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Summary 

Osteoporosis is a chronic disease of bone tissue that increases the risk of fractures from minor 

accidents that would not cause fractures in healthy individuals. Roughly 20 % of females and 

6% of males have osteoporosis after the age of 50, but the disease may also be present earlier 

in life. Osteoporosis exhibits no symptoms until the first fracture, and the early diagnosis is 

challenging. Dental radiography is a frequent examination, and the possibility of using it for 

osteoporosis screening has been studied for a few decades.  

This thesis aims to investigate the diagnostic qualities of mandibular cortical shape and width 

assessments for osteoporosis screening in Norwegian males and females, to examine the 

factors affecting mandibular cortical morphology, and finally to explore the feasibility of 

automatic measurement of mandibular cortical width. 

The thesis is based on the data from the seventh survey of the Tromsø study (Tromsø7) 

carried out in 2015-2016. Participants aged 40 and older were examined with dental 

panoramic radiographs and dual-energy x-ray absorptiometry at the femoral neck. Other 

demographic, health, and lifestyle data were collected in questionnaires.  

Thin ( ≤ 3 mm) and severely eroded cortex could differentiate osteoporotic from non-

osteoporotic females ≥ 40, demonstrating sensitivities of 68.1% and 34.0% and specificities 

of 69.0% and 89.7%, respectively. Combining mandibular cortical width and shape with 

Fracture Risk Assessment (FRAX) score markedly improved their diagnostic efficacy with an 

increased ability to identify healthy females. T-score was the strongest predictor of 

mandibular cortical morphology in females, followed by age and number of remaining teeth. 

Only the T-score was weakly associated with cortical shape in males, while the efficacy 

estimates for radiomorphometric indices were inconclusive. The reproducibility of the 

manually measured width and shape was suboptimal. However, it was feasible to develop a 



 

 

fully automated algorithm for measuring MCW according to the original method with the 

EfficientDet neural network, having the highest accuracy of 79% in identifying mental 

foramen. 

To conclude, thin and eroded cortex on dental panoramic radiographs might be as useful as 

existing risk-factor-based tools for osteoporosis screening in females, and their combination 

with the FRAX score has superior diagnostic ability than radiomorphometric indices used 

alone. The performance of fully automated index measurements should be explored in further, 

more extensive studies.  
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1 Introduction  

Osteoporosis is a systemic, chronic, non-communicable disease characterized by 

microstructural deterioration, mass reduction, and excessive fragility of bones. Osteoporosis 

increases the risk of fracture. Osteoporotic fractures occur mainly in the hip, wrist, or spine. 

They may result from a fall from standing height or other minor accidents that would not 

cause fractures in healthy people. Osteoporosis is also called a "silent disease" since it has no 

symptoms until the first osteoporotic fracture occurs. Although an early diagnosis of 

osteoporosis is challenging for many reasons, it is crucial since effective therapies preventing 

osteoporotic fractures exist [1]. 

Dental radiography is a frequent examination. A report on using radiographs among dental 

practitioners in Norway 2006 showed that they carried out around 7.29 million radiographic 

examinations, accounting for 64% of all medical radiographic examinations, while 4.7 million 

citizens lived in Norway in 2006 [2, 3]. Dental panoramic radiographs comprise around 2% of 

the total dental radiographs, i.e., approximately 144,000 a year [2].  The idea that dentists 

could identify people susceptible to osteoporosis using dental panoramic radiographs is 

rational because people regularly attend dental offices, and the radiographs taken for dental 

reasons show bone tissue besides tooth structures. Seventy-four percent of the adult 

population visited their dentists once a year in 2012; this attendance rate has been stable since 

2002 [4]. 

Moreover, dental office attendance is more prevalent in aged people living in urban areas, 

specifically females [5, 6]. In Norway, 77% of females attended dental offices once a year in 

2012 compared to 70% of males; the highest percentage of dental attendance was in the age 

group of 45-66 in both sexes. A lower attendance percentage was observed in the age group 
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of 67 and older, but it was still higher than in the younger cohorts [4]. The abovementioned 

population attending dental clinics markedly coincides with the leading risk group for 

osteoporosis and osteoporotic fractures [7, 8]. 

 

1.1 Epidemiology and burden of osteoporosis  

In the European Union, the estimated prevalence of osteoporosis in females and males aged 

50 and older is 21% and 6%, respectively, yet some variations by country are observed [9]. 

The corresponding numbers in the United States are 19.6% and 4.4% for females and males 

[10]. A population-based study from Northern Norway revealed 11.5% of females and 8.3% 

of males aged 50 and older with osteoporosis in femoral necks [11]. The Norwegian Institute 

of Public Health estimated that around 300,000 out of 1.6 million Norwegians over 50 had 

osteoporosis in 2009 [12, 13].  

The incidence of hip fracture varies remarkably across different countries, with the 

Scandinavian countries being among the world's top [14]. Osteoporosis causes around 9 

million hip fractures, 1.7 million forearm fractures, and 1.4 million vertebral fractures 

annually worldwide [14]. In the E.U., 827,000 hip fractures, 663,000 vertebral, and 637,000 

osteoporotic forearm fractures were sustained in 2019 [15]. According to the Norwegian 

Institute of Public Health, approximately 9,000 elderly persons experience a hip fracture, 

while 15,000 persons have forearm and vertebral fractures annually in Norway [12]. Seventy 

percent of all osteoporotic fractures occur in females. One-third of women and one-fifth of 

men over 50 will experience an osteoporotic fracture in their remaining lifetime [14]. 
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Osteoporotic fractures increase mortality: around twenty percent die during the first year after 

hip fracture [16].  They also cause long-term disability, loss of independence, and chronic 

pain [14]. The impact of osteoporotic fractures in 27 countries of the European Union was 

estimated to be 112,850 disability-adjusted life years (DALYs), i.e., the sum of life years lost 

due to premature deaths and years lived with disability after sustaining an osteoporotic 

fracture, accounted for a weight value assigned to osteoporotic fracture [17]. In 2019, 56.9 

billion euros were spent on medical care for patients with osteoporotic fractures in the 

European Union [17].  Since 2010, total medical care costs for osteoporotic fractures have 

increased by 64% [17]. Osteoporotic fractures are the fourth leading cause of chronic 

morbidity and disability in Europe after ischemic heart disease, dementia, and lung cancer 

[14, 17]. Norway spends 7-8 billion Norwegian kroner annually to treat hip fractures [12].  

As the population ages, the osteoporotic fracture burden will increase [18]. By 2040, the 

number of people worldwide at high risk of hip fracture will double, while in Europe, this 

number is proposed to increase by 30% [18]. By 2050, one in five people in the Norwegian 

population will be older than 70 [19]. The report by Norwegian Epidemiologic Osteoporosis 

Studies (NOREPOS) from 2020 proposes that despite the 0.7% annual decline in osteoporotic 

fracture incidence, their absolute number will increase due to the growth and aging of the 

Norwegian population. The report also proposes doubling the osteoporotic fracture burden 

measured in DALYs and a 65% increase in medical care costs from 2020 until 2040 [20]. 

 

1.2 Clinical diagnosis of osteoporosis 

Clinicians use dual-energy X-ray absorptiometry (DEXA) to diagnose osteoporosis. DEXA is 

an enhanced x-ray technology measuring bone mineral density (BMD) and a T-score. The T-

score is a difference between the BMD of a patient and the mean BMD of young sex-matched 
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adults (reference population) divided by the standard deviation of the reference population 

[21]. The recommended reference population for calculating T-score is young females 

between 20 and 29 years old from the third National Health and Nutrition Examination 

Survey (NHANES III) [22]. Other sex-specific references are also standard options in 

different DEXA units [11, 23]. The operational definition of osteoporosis is a T-score 

assessed at the femoral neck equal to or less than the -2.5 standard deviation, while a T-score 

range between -1 to -2.5 standard deviations is considered osteopenia or low bone mineral 

density [22]. Osteopenia is not considered a disease and is primarily relevant for research. T-

score is a strong predictor of osteoporotic fractures. The T-score at the hip has a higher 

predictive value for hip fracture than the other skeletal sites [22].   

The main strengths of the technique are a relatively low effective dose of 1-6 μSv, high 

reproducibility, and ease of carrying out. However, the major limitation of DEXA is that it is 

a two-dimensional scan that measures an areal BMD. Even though sometimes bones have 

similar volumetric BMD, the areal BMD can be underestimated in small bones and 

overestimated in bigger ones because the third dimension, i.e., the depth, has not been 

considered. Moreover, DEXA is unreliable in persons with excessive weight changes, medical 

implants, spondylosis, or osteomalacia [24].  

 

1.3 Other techniques assessing bone mass quantity 

Radiogrammetry is the quantitative measurement of bone on radiographs, such as, for 

example, cortical thickness measured in the middle portion of the metacarpal bones called the 

“metacarpal index.” This technique was revitalized in the 2000s when computer vision came. 

Quantitative computed tomography is another technique that gives a crossectional image of 

bones and allows the measurement of the volumetric bone mineral density and is not size-
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dependent; it also allows measurements of cortical BMD separately from trabecular BMD. 

However, quantitative CT has a higher effective dose and is less available than DEXA. It is 

mainly used for research. Quantitative ultrasonography is also used for bone mass 

quantification. Unlike DEXA, the technique is based on short wavelengths and does not use 

ionizing radiation. However, the standard threshold for osteoporosis diagnosis does not fit, 

calibration between different devices is unavailable, and reliability is poor. Other high-

resolution techniques also exist. However, they are less available, less studied, and sometimes 

use high-dose radiation (up to 3 mSv for high-resolution computed tomography) [24]. 

 

1.4 Screening for osteoporosis 

An effective therapy preventing osteoporosis fractures exists [25, 26]. However, a 

populational-based screening for osteoporosis is not widely practiced. One reason is that the 

T-score measured by DEXA showed a suboptimal ability to predict osteoporotic fractures [7, 

27]. Another reason is the low availability of DEXA in many world regions [7]. It has been 

estimated that 10.6 DEXA units per million of the general population are required [28]. The 

audit in different E.U. countries revealed that only 60% of 27 member states had the 

recommended number of DEXA units [28]. In Northern Norway, only a few DEXA scanners 

exist for the entire population of Nordland, Troms, and Finnmark counties, as reported in 

2020 [29].  

Cost-effectiveness, i.e., gains in health relative to costs of osteoporosis screening using 

DEXA, would vary from country to country due to demographical, epidemiological, clinical 

practice, health care regulation, relative price difference, and other relevant factors [30]. 

