filters as well as possibilities to choose imaged 
FOV. Imaging can be done with patients in sitting as well as in standing position. 

Regarding the 3D Accuitomo 80 (the device at Linköping University hospital) we have tested 
eight different imaging protocols. The protocol most often used in our clinical practice, was 
run twice to test the reproducibility. 

There are many CBCT studies analysing bone parameters in the mandibular region [109, 110, 
123, 169]. CBCT studies on human forearm specimens are sparse. In one study, the CBCT 
device NewTom 5G was used to image human radii specimens comparing the results with the 
HR-pQCT device XtremeCT [170]. The correlations regarding trabecular structures like 
Tb.N, Tb.Th and Tb.Sp were in that study ≥0.94, demonstrating similarities in bone micro-
structure imaging between the devices. Porosities in the cortical part of the bones are known 
to impact bone strength [171] and such porosities as channels for nutrient arteries and other 
vascular porosities can be visualised in humans in vivo by HR-pQCT [172-174]. So far only 
one study has been published regarding CBCT and cortical porosities [170]. This research is 
of high interest for dental CBCT imaging, because mandibles besides the trabecular bone part 
also have portions of cortical bone, especially at the basis of the mandible. The specimens 
imaged in our four studies did include only small amounts of cortical bone and have so far 
not been part of our research. In future in vivo research of mandibles and radii, the cortical 
part may also be studied. Such research could be of even higher interest if CBCT devices in 
the future permits imaging of smaller voxels than those available on the market today. 

Segmentation of CBCT data is challenging since the devices do not provide accurate grey-
scale values. Thus, the choice of segmentation method may have a strong impact on the 
results. Intensity thresholding, like Otsu [125], is known to be sensitive to the choice of 
thresholding [175]. This thresholding may have a greater effect when segmenting CBCT data 
compared to when segmenting micro-CT data. Not only because the grey-scale values are 
incorrect but also because the absence of valley between the two peaks (bone voxels and 
back-ground voxels). See the differences between the modalities in Fig. 11 as well as 
differences between the specimens in Fig. 15.  
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Figure 15. Histograms of three different bone specimens imaged by CBCT (3D Accuitomo 80) at 5 mA 
and 85 kV, 80 µm voxels and 360 degree rotation.  

During our research project, we have evaluated different segmentation methods for the CBCT 
data. The segmentation software based on homogeneity thresholding origin from the 
automated 3D region growing (ARG) algorithm described in [126] has been developed in 
house. This segmentation method has so far showed the best results. In Table 2, previously 
not published results are shown, comparing intensity thresholding (Otsu) with homogeneity 
thresholding (ARG) of CBCT data from 15 radius bone specimens.  

Table 2 Correlations with micro-CT 

Parameter\Segmentation ARG Otsu 
Tb.Sp 0.85 (0.58;0.95) 0.80 (0.47;0.93) 
Tb.Th 0.96 (0.88;0.99) 0.60 (0.10;0.86) 
Tb.N 0.95 (0.85;0.98) 0.92 (0.76;0.97) 

BV/TV 0.97 (0.91;0.99) 0.84 (0.56;0.95) 
Tb.Nd 0.93 (0.79;0.98) 0.89 (0.68;0.96) 
Tb.Tm 0.73 (0.33;0.91) 0.71 (0.29;0.90) 

Pearson correlation coefficients (r) with 95% confidence interval. CBCT 3D Accuitomo 80. Imaging protocol at 
tube voltage at 85 kV, tube current at 8 mA, 80 µm voxel size, a rotation degree of 360 and a FOV of 40 mm. 
Bold figures denote values ≥ 0.90. 

The methods in our research project are based on binary (black and white) segmentation. This 
is a problem because most clinical CT devices have voxels with greater dimensions than the 
trabecular network. This results in partial volume effect, where many voxels become a mix of 
tissues, both bone and background. Many voxels will be regarded as bone although they only 
partly consist of bone. The segmentation results for trabecular bone parameters as well as for 
the estimations of the size and shape of the stiffness tensor will thus be negatively affected. 
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This effect is clearly demonstrated in all four studies where the bone amount (BV/TV) is 
overestimated three to four times by all CBCT devices and more than four times by MSCT. 
This problem may be more accentuated in vivo, due to the risk for motion artefacts. One way 
to reduce the partial volume effect is to instead use direct calculations from the grey-scale 
images. To the best of our knowledge, this method is at present time only applicable for 
measurements of Tb.Th [176]. 

There are limitations linked to this research project. The perhaps most obvious limitation is 
that all CBCT devices overestimated the amount of bone compared to micro-CT, which 
affects the FEM-calculations of the trabecular bone biomechanical properties. Such 
overestimations may be overcome if the correlations to the reference method are strong and 
the degree of overestimation is known. Our studies indicate the importance of using the same 
CT device and to use the same segmentation methods in longitudinal studies. The fact that all 
studies have been carried out in vitro, impacts all results. Factors such as movement artefacts 
have therefore not been possible to analyse. This may be a strength, because knowing that the 
differences in the datasets depend on the different devices and imaging settings, allow more 
objective analyses and comparisons. Thus, allowing improvements of the segmentation code. 
In future clinical research, it is important to reduce the risk of patient movements. In CBCT 
devices for examinations in the sitting position careful and distinct information to the 
participants is vital. This in combination with stabile fixation of the head with straps and chin 
rest like in Fig. 9, is crucial. As an example, examinations of minute middle ear structures 
have been carried out with good results [100, 177, 178] which is promising for future in vivo 
studies. For examinations of the wrist in this type of device it is necessary to construct a 
fixation device. This is one part of our ongoing projects. Another limitation is the limited 
number (fifteen and fourteen) of specimens. However, to reduce the effect of this limitation 
numerous examinations with differences in imaging protocols using three MSCT, one HR-
pQCT and five CBCT devices have been part of the projects. Numerous more data sets from 
the second generation of HR-pQCT is for the moment being analysed and will hopefully 
improve our segmentation methods. 