Studies on osteoporosis screening cost-effectiveness are lacking. For example, no evidence of 

cost-effectiveness from the existing literature was concluded in Norwegian and Swedish 
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recommendations for medical doctors [31, 32]. However, both health technology assessments 

were carried out in the early 2000s and then not updated. On the contrary, screening and the 

following treatment were cost-effective compared to no screening in the United Kingdom 

[33]. In the U.S., all females older than 65 and males older than 70 with certain risk factors 

are recommended for osteoporosis screening with DEXA based on the cost-effectiveness of 

preventive treatment of this cohort [34, 35].  

Since DEXA is not widely available for osteoporosis screening, case-finding strategies should 

be adopted to identify individuals at risk of osteoporotic fracture who will benefit from 

DEXA examination and preventive therapy [22].  Several case-finding strategies based on 

clinical risk factors have been developed, such as the Garvan Fracture Risk Calculator, the 

Women's Health Initiative algorithm, Osteoporosis Self-Assessment tool (OST), Simple 

Calculated Osteoporosis Risk Estimation (SCORE), Fracture Risk Score, Fracture Risk 

Calculator, Osteoporosis Risk Assessment Instrument (ORAI), Fracture and Osteoporosis 

Index of Risk (OSIRIS), and Fracture Risk Assessment Tool (FRAX) [1]. The latter has been 

used extensively in clinical guidelines and research [22]. FRAX calculates the 10-year 

probability of major osteoporotic fractures (MOF), defined as hip, wrist, humerus, and spine 

fractures [36]. The calculation is based on well-established clinical risk factors such as age, 

sex, body mass index (BMI),  prior osteoporotic fracture, family history of hip fracture, 

current smoking, ever long-term use of oral glucocorticoids, rheumatoid arthritis, other causes 

of secondary osteoporosis, alcohol consumption of 3 or more units daily [36]. FRAX® can be 

combined with BMD or T-score to predict the probability of osteoporotic fracture or used 

alone for case-finding [37]. Different countries use various strategies to identify individuals 

benefitting from the DEXA examination. In Norway, DEXA should be offered to persons 

with one or more risk factors [29] or those who score more than 15 % in FRAX® calculation 
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without BMD [38], while those scoring ≥ 20% should be offered treatment without the BMD 

test [39, 40]. However, this strategy does not seem well-functioning: only 25% of women and 

17 % of men at high risk of osteoporotic fracture (FRAX score greater than 20%) receive anti-

osteoporotic treatment [39]. 

 

1.5 Bone anatomy and metabolism 

The structural unit of bone is called "osteon," or a Haversian system [41]. It has a cylindrical 

structure with a central canal inside. Concentric lamellae form the walls of the osteon and 

contain blood vessels and nerves. Cells, called osteocytes, lay between lamellae (Fig.1).  

 

 

Figure 1 Anatomy of osteon. The image is available from: 

https://en.wikipedia.org/wiki/Osteon#/media/File:Transverse_section_of_bone_en.svg 

All bone tissues in the human body are architecturally categorized into cortical (compact) and 

trabecular (spongeous) bones. Cortical bone comprises 80% of the total bone in the human 

body, while trabecular only 20% [41]. Trabecular bone is highly porous (75-95% porosity) 

Lamellae 

https://en.wikipedia.org/wiki/Osteon#/media/File:Transverse_section_of_bone_en.svg
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and consists of plates and rods forming trabeculae and surrounding spaces filled with bone 

marrow. Cortical bone porosity is usually less than 5%. However, healthy adults tend to have 

thinner cortices and higher cortical porosity during aging [42].   

Bone is a dynamic tissue: bone structure undergoes constant remodeling (resorption and 

formation) throughout life. This process prevents microdamage accumulation in bone tissue 

[42]. Osteoclasts are the cells responsible for bone resorption, while osteoblasts are 

responsible for bone formation. During childhood and adolescence, bone formation is greater 

than bone resorption. These two processes are balanced in young adults, while in older adults, 

specifically postmenopausal women, bone resorption exceeds bone formation. Besides 

longitudinal growth in childhood and adolescence, bone also grows radially throughout life: 

on the periosteal (outer) surface of cortical bone, bone formation occurs faster than resorption, 

while on the endosteal (inner) surface, the opposite process is observed [42]. Trabecular bone 

has a ten times larger surface-to-volume ratio and remodels much faster than cortical bone 

[41].  In the mandible, bone turnover in the alveolar bone is twice as high as in the 

mandibular body and 3-5 times faster than in the mandibular cortex [43]. 

Sex hormones define bone growth, bone formation, and resorption to a great extent. In the 

prepubertal period, bone formation on the outer cortical bone layer increases bone width in 

both boys and girls [44]. When boys enter puberty, periosteal growth continues in all bones, 

while endosteal growth occurs slower due to androgens. The opposite process occurs in girls: 

periosteal bone formation is inhibited, while estrogens stimulate endosteal growth. The 

cortical thickness is similar in mature young men and women [45]. Periosteal bone formation 

continues with older age but at a slower rate and has differences in men and women. Bone 

resorption at the endosteal surface of bones exceeds bone formation similarly in men and 

women. However, at the outer surface, the bone formation process prevails at a greater rate in 
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men than in women. The trabecular bone loss also differs by sex: trabecular plates tend to 

erode and disappear in females while they are just thinning in males. The difference in bone 

remodeling is conditioned by sex hormones such as estrogens and androgens and partly 

explains why fragility fractures occur more frequently in females than males [44]. 

Bone remodeling is affected by mechanical strains or their absence [46]. In their experimental 

research with mice, Miller et al. showed that the cortical thickness of the tibia on a cross-

section changes in response to loading magnitude [47]. A study showed thinning of cortical 

bone and more intensive loss of trabecular bone at the hip in astronauts 4-6 months of 

spaceflights [48]. However, the response to mechanical strains is more pronounced in males 

than females [45]. 

 

1.6 Historical review of research on oral bone loss and osteoporosis  

In 1960, Groen et al. hypothesized that alveolar bone loss and presenile osteoporosis were 

related [49]. Hildebolt, in his review article, refers to the earliest histomorphometry studies 

that emerged in the 1970s and used specimens from cadavers and microradiographs to 

analyze links between oral and skeletal bone loss [50]. Those studies suggested that 

secondary hyperparathyroidism, which was known to affect bone metabolism and cause 

osteoporosis, also influenced the jawbones to a great extent, specifically alveolar processes 

and supportive tooth structures [50-52]. Subsequent cadaver studies found an increased 

cortical porosity of the mandible with age and faster bone resorption in the alveolar process 

than in the mandibular body. They suggested that the alveolar process, trabecular part, and 

buccal cortex of the mandibular body are more affected by local factors such as mechanical 

strains and inflammation in supportive tooth structures, i.e., periodontal disease  [50, 53, 54]. 

Then, the trabecular and cortical bone below, anterior mental foramen, and maxillary bone 
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were investigated in further studies in order to find a stable place to explore age and sex 

variations in jawbone densities. It turned out that the anterior mandible and maxillary 

trabecular bone's trabecular bone considerably varied between individuals and thus was 

considered of limited value [50, 55, 56]. After introducing single and dual photon 

absorptiometry in clinical practice for measuring bone mineral content (BMC), some studies 

investigated the relationships between missing teeth or alveolar ridge resorption and BMC in 

the skeleton in vivo, as pointed out in Hildebolt’s review [50]. Researchers found low BMC 

in females and males with severe alveolar ridge resorption and in edentulous males, referred 

to as vestibuloplasty [50, 57-59]. At the same time in the 1980s, Bras et al. found that the 

cortex at the gonial region tends to be thinner at the age of over 60 in men and specifically in 

women; thus, the cortical thickness of less than 1 mm was considered a useful indicator of 

metabolic bone disease [60, 61]. Subsequent studies also found that loss of densities in 

mandibles and radii was more pronounced in females than in males [50, 62, 63]. In 1987, 

DEXA scanners became available in clinical practice to measure skeletal bone mineral 

density and diagnose osteoporosis [64]. Jawbone measurements on dental radiographs were 

validated using DEXA of cadaver mandibles. In an in-vitro study, researchers found that 

dental bitewing radiographs reflect changes in bone mineral density measured by DEXA 

when gradually removing layers of bone tissue on the cadaver mandibles. Thus, bitewings 

were suggested for osteoporosis patient identification [65].  Subsequent studies investigated 

the link between jawbone measurements on different dental radiograph types and DEXA 

measurements at various skeletal sites [50]. 
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1.7 Radiomorphometric indices  

Several methods have been developed to quantify jawbone mass on dental radiographs for 

predicting osteoporosis. Some of these methods focused on the morphology of the inferior 

mandibular cortex on dental panoramic radiographs: Mandibular cortical width (MCW) 

proposed by Ledgerton et al. [66], Panoramic mandibular indexes proposed by Benson et al. 

[67], and Mandibular cortical index (MCI) proposed by Klemetti et al. [68] and Gonial Index 

proposed by Bras et al. [61]. Another method, called the visual radiographic index, proposed 

by Lindh et al., estimated the architecture of the mandibular trabecular bone assessed mainly 

on intraoral dental radiographs [69]. The most widely used indices in the scientific literature 

are MCW and MCI, measured on dental panoramic radiographs [70]. According to Ledgerton 

et al., MCW is measured on dental panoramic radiographs along the line drawn through the 

middle of the mental foramen and perpendicular to the lower mandibular border (Fig.2) [66]. 

According to Klemetti et al., MCI classifies the mandibular cortex into dense (C1), 

moderately eroded (C2), or severely eroded (C3) (Fig.3) [68]. 

  

Figure 2 Mandibular cortical width measurement 
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Figure 3 Mandibular cortical index assessment 

 

1.8 Relationship between radiomorphometric indices, skeletal BMD, 

and other factors 

Previous studies established a significant weak to moderate correlation between 

radiomorphometric indices and skeletal bone mineral density at the lumbar spine [71-73], 

femoral necks [72, 74], forearm[72], and calcaneus [75]. These findings suggested that 

skeletal bone mineral density status is related to mandibular cortical morphology. Several 

studies investigated factors affecting MCW and MCI. Some of them showed that older people 

tended to have thinner mandibular cortexes as measured by MCW, and females experienced a 

more pronounced thinning than males [76-78]. One longitudinal study explored the 

relationship between age and cortical erosion (MCI) and found that the cortex became eroded 

at least by one category in 68.9% of study participants independently on their sex in an 

average of almost two decades [79]. Several studies examined the impact of missing teeth on 

cortical thinning and erosion [75, 78, 80-82]. Some found an independent impact of missing 

teeth in both males and females [75, 81, 82], while one study found an association only for 

females [80]. Periodontal disease is another factor that can affect jawbone quality through 



 

13 

 

different mechanisms, such as inflammatory mediators activating bone resorption or tooth 

loss, resulting in reduced mechanical strains and subsequent bone loss [83-85]. Studies 

exploring the link between osteoporosis and periodontitis exist, but their results are still 

controversial, although most of them found an association between the diseases [86]. Few 

studies compared radiomorphometric indices in females with periodontitis and healthy 

females. One found a more eroded cortex in females with periodontitis, while another did not 

[87, 88]. However, many of the mentioned studies lacked adjustment for confounders and did 

not include all possible predictors listed above [66, 75, 79, 87, 88]. Thus, it is unclear which 

factors predict MCW and MCI and how much they contribute to mandibular cortical 

morphology. 

A number of studies investigated the diagnostic efficacy of radiomorphometric indices on 

various thresholds for identifying individuals with osteopenia and osteoporosis. Calciolari et 

al., in a systematic review with a meta-analysis, found 34 studies using MCW where 

thresholds varied from 2.69 mm to 5 mm, sensitivity from 12% to 94%, and specificity from 

55% to 100% for osteoporosis or osteopenia diagnosis [89]. The pooled sensitivity and 

specificity for MCW were 43% and 90%, respectively, indicating that MCW could better 

identify healthy patients [89]. The same systematic review found 27 studies analyzing MCI. 

The presence of any cortical erosion (C2 or C3 categories) showed sensitivity ranging from 

59% to 100% and specificity ranging from 45 to 91% for osteoporosis or osteopenia diagnosis 

in the included studies. The pooled sensitivity and specificity were 80% and 64%, 

respectively [89]. Kinalski et al., in a more recent systematic review, found similar results for 

MCW and MCI [90]. However, they calculated the pooled diagnostic efficacy of these two 

indices for osteoporosis diagnosis separately from osteopenia: MCW presented a sensitivity 

ranging from 10% to 90% and specificity ranging from 34% to 100%; The pooled sensitivity 



 

14 

 

was 62%, while the specificity was 77% [90]. The sensitivity of MCI varied from 16% to 

87%, and specificity varied from 64% to 100% in the included studies. The pooled sensitivity 

and specificity values were 35% and 88%, respectively [90]. Two systematic reviews 

concluded that MCW and MCI could be used for low bone density diagnostics [89, 90]. 

However, low bone density or osteopenia, primarily explored in the previous studies, is not 

considered a disease and, therefore, is not of clinical interest [22, 89]. Among the other major 

limitations, both systematic reviews revealed in many studies a high risk of bias in the 

participant's selection domain, i.e., lack of random sampling. Most studies utilized a case-

control design, convenience, or consecutive sampling procedure that reduces their external 

validity [89, 90]. Sample size problems were also inherent to the studies on the diagnostic 

efficacy of radiomorphometric indices. Some studies included 100 or fewer participants [72, 

74, 91, 92]. Thus, the quality of existing evidence is generally suboptimal. Kinalski et al. 

recommended conducting further studies with a random selection of study participants [90]. 

One of the most prominent studies in this area was the OTEODENT project, a multi-center 

study exploring various aspects of radiomorphometric indices in a large study sample. They 

recruited 670 females in four European centers in Sweden, the United Kingdom, Greece, and 

Belgium.  The researchers found that MCW performed better than MCI and that the optimal 

MCW threshold was 3 mm, i.e., those with less than 3 mm were considered at risk of 

osteoporosis [93]. They also concluded that the combination of MCW and a risk factor-based 

tool for osteoporosis assessment, OSIRIS, can be helpful in settings where higher specificity 

is preferred [94]. However, radiomorphometric indices should only be recommended as an 

additional tool that utilizes dental radiographs taken for other indications, not for osteoporosis 

diagnosis [93]. The researchers in the OSTEODENT project also found an association 

between osteoporosis and tooth loss independent of age and smoking status [95].  
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Taguchi et al. are the other researchers who devoted many articles to exploring the links 

between osteoporosis and changes in dental radiographs [71, 73, 91, 96, 97] and even wrote 

clinical guidelines for osteoporosis screening in Japanese dental clinics [98]. They found that 

those with MCW in the lowermost quartile had 5.43 higher odds of having low vertebral 

BMD or osteoporosis than the uppermost quartile[71]. At the same time, those with severely 

eroded cortex had 17.73 times higher odds of osteoporosis than participants with dense cortex 

[71]. They also found that MCW and MCI could distinguish between healthy and low BMD 

individuals among younger postmenopausal women [96].  

 

1.9 Knowledge gap  

The combination of clinical risk factors for osteoporosis with radiomorphometric indices has 

not been extensively studied in the abovementioned studies, while the systematic reviews 

recommended further studies doing so [89, 90]. The most comprehensive study that did it was 

the OSTEODENT project, in which the researchers combined MCW and OSIRIS [94]. 

However, FRAX is a more widely used tool recommended by the European guidance, the 

International Osteoporosis Foundation, and the American Task Force for osteoporosis case 

finding [22, 99, 100]. Thus, exploring the combination of FRAX with radiomorphometric 

indices is reasonable. FRAX has been used in previous studies on radiomorphometric indices, 

but mainly as a reference standard or an outcome, not as a case-finding tool [101, 102]. One 

study examined combining radiomorphometric indices with FRAX for osteoporotic fracture 

prediction and found a better predictive ability for FRAX and MCI than for either used alone 

[103]. However, this study used self-reported fractures; no BMD measurements were 

available [103]. 
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The validity of radiomorphometric indices for male osteoporosis screening has also been 

poorly studied. The prevalence of osteoporosis in males is lower than in females [14]. A study 

investigating the diagnostic efficacy of radiomorphometric indices would require a 

representative sample of males with the whole spectrum of BMDs; such a study would need 

to recruit more than one thousand males, which can be challenging. Nevertheless, a smaller 

sample would be enough to assess the strength of the relationship between BMD and 

mandibular cortical indices. Very few studies investigated radiomorphometric indices in 

males [104-106]. The most extensive study was conducted by Leite et al. and included 127 

males. They found a sensitivity of 65%, specificity of 90%, and area under the curve (AUC) 

of 0.77 for MCW in males. For MCI (C3), sensitivity and specificity were 62% and 100%, 

respectively. However, the study recruited non-random participants: the prevalence of 

osteoporosis was 50% [106]. Thus, the more severe osteoporotic cases were likely to be 

recruited, making the study results biased. Two other studies had fewer participants (40 and 

49) and a lack of adjustments for confounders such as age [104, 105]. Thus, no conclusions 

about whether radiomorphometric indices are valid for osteoporosis screening in men can be 

drawn. 

 

1.10 Manual and computer-aided radiomorphometric indices  

All the abovementioned studies used ordinary or digital calipers to measure MCW manually, 

and all MCI assessments were visual. Thus, all radiomorphometric measurements were 

observer-dependent. The main concern of those studies, also mentioned in the systematic 

review by Calciolari et al. [89], was low intra- and interobserver agreement. Taguchi explored 

the intraobserver agreement between 60 observers from different countries assessing MCI. 

More than 60 % showed weighted kappa values of more than 0.6, and only three observers 
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showed a fair or poor agreement. The researchers concluded that it was a sufficient agreement 

[107]. Devlin and Horner also explored variations in MCW and MCI assessments made by 

nine general dental practitioners compared to dental radiologists. Unlike Taguchi et al., they 

found a substantial variation in MCW measurements between nine general dental 

practitioners and dental radiology specialists. The mean differences in measurements ranged 

from 0.67 mm to 1.64 mm, while their limits of agreement were several millimeters in range. 

Weighted kappa for MCI ranged from very good to poor for different observers [108]. The 

OSTEODENT project also explored the reliability of radiomorphometric indices and 

concluded that the agreement was suboptimal and that the possibility of automated detection 

had to be explored [94, 109]. 

The first known study trying to develop an automatic measurement of MCW was done by 

Arifin et al. They used an image processing algorithm, but users must indicate the region of 

interest, identify mental foramen, and follow the algorithm. Thus, it was a semi-automatic 

computer-aided method. One hundred postmenopausal women were involved; a high 

sensitivity of 88% was found, while specificity was 57.5% [110]. Later, they proceeded with 

similar work and developed other algorithms, such as Fuzzy Neural Network combining 

MCW and MCI [111]. Allen et al. developed a computer-aided system based on active shape 

models in a British sample [112]. Then, a group of authors involved in the OSTEODENT 

tested the abovementioned algorithm in their study sample [113, 114] and even combined it 

with the risk factor tool OSIRIS [115]. Nakamoto et al. developed a computer-based MCW 

assessment system based on skeletonization and subsequent analyses of the grayscale values 

of the mandibular cortex [116]. Recently, studies using artificial intelligence and deep 

learning have emerged [117, 118]. Some studies concluded that computer-aided 

measurements performed as well as experts or risk factor-based tools [110, 113], while others 
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found a superior activity compared to manual measurements [117-119]. Similar limitations, 

specifically low sample size, were present in the studies utilizing computer-aided 

measurements. 
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2 Objectives 

This thesis aims to evaluate the utility of panoramic radiomorphometric indices (MCW and 

MCI) for finding Norwegian females and males aged 40 and older at high risk of osteoporosis 

who can benefit from further DEXA examination. 

 

Specific objectives were: 

Paper I 

1. To evaluate the diagnostic efficacy of radiomorphometric indices in adult males and 

females living in Tromsø 

2. To evaluate the diagnostic efficacy of radiomorphometric indices applied to a 

population of older adults (≥65) 

3. To evaluate the diagnostic efficacy of radiomorphometric indices combined with a 

clinical risk-factor-based tool, FRAX. 

Paper II 

1. Evaluate relationships between general factors such as T-score, age, and menopausal 

status (for females), local factors such as the number of remaining teeth and 

periodontal status, and the morphology of the mandibular cortex. 

Paper III  

1. To explore the feasibility of detecting mental foramen on dental panoramic radiographs with 

pre-trained object detection models and to investigate the possibility of developing an 

automatic algorithm measuring MCW.  
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3 Materials and methods 

This study is based on data from an ongoing population-based study called The Tromsø Study 

and carried out as repeated cross-sectional surveys in Tromsø, Norway (Fig.4) [120]. The data 

from the seventh survey of the Tromsø study carried out in 2015-2016 (Tromsø7) have been 

used in this doctoral thesis [121].  

 

Figure 4 Tromsø, Norway. The image available from: https://www.kartverket.no/ 

 

3.1 Study population 

All people aged 40 years and older (n=32,591) living in Tromsø were invited to participate in 

Tromsø7. Twenty-one thousand and eighty-three persons consented to participate, yielding a 

response rate of 65% [121]. They completed extensive questionnaires covering socio-

demographic characteristics and various health-related topics. An extensive clinical 

examination took place during the first visit. Anthropometric measurements, biological 

https://www.kartverket.no/
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samples, cardiovascular parameters, and dental clinical examination were conducted [121]. 

Three thousand nine hundred fifty-one study participants out of 21,083 attending the first visit 

underwent dental panoramic radiograph examination (Fig.5). Eight thousand three hundred 

sixty randomly selected from 21,083 study participants attended the second clinical visit. They 

underwent other clinical tests, including cognitive, eye, lung, heart, and body measurements.  