Trabecular bone structure in the mandible has been studied to evaluate the possibilities of 
prediction of osteoporosis and osteoporotic fractures. The images used for this purpose have 
been 2D intraoral and panoramic images. The subjective visual assessment of those images 
was showing potential to identify individuals at risk for osteoporosis [179] and future 
fractures [180]. Also, semi-automatic methods for diagnosing skeletal osteoporosis by 
measuring the mandibular cortex width have been carried out showing promising results and 
high repeatability [181]. The combination of subjective visual assessment of mandibular bone 
sparse trabecular pattern and the web-based FRAX® tool has been shown to be able to 
predict major osteoporotic fractures in the same range as the combination of BMD and FRAX 
[182].  

Results from earlier studies demonstrating possibilities to analyse both trabecular and cortical 
bone parameters, with strong correlations to osteoporotic fractures, are encouraging for future 
in vivo research. CBCT devices with possibilities for imaging of the extremities, make 
comparisons to research results from HR-pQCT devices possible. In Study I-IV is shown that 
3D dental CBCTs’ work well for subjective independent analyses of trabecular bone 
parameters in vitro. This in combination with the fact that trabecular as well as cortical bone 
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most often is included in dental implant examinations in the mandible is also promising for 
future implant and osteoporosis studies in the maxillo-facial region. The device 3D 
Accuitomo, showed stronger correlations to micro-CT than the other studied devices, 
including MSCT, HR-pQCT and two other CBCT devices. Encouraging was that the 
Accuitomo worked well independent of imaging protocol and that the protocol most often 
used in our clinical practice showed strong correlations and low radiation dose.  
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Conclusions 
 

I. The moderate and image protocol dependent correlations between MSCT and 
micro-CT data for analysing trabecular bone structure parameters indicate that 
such analyses are currently challenging. On the other hand, the strong correlation 
between CBCT and micro-CT suggests the possibility of quantifying and 
monitoring trabecular bone microarchitecture changes over time in vivo, using 
CBCT. 
 

II. Trabecular bone structure parameters can be quantified by clinical dental CBCT, 
in vitro, with strong correlations to the parameters obtained by micro-CT. There 
were only minor differences between the protocols regarding those correlations. 
The protocol using 80 µm voxels was more affected than the 125 µm voxel 
protocol when decreasing the scanning time to half, which resulted in weaker 
correlations, especially for trabecular separation, number and termini. Higher 
radiation dose protocols resulted in almost identical correlations compared to the 
protocol most often used in clinical practice at our institution, which had fair 
contrast-to-noise ratio (CNR), low radiation dose and strong correlations to micro-
CT. 
 

III. The strong correlations between micro-CT and the already clinically used device 
HR-pQCT regarding trabecular bone structure and for predicting stiffness and 
shear, using our in-house developed code, indicates that this code could be useful 
for segmenting HR-pQCT data. Also, the strong correlations between CBCT and 
micro-CT regarding the same parameters indicate that CBCT devices may be a 
feasible method for future clinical studies and osteoporosis research. 
 

IV. Finite element-based calculations of biomechanics from CBCT data are feasible, 
with strong correlations for the scanner 3D Accuitomo 80. The two other CBCT 
scanners yielded good correlations, but not as strong as the Accuitomo. Although 
both stiffness and shear were overestimated, such measurements may be valuable 
for predicting dental implant survival by in vivo estimations of bone properties. 
 

 
CBCT data of trabecular bone can be used for analysing trabecular bone properties, like bone 
microstructure and bone biomechanics, showing strong correlations to the reference method 
of micro-CT. The results depend on choice of CBCT device as well as on segmentation 
method. The in-house developed code, based on homogeneity thresholding using the ARG 
algorithm is appropriate for CBCT data despite that this device does not provide accurate 
grey-scale values. The bone volume fraction is overestimated compared to micro-CT, which 
must be considered when estimating bone properties in future clinical dental implant and 
osteoporosis research. 
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Future perspectives  
The possibilities of CBCT for estimating trabecular bone properties, like microstructure and 
biomechanics in clinical research is still to be evaluated.  
 
Integration of the in-house developed software into digital picture archiving and 
communication (PACS) systems is needed to be able to analyse clinical data from more 
research centers in other countries as well as from more CBCT manufacturers.  
 
One challenge is the impact the partial volume effect has on all estimations. Improvements of 
segmentation methods are crucial. Currently, more data captured by several imaging 
protocols from MSCT is being analysed using binary and grey-value based segmentation 
methods applying different kinds of image processing. Possibilities to more correctly identify 
the boundary between bone voxels and background will decrease the number of voxels 
consisting of both bone and background. The larger the voxel sizes the greater the impact of 
partial voxels. If segmentation of MSCT data can be improved, it will have even greater 
effect on the more high-resolution CBCT data.  
 
Future possibilities include analyses of mandibular trabecular bone for osteoporosis research, 
studying the correlation of the mandibular bone structure and biomechanics to the structure of 
the wrist and DXA measurements. Following individuals over time, estimating the bone 
properties after medical treatment is another research possibility.  
 
Future research may also include studies of the correlation of trabecular bone properties in 
the jaws and the correlation to dental implant primary stability and long-time survival. 
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