Among those participants, 3,600 underwent a DEXA examination (Fig.5) [121].  

To answer the research questions in this thesis, the participants who underwent both dental 

panoramic radiography and DEXA were eligible for Paper I and II. All participants who 

received dental panoramic radiography were eligible for Paper III. The flow of the study 

participants in Papers I, II, and III is described in detail in Figure 5. The current project, 

including three studies, was initiated in 2019. 

 

3.2 DEXA  

DEXA scan at both hips and femoral necks was conducted by a Lunar Prodigy device (G.E. 

Healthcare Lunar, Madison, WI, USA). Trained technicians inspected the DEXA scans 

according to the manufacturer's instructions. The equipment underwent daily calibrations 

using a standard phantom. Areal bone mineral density (g/cm2) and T-score were registered. 

This study used a standard Lunar reference population drawn from the NHANES III sample 

to calculate a T-score for each participant. The diagnosis of osteoporosis was defined 

according to the European guidelines for diagnosing and managing osteoporosis (T-score ≤ -

2.5 SD) [22]. T-scores at the left and right femoral necks were used to identify osteoporosis. 

If at least one side met the criteria for the disease, the participant was considered an 

osteoporosis case in Paper I. The lowest T-score on either side was used as a continuous 
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predictor variable in Paper II. The observers were blinded to DEXA measurements during 

the assessment of MCW and MCI.  

 

3.3 Dental panoramic radiographs 

Dental panoramic radiographs (DPRs) were taken from the participants using Planmeca-

ProMax-s3-2d-dimax-4-pano (Planmeca Oy, Helsinki, Finland). Exposure parameters were 

set to 68 kV, 8 mA, and 16 s but could be adjusted to the patient's size. The receptor was a 

charge-coupled device having a pixel size of 99x99 µm2 with a digital 16-bit grey-level 

output. The images were stored in the Tag Image File Format (TIFF) with a spatial resolution 

of 101.1 pixels per cm, equivalent to 5-line pairs per millimeter or 257 dots per inch. DPRs 

were 2821×1376 pixels.  
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Figure 5 Selection of study participants
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3.4 MCW measurements  

MCW was measured on 762 DPRs on both sides of the mandible using ImageJ, 1.8.0172 

software (U.S. National Institutes of Health, Bethesda, Maryland, USA) [122]. A line was 

drawn through the middle of the mental foramen and perpendicular to the tangent to the lower 

mandibular border, as proposed by the original method [66]. If the mental foramen was not 

distinguishable, the line was drawn between the apices of premolars. If premolars and mental 

foramen were absent on a DPR, the line was drawn approximately in the premolar region. 

MCW was measured in mm along this line. Then, the image was processed in ImageJ with 

the following steps:  

1. The image was normalized to get the full spectrum of images' gray value intensities. 

2. The region of interest (ROI) was manually selected in the mental foramen area, 

including the mandibular cortex (Fig.6, A). The selected ROI was subsequently re-

normalized. 

3. The line perpendicular to the lower mandible edge was drawn (Fig.6, B).  

4. A Gaussian blur filter was applied. 

5. A grayscale plot was made where the lower values represented the darkest area of the 

image (Fig.6, C).  

6. Turning points in the grayscale plot represented the upper border of the cortex (A) and 

the lower border of the cortex (B) (Fig.6, C). The distance A1B1 corresponded to the 

thickness of the cortex.  

Since reference no reference object were used to control for magnification, MCW 

measurements were adjusted for a standard magnification factor of 20% indicated in the 

panoramic unit manual.  Overexposed, underexposed, or unsharp dental panoramic 

https://wsr.imagej.net/distros/win/ij153-win-java8.zip
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radiographs were excluded (Fig.5). MCW measurements were used as an index test in Paper 

I and as an outcome variable in Paper II. 

 

3.5 MCI assessment  

DPRs were first normalized, then the cortical shape was evaluated distally from the mental 

foramen on both sides of the mandible using the MCI proposed by Klemetti et al. [68]. The 

mandibular cortical bone was classified according to the original method as C1 – even and 

endosteal scarp margin on both sides (Fig.7, A); C2 – some endosteal cortical residues and 

semilunar defects on one or both sides (Fig.7 B); C3 – heavy endosteal cortical residues, the 

cortical bone is porous (Fig.7, C) [68]. In addition, three reference images from the study 

participants with known T-scores were used as examples where C1 corresponded to normal 

T-score, C2 corresponded to osteopenia, and C3 to osteoporosis (Fig.7). MCI measurements 

were used as an index test in Paper I and as an outcome variable in Paper II. 
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Figure 6 Mandibular cortical width measurement using ImageJ 
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Figure 7 Reference images for mandibular cortical shape assessment 

 

3.6 Computer-aided mental foramen localization and MCW 

measurement algorithm  

In paper III, a supervised machine learning method was used to make an algorithm locating 

mental foramen (MF), and it was further combined with an automated measurement of MCW 

for osteoporosis prescreening. Machine learning is a subfield of artificial intelligence aimed at 

solving tasks without pre-defined rules and instead learning those rules from data.  Supervised 

machine learning is one of the machine learning methods commonly used for object 
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localization in medical imaging [123]. “Supervised” means that data are labeled beforehand, 

i.e., the algorithm is provided with a desired output.  

 All 3,951 DPRs were used. Two ROIs, i.e., the left and right sides of the mandible containing 

MF and cortex, were automatically cropped, yielding 7,902 crops in total. The size of each 

crop was 300 × 600 (height ×width) pixels. Two thousand seven hundred-five crops were 

excluded due to not capturing the jaw cortex and MF, being distorted, overlapping anatomical 

structures in ROI, or experts being unable to label mental foramen. A total of 5,197 crops 

were used in the study; 4,157 were allocated in the training dataset, and 1,040 in the test 

dataset. Two dental experts annotated all crops using VIA, the Annotation Software for 

Images, Audio, and Video, and drew a bounding box around MF [124]. They divided the 

workload to save time. However, 706 crops were annotated by both dentists to assess their 

agreement. The dentists also picked 100 “easy images” where MF was visible and another 

101 “complex images” where mental foramen was challenging to distinguish. It was done to 

test further how the best model will work under different circumstances. Four existing object 

detectors pre-trained on the COCO data set [125] were used: 

1. Faster R-CNN with ResNet50 [126] 

2. CenterNet with HourGlass104 [127] 

3. EfficientDet-D0 [128] 

4. RetinaNet with ResNet50 [129] 

The object detectors were fine-tuned using the TensorFlow framework [130]. “Fine-tuning” 

refers to further training existing object-detection models with similar tasks but on different 

data. Two different experiment setups were tested for each object detector. After fine-tuning 

the training dataset, the object detectors were evaluated on the test dataset. The model 

https://www.robots.ox.ac.uk/~vgg/software/via/docs/dutta2019vgg_arxiv.pdf
https://www.robots.ox.ac.uk/~vgg/software/via/docs/dutta2019vgg_arxiv.pdf
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performing best at mental foramen localization was combined with an algorithm 

automatically measuring MCW based on classical image processing, involving filtering 

thresholding and grayscale analyses. The details on the image processing algorithm for MCW 

measurement are available in the publication [131]. 

 

3.7 Other risk factors 

All participants reported age and sex in the questionnaires. Age was combined with MCW or 

MCI and used as a part of the index test in Paper I and as a predictor variable in Paper II. In 

Papers I and II, all analyses were carried out separately for males and females. 

Height and weight were measured during the first visit. The BMI of an individual participant 

was calculated by the weight in kilograms divided by the square of the height in meters. The 

study participants reported smoking, alcohol use frequency and amount, rheumatoid arthritis, 

and medicine use in the questionnaires. The same study participants reported information on 

previous osteoporotic fractures and osteoporosis in parents in the previous survey (Tromsø6) 

but not in Tromsø7. Therefore, we retrieved this information from Tromsø6. The information 

on osteoporosis in parents was used as a substitute for a family history of hip fractures. FRAX 

score was calculated using the online tool based on the following risk factors: age, sex, BMI, 

family history of hip fractures, previous osteoporotic fracture, current smoking, 

glucocorticoid use, rheumatoid arthritis, and alcohol use three or more units a day [37]. 

FRAX was combined with MCW or MCI and used as index tests in Paper I.  

Menopausal status was reported in questionnaires in Tromsø7 and used as a predictor variable 

in Paper II. Missing teeth and periodontal status were recorded during the dental examination 

on the first visit. Periodontal probing depth (PPD) and bleeding on probing (BOP) were 
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recorded. PPD was measured by the World Health Organisation periodontal probe (LM55B). 

Radiographic marginal bone level (RBL) was measured on DPRs, as proposed by Holde et al. 

[132]. Periodontitis was defined using the American Academy of Periodontology 

classification launched in 2017 [133]. If RBL was detected in two or more adjacent teeth, it 

was considered a periodontitis case. Stage I was defined if RBL<15% and PPD ≤4 mm, stage 

II  if RBL was 15-33% and PPD ≤5 mm, or RBL<15% and PPD 5 mm, and stage III-IV if 

RBL>33%, or RBL<33%  and PPD ≥6 mm. Stages III and IV were collapsed into one 

category. Periodontal stability was defined in the case of RBL detected on two or more non-

adjacent teeth, but PPD ≤ 3mm. Periodontium was considered healthy if BOP < 10%, and 

gingivitis was defined if BOP ≥ 10% [134].  

 

3.8 Inter- and intraobserver agreement of MCW and MCI 

Two observers, a general dental practitioner and an oral radiologist, had a one-hour training 

session in measuring MCW and MCI on 20 DPRs. After that, they independently assessed 

MCW and MCI on another 50 DPRs randomly selected from the dataset of 3,951 images. 

Then, one of the observers repeated measurements in one month using the same 50 images 

plus another randomly selected 50 DPRs from the same dataset. The sample size for inter- and 

intraobserver agreement calculation was arbitrarily chosen for feasibility reasons.  

Since MCW was a continuous variable, Bland-Altman plots were used to analyze inter- and 

intraobserver agreements. A Bland-Altman plot shows the mean difference in two MCW 

measurements and its limits of agreement with 95% confidence intervals [135]. Linear 

regression analysis between the difference in MCW measurements and mean MCW between 

two observers was used to check a systematic error in MCW measurements. Clinically 

acceptable limits of agreement were defined as ±0.8 mm based on the difference in average 
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MCW between osteoporotic and healthy females. Since MCI had three categories (C1, C2, 

and C3), weighted kappa was used to calculate inter-and intraobserver agreement. Landis and 

Koch's criteria for agreement were used to interpret the results [136].  Inter- and intraobserver 

agreements were reported in Paper I.  

Bland-Altman plots for MCW measurements are presented in Figures 8 and 9. As linear 

regression analysis showed, there were no systematic errors, i.e., changes in the mean 

difference in MCW measurements between two observers with increasing mean MCW. One 

sample t-test showed that the mean difference in MCW measurements was equal to 0 in inter- 

and intraobserver agreement analyses (p=0.3 and p=0.45). However, the confidence intervals 

for the limits of agreement exceeded clinically acceptable ±0.8mm in both analyses (Fig.8, 9). 

 

Figure 8 Bland-Altman plot for interobserver reliability 
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Figure 9 Bland-Altman plot for intraobserver reliability 

 

Inter- and intraobserver agreements for MCI measured by weighted kappa were 0.47 [95% 

CI = (0.30-0.65) (P < .05)] and 0.72 [95% CI = 0.59-0.85 (P < .05)], indicating moderate and 

substantial agreement, respectively [136]. 

 

3.9 Statistical analysis, Paper I 

Diagnostic efficacy parameters, i.e., sensitivity, specificity, accuracy, positive predictive 

value (PPV), negative predictive value (NPV), positive likelihood ratio (+LR), and negative 

likelihood ratio (-L.R.), were calculated. Sensitivity is the proportion of true positive test 

results among all participants with osteoporosis. Specificity is the proportion of true negative 

test results among all healthy participants. Accuracy is the proportion of correct test results 

among all test results. PPV is the proportion of participants with osteoporosis among all 

participants with positive test results. NPV is the proportion of healthy participants among all 



 

34 

 

participants with a negative test result. Positive LR is the probability of getting a positive test 

result in a participant with osteoporosis divided by the probability of a positive test result in a 

healthy participant. Negative LR is the probability of getting a negative test result in a 

participant with osteoporosis divided by the probability of getting a negative test result in a 

healthy participant.  

The diagnostic threshold for MCW was set to be 3 mm. Two diagnostic thresholds were set 

for MCI: first, mild or severe erosion, C2-C3, and second, severe erosion, C3. Diagnostic 

efficacy was calculated for the index tests and their combinations: 1) MCW ≤ 3mm, or MCI 

C2-C3 or C3; 2) MCW ≤ 3mm, or MCI C2-C3 or C3 and age ≥65 years; 3) MCW ≤ 3mm, or 

MCI C2-C3 or C3 and FRAX-score > 15%. ROC curve analysis was performed only for 

MCW, not combined with other parameters. Sensitivity was plotted against the false positive 

rate at different MCW thresholds, and the area under the curve was calculated. The analyses 

for males and females were separated.  

SPSS version 26.0. (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Armonk, 

NY: IBM Corp) was used to calculate weighted kappa, Bland-Altman plots with regression 

analysis, weighted kappa, and ROC curves. MedCalc diagnostic test evaluation calculator, 

version 20.014 (MedCalc Software, Ostend, Belgium), was used to calculate sensitivity, 

specificity, probability of a correct test result (accuracy), PPV, NPV, positive likelihood ratio 

(+LR), negative likelihood ratio (-LR), and their confidence intervals. 

 

3.10 Statistical analysis, Paper II 

The distributions of continuous variables were checked for normality using a visual 

examination of normality plots, skewness, kurtosis, and Q-Q plots. MCW, T-score, and age 

were normally distributed, while the number of remaining teeth was not. A Pearson’s 
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correlation coefficient was used to analyze relationships with MCW for all normally 

distributed variables and MCW. Spearman’s correlation coefficient was used for the 

remaining teeth. 

Simple and multiple linear regression analyses were used to analyze the relationship between 

age, T-score, menopausal status (for females), remaining teeth, and periodontal status with 

MCW. A hierarchical model with three blocks was used for multiple linear regression. Age 

was added to the first block, T-score and menopausal status for females were added to the 

second block, and remaining teeth and periodontal status were added to the third block. 

MCW, age, T-score, and remaining teeth were continuous variables. The T-score was an 

ordinary variable with a 0.1 SD increment. Menopausal status was a binary variable while 

periodontal status was an ordinal variable with the following categories: 1) healthy or mild 

periodontitis, i.e., healthy periodontium, gingivitis or stage I; 2 ) moderate periodontitis, Stage 

II, and 3) severe periodontitis, Stage III-IV. Patients with periodontal stability were excluded. 

The assumptions of normality, homoscedasticity, and independent errors were checked. 

Influential cases and collinearity were tested. 

Binary and multiple logistic regression analyses were used to analyze relationships of age, T-

score, menopausal status (in females), remaining teeth, and periodontal status with MCI. A 

hierarchical model with the same blocks was used in multiple regression analyses. MCI was 

used as a binary outcome (C1 vs. C2-C3). Age was used as 10-year age groups: 40-49, 50-59, 

60-69, 70-79, and 80+. The oldest participant was 84 years old. T-score and remaining teeth 

were used as continuous variables. Menopausal status and periodontal status were used as 

binary and ordinary variables, respectively, as described above. The assumptions of logistic 

regression were checked: influential cases, multicollinearity, linearity of logit, etc. 
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SPSS version 26.0. (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Armonk, 

NY: IBM Corp) was used. 

 

3.11 Statistical analysis, Paper III 

Intersection over union (IoU) is a standard metric allowing the definition of «correct» or 

«incorrect» object detections and subsequent calculation of the accuracy of an object detector 

[137]. The method calculates the overlapping area between two bounding boxes; one is 

produced by an object detector, while another represents «ground truth,» i.e., a reference to 

compare with. (Fig. 10) [138]. In the current study, the results produced by the object 

detectors were compared to the dentist's annotations, using IoU at 0.5 and 0.75 thresholds. If 

the overlapping of bounding boxes produced by dentists and the algorithm was more than 

50% or 75%, the results of mental foramen localization were considered «correct.»  IoU 

metric was also utilized to check the agreement between two dental experts since their 

subjective labels were considered a “ground truth.” Minimum, maximum, and average IoUs, 

defining the overlap between the two annotations made by the experts, were calculated for 

706 images that both experts assessed.  
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Figure 10 (A) Calculation of the Intersection over Union (IoU), (B) defining a threshold for 

IoU to consider a detection correct or incorrect. The image was obtained from: 

https://en.wikipedia.org/wiki/Jaccard_index 

 

The following accuracy metrics are commonly used to assess the performance of an object 

detector: accuracy, recall, precision, and mean average precision. Accuracy is the total 

proportion of cases when a model produces correct output. Precision is somewhat similar to 

PPV and refers to the proportion of positive output that was correct. The recall is the 

proportion of correct positive outputs among all ground truths, i.e., the metric is similar to 

sensitivity. One can plot the true positive vs. false positive rate, i.e., the ROC curve, and 

calculate the AUC. AUC is commonly called average or mean average precision [125].   

https://en.wikipedia.org/wiki/Jaccard_index
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Mean average precision (mAP) was calculated for four object detectors trained in two 

different setups and tested at both IoU thresholds. Then, the dental experts visually assessed 

the results produced by the best object detector on 100 “easy images,” and 101 “complex 

images,” Crosstable and weighted kappa were calculated to present the agreement between 

dentists' assessments of algorithm output. Then, the best-performing object detector was 

combined with another algorithm measuring MCW, and its ability to produce output was 

tested on 100 random images. Further technical information on the model training process, 

experiment setups, and the mandibular cortical width measurement algorithm is available in 

the publication [131]. 
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3.12 Summary of tests and variables used 

Paper I Paper II Paper III 

Index tests:  

1. MCW, MCI  

2. MCW or MCI combined 

with age ≥ 65 

3. MCW or MCI combined 

with FRAX >15% 

Predictors: 

T-score, age, menopausal 

status (females), remaining 

teeth, periodontal status 

Tests:  

Four pre-trained models 

were fine-tuned to locate 

mental foramen: 

• Faster R-CNN 

• RetinaNet 

• CenterNet 

• EfficientDet-D0 

 

Reference standard: T-score at 

the femoral neck 

Outcomes: MCW, MCI Reference standards: 

Annotations of mental 

foramen made by experts 

Study design: Cross-sectional, 

diagnostic efficacy 

Study design: Cross-

sectional 

Study design: Cross-

sectional 

Statistical analysis: Sensitivity, 

Specificity, Positive predictive, 

Negative predictive values, 

Positive likelihood, Negative 

likelihood ratio, and receiver 

operating characteristic curves 

were calculated 

Statistical analysis: Linear 

regression for MCW and 

logistic regression for MCI 

Statistical analyses: IoU to 

define “correct” and 

“incorrect” MF detections. 

Mean average precision. 
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3.13 Funding 

The Arctic University of Norway (UiT), Northern Norway Regional Health Authority (Helse 

Nord RHF), the University Hospital of North Norway (UNN), and different research funds 

financed the Tromsø study. The Department of Clinical Dentistry, the Faculty of Health 

Science (UiT), fully financed the current project.  

 

3.14 Ethical considerations 

The Tromsø Study was conducted in accordance with the World Medical Association 

Declaration of Helsinki [139]. The Regional Committee on Research and Ethics (REK North) 

and the Norwegian Data Protection Authority (Datatilsynet) approved the Tromsø Study.  

Participation in the study was voluntary, and all participants were informed about the study 

aims, types of data being collected, types of medical examinations, and how their results would 

be used in research. All the participants whose data is available in Tromsø7 gave written 

informed consent.  The participants have a right to withdraw their consent at any time. Privacy 

and personal data protection are matters of ethical concern in medical research. In Tromsø7, all 

data presented in the research are anonymized using the following procedure: all participants 

in Tromsø7 were given personal identification numbers, “perskeys,” connected to their social 

security numbers. Then, another ID number was given to the “perskey” of each participant, so 

the “perskey” was not used in statistical analysis, providing an extra layer of data security. 

For this project, we received separate approvals from REK North (reference number 68128) 

and the Norwegian Centre for Research Data (NSD) to use the data from the Tromsø Study 

database. We consider this project not bearing potential direct harm to the study participants. 

Nevertheless, all health data are sensitive, and unaccountable data handling can harm patients' 

privacy. According to the principles of medical research, patient privacy, and dignity should 
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be prioritized [139]. Therefore, we have familiarized ourselves with the Tromsø Study 

regulations on liable data handling. We stored the data in the Norwegian Service for Sensitive 

Data (TSD), owned by the University of Oslo, and operated and developed by the TSD 

service group at the University of Oslo, IT Department (USIT). The service is 

designed for storing and post-processing sensitive data in compliance with the 

Norwegian “Personal Data Act” and “Health Research Act” [140].  
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4 Results   

4.1 Paper I 

The specific aim of paper I was to calculate diagnostic efficacy parameters, such as 

sensitivity, specificity, accuracy, PPV, NPV, +LR, -LR, and AUC for the following indices 

and their combinations: MCW ≤3 mm, MCI-C2, C3, and MCI-C3 in females and males aged 

40 years and older; MCW ≤3 mm, MCI-C2,C3, and MCI-C3  in females and males aged 65 

years and older; MCW ≤3 mm, MCI-C2,C3, and MCI-C3 combined with  FRAX scores > 

15%. 

Osteoporosis prevalence was 11.0% in females and 5.7% in males. The distributions of 

osteoporotic and non-osteoporotic cases by age, MCW, and MCI categories in females and 

males are presented in Appendix I and II, respectively. The distribution of T-scores by MCI 

categories is presented in Appendix III.  

In females, severely eroded cortex (MCI-C3) and thin cortex (MCW ≤3 mm) showed the 

ability to distinguish between osteoporosis and non-osteoporosis as suggested by their 

positive and negative likelihood ratios and their confidence intervals, not including the value 

of 1. MCI-C3 showed the highest +LR of 3.3, meaning MCI-C3 was 3.3 times more likely to 

be present in females with osteoporosis compared to females without osteoporosis. In 

osteoporosis prediction, MCI-C3 and MCW ≤ 3mm showed a sensitivity of 34.0% and 

68.1%, respectively.  MCI-C3, i.e., severe cortical erosion, showed the highest specificity of 

89.7% and was good at predicting non-osteoporotic cases. MCW ≤ 3mm showed a specificity 

of 69%. The AUC for MCW was 0.74 (95% CI, 0.67; 0.82). 



 

44 

 

When applying the same index tests to females aged 65 and older, MCI-C3 and MCW ≤ 3mm 

showed the ability to classify osteoporotic and non-osteoporotic cases.  The sensitivities of 

both indices have increased at the expense of their specificities. The +LRs and -LR showed 

only a tiny change compared to the situation when MCI and MCW were applied to the 

population of females older than 40 years.  

When the index tests were combined with FRAX scores > 15%, the predictive abilities of all 

indices were substantially improved. The combinations of FRAX with MCW or MCI at both 

thresholds (C3 and C2, C3) could differentiate between osteoporotic and non-osteoporotic 

females, as suggested by their likelihood ratio confidence intervals, not including 1. The 

sensitivities of all indices lowered while their specificities markedly increased. Severe cortical 

erosion and FRAX scores  > 15% showed the highest predictive ability, demonstrating the 

+LR of 6.6, meaning that such a combination was 6.6 times more likely to be present in 

females with osteoporosis than healthy females. 

Since the male sample was small and only 19 (5.7%) males had osteoporosis, the diagnostic 

efficacy estimates demonstrated wide confidence intervals and thus were inconclusive 

(Appendix IV). 

 

4.2 Paper II 

In this paper, the specific aim was to analyze general factors, such as T-score, age, and 

menopausal status (for females), and local factors, such as remaining teeth and periodontitis 

and their contribution to the morphology of mandibular cortex assessed by MCW, MCI, in 

females and males. 
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T-score, age, menopausal status, and the number of remaining teeth were significantly related 

to MCW in simple linear regression analyses in females. In multiple linear regression analysis 

with all factors added to the regression model, T-score, age, and number of teeth remained 

significant. T-score contributed most to the prediction of MCW in females, followed by age 

and remaining teeth with standardized β-coefficients of 0.286, -0.231, and 0.131, respectively.  

The model could predict MCW in females (F=18.7, p<0.001) and explained 24% of the 

variation in MCW. 

In males, only the T-score was significantly related to MCW in simple linear regression 

analysis. However, in multiple regression analysis, none of the factors showed a significant 

association with MCW. The model could not significantly predict MCW in males (F=2.3, 

p=0.059). 

When analyzing MCI in binary logistic regression analysis, T-score, age, menopausal status, 

and remaining teeth were significantly related to MCI in females. In multiple logistic 

regression, after adding all variables in the model, T-score, age, and remaining teeth remained 

significantly associated with MCI. Similarly to the results of linear regression analysis, the T-

score contributed most to the thin and eroded cortex in females, followed by age and 

remaining teeth with the Wald values of 9.65, 6.17, and 5.83, respectively. The whole model 

was significant (Chi-square = 53.87, p<0.001) and could explain 16.3-23.0% of the variation 

in MCI. 

In males, T-score, age, and remaining teeth were significantly related to MCI in binary linear 

regression analyses. After adding all variables in the model, only the T-score remained 

significantly related to MCI. The whole model could significantly predict MCI (Chi-

square=12.01, p=0.017) and explained a 4.3-5.8% variation in MCI. 
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4.3 Paper III 

This paper explored the feasibility of locating MF using deep learning of pre-trained object 

detectors and tailoring them to this specific task. The other aim was to explore the feasibility 

of combining the best-performing object detector with the algorithm measuring mandibular 

cortical width. 

The second setup demonstrated better mAP for all four models than the setup I. EfficientDet-

D0 demonstrated the best mAP at both IoU thresholds. The threshold of IoU = 0.5 was judged 

sufficient to consider the bounding box in the correct position, locating the mental foramen. 

With a 0.5 IoU threshold and setup II, the mAP of EfficientDet-D0 was 0.79, meaning that 

79% of bounding boxes produced by the model were overlapping with the expert's 

annotations by more than 50%. The RetinaNet model showed the lowest average precision of 

0.64 at IoU=0.5. When experts visually inspected the predictions of MF made by 

EfficientDet-D0 on handpicked «easy images,» they agreed on all cases (n=100). Notably, all 

IoU values between the algorithm predictions and the expert annotations, as well as 

confidence scores, were more than 0.5, confirming that the location of MF was an easy task. 

When experts inspected the predictions on 101 ”complex images,” they agreed with the 

algorithm on 67 images.  

When assessing the reliability of the “ground truth,” the average IoU between the two experts 

was 0.678, with minimum and maximum values of 0.500 and 0.678, respectively. 

Combining EficientDet-D0, the detector locating mental foramen, and the algorithm for 

MCW measurement was feasible. However, the algorithm should be further developed. The 

combined algorithm was tested on 100 images and produced output 93 times, 20 of which 

were unacceptable and measured other anatomical structures than the mandibular cortex.  
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5 Discussion 

5.1 Methodological considerations 

This thesis consists of three studies with a cross-sectional study design, i.e., all the data were 

collected simultaneously, and all study participants were recruited regardless of their exposure 

or disease status [141]. Paper I had the research question regarding diagnostic efficacy; 

Paper II was an exploratory study investigating the relationship between radiomorphometric 

indices general and local factors that may define cortical morphology, while Paper III aimed 

to estimate the technical efficacy of a new computer-aided tool. Cross-sectional study design 

is often used to study a disease's prevalence, analyze multiple outcomes, or study 

relationships between exposure and outcome variables. The main advantage of a cross-

sectional study design is relatively inexpensive data collection. The disadvantage of this study 

design is temporal bias, i.e., the impossibility of defining the direction of the relationships 

between exposure and outcome and making any inferences about causality since all the data 

are collected simultaneously. Nevertheless, cross-sectional studies help to build theoretical 

models based on associations and test them further using other study designs [142]. Thus, the 

cross-sectional study design is suitable for all studies in this thesis, yet for answering the 

research question in Paper I, a prospective longitudinal study design would also fit and 

provide superior evidence. 

Internal validity is the degree to which the results established in a study cannot be explained 

by other factors, and thus, these results are valid for the study population. External validity 

refers to the degree to which study results can be applied to a broader population [141, 143]. 

Internal validity is an essential prerequisite for external validity. Besides the temporal bias 

mentioned above, bias inherent to most epidemiological studies can threaten a cross-sectional 
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study's internal and external validity. These include random and non-random errors, also 

called bias, typically selection bias, information bias, and confounding [143].  

 

5.1.1 Selection bias and external validity 

Selection bias occurs when people have different chances to be included in a study depending 

on their exposure and outcome characteristics [141]. Selection bias threatens external validity 

in crossectional studies, and it is critical when the external validity of effect estimates is 

crucial, for example, in diagnostic efficacy studies, which are often cross-sectional. The study 

population in a diagnostic efficacy study should represent the population to which an index 

test should be applied [144, 145].   

MCW and MCI in Paper I should preferably be generalizable to the patients of Norwegian 

dental clinics who can be susceptible to osteoporosis. Generally, people over 50 are 

considered a typical risk group [14]. Nevertheless, the disease develops earlier in females, 

specifically those experiencing menopause [146]. According to the World Health 

Organisation, menopause occurs between 45 and 55 years of age [147]. However, hip fracture 

incidence rates begin to increase linearly at the age of 40 in females [146]. Since there is a 

slight overlap in the age at which people become susceptible to osteoporosis, we considered 

people over 40 an eligible group for our study. Moreover, the FRAX tool allows calculations 

of fracture risk from 40 years of age [37].  

In Paper I, participants were selected from a populational-based study. DEXA and DPRs in 

Tromsø7 were collected for a broad range of scientific purposes, including studies of disease 

prevalences for which representativeness is crucial. Participants who received both DEXA 

and DPRs were not deliberately selected for these examinations in Tromsø7, and thus, we can 

consider the study sample in Paper I to be random. However, a concern can be raised that 
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those chosen for Paper I may have a different prevalence of osteoporosis compared to all 

participants who received DEXA in Tromsø7. Figures 11 and 12 show the distributions of 

osteoporosis in females and males by age groups in our study participants compared to all 

Tromsø7 participants who were examined with DEXA. The total osteoporosis prevalence 

among all participants was 10.1% in females and 7.5% in males, while in our study, 11% and 

5.7%, respectively. Thus, there is only a slight difference in osteoporosis prevalence between 

our study participants and all Tromsø7 participants. It holds for prevalence in all ages and by 

age groups. This difference is not critical, at least for females. A similar prevalence of 

osteoporosis at femoral necks was found in Tromsø5, carried out in 2001-2002, with a 79% 

response rate [11].  

 

Figure 11 Distribution of osteoporosis in females in general Tromø7 dataset vs. our dataset 
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Figure 12 Distribution of osteoporosis in males in general Tromsø7 dataset vs. our dataset 

 

Inappropriate exclusions, such as exclusions of “difficult-to-diagnose” cases or using disease 

cases vs. healthy controls verified from the study's beginning, can also introduce selection 

bias and compromise the external validity of a diagnostic efficacy study [145]. Such flaws in 

the sampling procedure produce a difference in test result distributions among participants 

with the disease compared to healthy ones, making two distributions further apart (Figure 13 

A, B) and resulting in the inflation of sensitivity and specificity estimates [144, 145]. In  

Paper I, only underexposed or overexposed radiographs on which the mandibular cortex was 

not distinguishable were excluded from the index assessment. Since the T-scores of study 

participants were unknown before the MCI and MCW measurements were carried out, 

nobody was included or excluded based on the reference standard and osteoporosis status.  
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Figure 13 Distributions of test results among people with and without disease, sensitivities 

(Se), specificities (Sp), false positive (FP), and false negative (FN) test results. A) test result 

distributions among healthy and diseased people are closer to each other in a randomly 

selected population due to the presence of the whole severity spectrum, including borderline 

cases. B) In a  non-randomly selected population, the test result distributions are further 

apart from each other due to inappropriate exclusions of borderline cases, the inclusion of 

known disease cases and healthy controls, or wrong settings with more severe disease cases 

 

Besides sensitivity and specificity being sensitive to disease distribution in a particular 

population, some efficacy estimates such as PPV, NPV, and accuracy depend highly on 

disease prevalence [135]. Thus, merging males and females in one group for analysis is also a 
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source of selection bias. Differences in distributions of T-scores and osteoporosis prevalence 

in females and males were addressed by calculating diagnostic efficacy estimates separately.   

Tromsø7 showed an attendance rate of 65%, which is high for a populational-based study. 

However, a concern that can be raised is that attendees may differ from non-attendees because 

they are healthier and can come for physical examination. However, this concern can be 

balanced with the fact that attendees of dental clinics are also more likely to be healthier than 

not attendees and be able to come to dental clinics physically.  

Thus, selection bias was not of major concern in Paper I. The results of Paper I can be 

extrapolated at least on the population of Tromsø [148]. In Paper II, the same population was 

used. Had the sample been drawn from a more severely sick population, such as an orthopedic 

hospital, the inflated association estimates would have been observed, and the external 

validity would have been compromised. Although selection bias is less critical for Paper II 

since the estimates do not provide critical clinical information, the absence of selection bias 

strengthens the external validity of Paper II.  

Paper III is a multidisciplinary paper involving machine learning methods with their own 

methodology and validation procedures. To my knowledge, universal quality guidelines for 

machine learning use in clinical and epidemiological research have not been launched yet. 

However, similar quality principles can also be applied to some extent to this type of study. 

For example, selection bias and external validity are common problems; results provided by a 

machine learning algorithm are mostly generalizable to the population with the same 

statistical distribution of data or image features as the population on which the algorithm has 

been trained. Shifts in data distribution may occur due to populational differences, differences 

in image acquisition protocols, and different manufacturers of medical imaging units [149]. T  
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To reach an optimal external validity of a machine learning algorithm, one needs to train it on 

data from a representative population and the images taken from different radiographic units 

using various protocols as it occurs in actual medical practice [150, 151]. Thus, the fact that  

DPRs for the training dataset were chosen from a populational-based study with a wide age 

range, anatomical variations, and image features strengthens the generalizability of the study 

results in Paper III. On the other hand, DPRs were taken from one panoramic machine, 

which weakens the result generalizability. 

Furthermore, the algorithm locating mental foramen was prone to errors inherent to observers 

making the annotations from which the algorithm learns. Speculating how inconsistencies in 

automated location mental foramen affect inconsistencies in automated MCW measurements 

is difficult. However, this problem might be overcome by involving several well-trained 

observers for image annotation or using other methods not involving observers. 

 

5.1.2 Information bias and internal validity 

Information bias, or misclassification, is caused by flawed definitions or data collection of 

study variables, i.e., exposure and outcome. Misclassification can be systematic and non-

systematic[141]. Systematic misclassification can compromise the internal validity of the 

study. Systematic misclassification in papers I and II could occur when measuring 

radiomorphometric indices. If MCI and MCW were measured knowing patients' T-scores, the 

raters would be more prone to over- or underestimate the thickness and erosion of the 

mandibular cortex depending on the participant’s osteoporosis status. Had such systematic 

misclassifications occurred in a diagnostic efficcay study, like Paper I, inflated efficacy 

estimates would have been obtained [152]. The same type of misclassification would result in 

exaggerated correlation and regression coefficients in a cross-sectional study exploring 
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associations between exposure and outcome like in Paper II [141]. Knowing that the raters in 

this project should be blind to T-scores, the radiomorphometric indices were first measured 

on DPRs and then sent to the Tromsø Study database administrators, who linked the newly 

recorded MCW and MCI with T-scores and the other Tromsø7 data and then sent it back for 

further analysis.  

In diagnostic efficacy studies, reference standards can also be a source of information bias. 

First, knowledge of index test results by raters can influence reference standard 

measurements, leading to an exaggeration of the diagnostic efficacy estimates [145]. It was 

not the case in our Paper I because T-scores were measured in 2015-2016 during data 

collection in Tromsø7, i.e., before MCW and MCI data acquisition. Another essential 

assumption of a diagnostic efficacy study is that the reference standard correctly classifies a 

disease., i.e., has 100% sensitivity, and thus, all disagreements between index test and 

reference standard stem from incorrect index test results [145].  Since the T-score measured 

by DEXA at the femoral neck is an internationally recognized method for osteoporosis 

diagnosis [22], there is no concern regarding misclassifications caused by inappropriate 

reference standards in Paper I.  

Another potential source of information bias in Paper I might be the FRAX score. While age, 

sex, and BMI data used to be reliable, frequency, amount of alcohol consumption, and 

smoking tend to be underreported in health surveys depending on sex, age, and social context 

[153, 154]. The data on the age at menopause are prone to recall bias., i.e., participants may 

hardly recall information from a distant past [141]. The data on rheumatoid arthritis, diabetes, 

or other diseases that can be secondary causes of osteoporosis were also self-reported. Self-

reports on chronic diseases in populational-based studies are generally considered reliable 

[155]. The data on family history of hip fractures and information on previous fractures were 



 

55 

 

retrieved from Tromsø6, which causes significant concern regarding information bias when 

calculating the FRAX-score in Paper I. It is 7-8 years between the surveys of The Tromsø 

Study, and we expect some incident fractures to occur during this period, which may result in 

an underestimation of the FRAX score for some participants.  

Non-systematic misclassification is a flawed exposure or outcome classification occurring 

randomly without a specific pattern. Non-systematic misclassification can decrease the 

precision of results and thus compromise the internal validity of a study. Study results, in that 

case, tend towards the null hypothesis, i.e., no relationships or associations [141 pp.187-193]. 

An example of a non-systematic misclassification is a measurement error. It is known from 

previous research that the DEXA procedure, performed by a well-calibrated staff, is 

reproducible and shows a 2% coefficient of variation between observers or in repeated 

observations. However, poor positioning can result in 5% errors at the femoral neck [24].   

Random error in MCW and MCI occurs from the same sources: variation between observers 

or repeated observations and poor patient positioning. It raises a substantial concern in both 

Paper I and Paper II. We found suboptimal interobserver and intraobserver agreements 

[156]. When measuring MCW, the participants with the eroded cortex (C2 or C3) were the 

most complex cases because the upper border of the mandibular cortex consisted of trabecular 

layers and, therefore, was unclear.  

Moreover, panoramic radiography is a complex procedure carried out by an operator. 

Positioning a patient in a panoramic machine is crucial for obtaining the correct projection of 

anatomical structures on a panoramic radiograph. Even though a patient is ideally positioned, 

the anatomical structures are projected with a magnified size. Magnification is inherent to 

panoramic radiography. Different panoramic machines have different magnification rates, 
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which are sometimes uneven in different image parts. A slight patient malposition was 

common in our dataset. A previous study reported that minor toward or backward shifts ±5 

mm and tilts ±5◦ in the position of a patient result in less than a 2% coefficient of variation in 

vertical measurements on DPRs, which they considered clinically acceptable [157]. 

Nevertheless, only unreadable radiographs were excluded from our study, while some of the 

included radiographs revealed substantial malpositioning. It implies that the measurements of 

mandibular cortical width do not precisely reflect the actual thickness of the mandibular 

cortex, even when corrected for magnification rate. The measurement imprecisions result in 

random misclassifications of the thin cortex (thinner than 3 mm), noise in data, and 

underestimated efficacy [141]. Error related to malpositioning could have been avoided by 

using a reference object. Poor intro and interobserver agreement can be improved either by 

more extended training or by developing automatic algorithms measuring MCW. An attempt 

to develop such an algorithm has been made in Paper III.  

 

5.1.3 Confounding, moderation, and internal validity 

Confounding occurs when a variable is causally associated with the outcome and can be 

causally or non-causally associated with the exposure but cannot be variable on the causal 

pathway from exposure to outcome (Fig.14) [141 p.233].  



 

57 

 

 

Figure 14 Mediation vs. moderation. 

 

Paper II was an exploratory study. The primary objective was to find predictors associated 

with thin and eroded mandibular cortex and assess the strength of their associations. 

Generally, this type of study allows various possible predictors to be included in a 

multivariable regression model adjusted for general confounders such as age or sex, although 

the included predictors may have their confounders [158]. As in many epidemiological 

studies, age was a confounder in Paper II because it affected radiomorphometric indices and 

other variables such as T-score, menopausal status, remaining teeth, and periodontal disease. 

All analyses in Paper II were adjusted for age. However, the results of Paper II should be 

considered with caution: interpreting the regression coefficients as if the variables would be 

adjusted for each other is likely to result in the “table-2” fallacy because each variable may 

also have its own set of confounders that the multivariable model does not account for [159]. 

The latter will likely decrease the internal validity of the regression coefficients reported in 

Paper II. 
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A modifier (moderator) is a variable that changes the strength and direction of the 

relationships between exposure and outcome (Fig. 14) [143]. Based on previous studies [76, 

78], we suspected that sex is a modifier, and it interacts with age. Therefore, we decided to 

separate analyses for males and females in Paper II. Had this interaction been not considered, 

it would have threatened the internal validity of the study results. Our study confirmed the 

interaction by demonstrating the difference in association strength between age and MCW 

and also found a slight difference in the association between MCW and T-score in males and 

females (Fig 15).  

 

Figure 15 Box plots show mean MCW (filled triangles), its confidence intervals (boxes), and 

its distribution (vertical lines) in different ages in females (a) and males (b) and for different 

T-scores in females (c) and males (d). Solid lines are regression lines 

 

5.1.4 Sample size considerations and precision 

The best practice is to calculate sample size before initiating a study because carrying out a 

study with insufficient precision may be unethical, given that the participants receive 
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unnecessary medical examinations. However, only a post hoc sample size assessment can be 

done in our study since we used existing data.  

The sample size calculation for diagnostic efficacy studies, like Paper I, is based on expected 

efficacy estimates (sensitivity and specificity) and desired two-sided confidence intervals 

[135]. A small sample size results in an inflated false discovery rate in diagnostic efficacy 

studies and imprecision of efficacy estimates with wide confidence intervals, rendering study 

results inconclusive and challenging for decision-making [160]. Generally, several factors 

would require a larger sample size: smaller estimates of sensitivity and specificity, lower 

disease prevalence, and narrower confidence intervals desired [161]. Since MCW and MCI 

are supposed to be screening tests, obtaining both high sensitivity and high specificity is not 

required. A sensitivity of approximately 70% combined with a specificity of at least 50% or 

vice versa is considered sufficient [160, 161]. We assumed that a 10% marginal error would 

be acceptable. Given the prevalence of osteoporosis and lower efficacy estimates in Paper I, 

it is evident that the precision of some efficacy estimates, especially sensitivity and likelihood 

ratios, is low, and marginal errors reach 15% from both sides in females. At the same time, 

the confidence intervals for specificity, accuracy, NPVs, and AUC in females are more 

precise, with a marginal error of 5%. All efficacy estimates showed low precision in males 

(Table 1 in appendices). At the same time, the World Health Organization guidelines for tests 

or diagnostic tools state that wide confidence intervals may not necessarily lead to 

downgrading evidence of a diagnostic efficacy study; if disease prevalence is low, then 

imprecise estimates, specifically sensitivity, might not be of particular concern [162p 228].  

Linear and logistic regression analyses were used in Paper II, which requires different 

sample size calculations. Various online tools allow sample size calculations for linear and 

logistic regression analysis based on ultimate characteristics such as power, significance, type 
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of statistical test, and expected effect size. Since we could not use an expected effect size 

based on previous research, we used a well-established rule of thumb from epidemiologic 

literature for both regression analyses. Green et al. reviewed several rules of thumb and 

concluded that regression analysis requires at least 200 subjects. For linear regression 

analysis, they concluded that a minimum of subjects per independent variable should be 15-

25 [163]. In Paper II, 427 females and 335 males were included in linear regression analysis 

with MCW as an outcome, while the total number of predictors was 5.  Peduzzi et al. 

suggested the minimum number of events per variable; they stated that the number of subjects 

in the smallest group with a particular outcome should be a minimum of 10 per each 

independent variable [164, 165]. In Paper II, the smallest group for MCI outcome was the 

participants with C3 cortex. There were 55 females and one male; therefore, we merged this 

group with C2, which included 243 females and 136 males. There were five predictors in 

logistic regression analysis. Thus, there is no concern regarding sample size and precision of 

estimates in Paper II. 

There are no clear guidelines regarding the sample size needed for machine learning model 

application in medical imaging analyses. Therefore, we did not carry out sample size 

calculations in Paper III. A recent systematic review has raised this issue, stating that sample 

size requirements are needed to develop machine-learning algorithms for medical purposes 

[166]. Another problem affecting sample size in medical imaging studies using machine 

learning is that medical images cannot be publicly available as other images used for training 

datasets due to patient privacy and security policies [123]. Therefore, obtaining sufficient 

samples of medical images for training, testing, and validation is challenging. Generally, it 

has been proposed that the more data in the training dataset, the better the accuracy of the 

model can be achieved [167]. Classic statistical methods for sample size calculations have 
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drawbacks because they do not consider specific characteristics of AI modeling [168]. 

However, some researchers use the Widrow-Hoff learning rule, which suggests obtaining data 

from 10 patients for every imaging feature the model uses [168]. Balki et al. suggested 

different analytical approaches based on algorithm characteristics or curve-fitting approaches, 

empirically exploring model performance at different sample sizes [166]. Generally, several 

factors affect the required sample size for the machine-learning algorithm. First is the number 

of features used in the model and their variability: the more features and the larger the 

variability between them, the more images are needed. The second factor is the number of 

observers annotating images in supervised machine learning algorithms: the fewer observers 

and the broader variations between their annotations, the more images are needed [169]. 

Similarly to plain epidemiological studies, disease prevalence and clinically relevant effect 

sizes to distinguish between healthy and diseased patients also play roles in sample size 

calculations in medical imaging studies using AI. The quality of medical images varies 

significantly in real life, requiring more images for model training. Thousands of cases are 

typically required for accurate model training [169]. 

 

5.2 Discussion of the main results 

The usefulness of a potential screening test is a complex multi-level issue. Besides the 

diagnostic qualities and reproducibility of the radiomorphometric indices explored in Paper I, 

it was also essential to understand better the link between radiomorphometric indices, skeletal 

BMD, and other factors potentially affecting this link, which has not been much studied 

before and which was done in Paper II. Exploring the feasibility of automated measurements 

of mandibular cortical morphology in Paper III is a further step towards standardizing the 

test conduct, improving its reproducibility, and saving time for dental practitioners. 
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5.2.1 Factors affecting morphology of mandibular cortex 

Paper II explored several factors affecting mandibular cortical morphology in a large study 

population. The results of Paper II showed that the T-score was the factor contributing most 

to the morphology of the mandibular cortex in females. Our findings were consistent with 

previous studies showing that females with osteoporosis had thinner and more eroded cortices 

than healthy females [89, 90, 170, 171]. Age was another factor significantly associated with 

radiomorphometric in females, which was in line with the results from previous studies [76, 

78, 81]. Paper II also found that the more teeth remained, the thicker and less eroded cortex 

was observed in females. The relation between remaining teeth and mandibular cortex 

morphology appeared more controversial: some previous studies found a link between 

remaining teeth and MCW and MCI [80, 82], while others did not find it for MCW [78, 81]. 

Menopausal status and periodontal disease were not associated with the morphology of the 

mandibular cortex in females in our study, unlike previous studies that found an association 

[87, 88].  

Interestingly, none of the factors were associated with mandibular cortical morphology in 

males except the T-score related to MCI with an OR of 0.73 (95% CI 0.56; 0.96). A 0.1 SD 

higher T-score reduced the odds of having mildly (C2) or severely eroded cortex (C3) by 27% 

or 0.73 times. Relationships between radiomorphometric indices and skeletal T-score 

reflecting osteoporosis status have been poorly studied in males. Two studies reported 

significant differences in MCW and MCI in osteoporotic vs. non-osteoporotic males, but the 

adjustments were lacking [104, 106]. In our study, age in multivariable regression was not 

significantly associated with MCW or MCI, while another study found a slight decrease in 

MCW with age in males, yet less prominent than in females [76]. No association between 
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remaining teeth and radiomorphometric indices in males was found in this study, similar to 

the results reported by another study [80]. One may speculate that the differences in factors 

affecting the mandibular cortex in males and females might be related to the differences in 

bone physiology, specifically bone remodeling [44]. It is known that sexual dimorphism in 

bone morphology develops in puberty during growth, and sex hormones affect the remodeling 

of bone throughout life [44, 45]. In older ages, the resorption rates of the endosteal cortex are 

similar in both sexes, while periosteal bone apposition is faster in males than in females [44]. 

The studies exploring the geometry of the femoral neck and other parts of the femur also 

found differences between males and females in the thickness of the cortex with older age 

[172, 173].  

 

5.2.2 Efficacy of radiomorphometric indices and their utility for osteoporosis 

screening 

The clinical usefulness of radiomorphometric indices can be defined by their diagnostic 

efficacy. The diagnostic efficacy results for MCW and MCI in males in Paper I were 

inconclusive due to the low prevalence of osteoporosis and wide confidence intervals. 

However, Paper II's findings suggest that the utility of using MCW and MCI in males is 

likely to be low since the T-score was poorly associated with the morphology of the 

mandibular cortex in males. However, further studies are needed to confirm it. At the same 

time, the results of Paper I showed that MCW ≤ 3 mm and MCI (C3) could distinguish 

between osteoporosis and non-osteoporosis in females. Our study's AUC for female MCW 

was 0.74 (95%, CI 0.67; 0.82), demonstrating moderate efficacy [174]. The US Preventive 

Task Force, in their recommendation statement on osteoporosis screening, reported similar 

AUCs for peripheral DEXA (AUC from 0.67 to 0.80), FRAX (AUC from 0.58 to 0.82), for 
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ORAI, OSIRIS, OST, and SCORE (AUC from 0.65 to 0.70) for detection of osteoporosis in 

females older than 40 years [35]. Sensitivities and specificities for MCW and MCI alone in 

the population older than 40 years were similar to those reported in the previous systematic 

review [90].  

Applying MCW and MCI to the population aged 65 years and older improved their 

sensitivities at the expense of specificities but did not improve the positive and negative LRs. 

The trade-off between sensitivity and specificity in older females might be attributed to the 

higher osteoporosis prevalence in older age and the differences in the T-score spectrum. 

Although there is no mathematical relationship between sensitivity, specificity, and disease 

prevalence, Leeflang et al. showed, using a series of examples from systematic reviews, that 

specificity and specificity covary with prevalence through the distribution of other clinical 

variables [175, 176]. Combining MCW or MCI with FRAX > 15% improved their 

specificities, yet sensitivities have somewhat decreased. It is a known phenomenon that the 

sensitivity of two tests combined with the "AND" rule (the diagnosis is positive when both 

tests are positive) will be lower than the sensitivities of each separate test, while the 

specificity will be higher [135]. In addition, the combination of radiomorphometric indices 

with FRAX showed superior diagnostic efficacy compared with radiomorphometric indices 

alone, as suggested by the increase in +LRs and relatively stable -LR. The highest +LR of 6.6 

was observed for the combination of MCI-C3 and FRAX, indicating a moderate ability of the 

two tests combined to predict osteoporosis [177].  Only one study used a similar combination 

of radiomorphometric index with the FRAX score, combining sparse trabeculation on 

intraoral radiographs and FRAX > 15% to predict osteoporotic fractures. Similar to our 

results, they found a superior predictive ability for the combination of two tests than for 

sparse trabeculation alone [178]. In their study, the predictive ability of sparse trabeculation 
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combined with FRAX was comparable to that of FRAX combined with BMD to predict 

osteoporotic fractures [178]. 

The diagnostic efficacy estimates do not usually have a straightforward interpretation 

facilitating a decision on whether the test is useful. None of the efficacy estimates alone are 

interpretable; one should understand them in combination [162]. A higher sensitivity or a 

higher specificity might be of value in different circumstances. There are also several aspects 

to consider. The first aspect is whether a new test should replace the existing diagnostic 

standard or be used as an add-on or a triage test before another diagnostic procedure. In the 

first case, one wants high sensitivity and specificity, while the latter does not require it. The 

second aspect to consider is whether further diagnostics or effective treatment is available 

[162]. The tests under evaluation in this project, MCW and MCI, are triage tests and should 

be taken to inform the decision about the need for further DEXA examination, which means 

that both high sensitivity and specificity are not required. DEXA is a well-established 

diagnostic test [22], and effective therapies preventing osteoporotic fractures also exist [1]. 

Another aspect to consider is the consequences of false-positive and false-negative results for 

patients, such as unnecessary diagnostics and treatment or the absence of treatment when 

needed [162]. The harms of osteoporosis screening with DEXA have not been well studied. 

However, the United States Preventive Services Task Force reviewed existing evidence and 

concluded that there were no potential psychological harms related to unnecessary diagnostics 

since the examination is not invasive and minor potential harms related to false-positive 

results and unnecessary treatment [35]. Thus, the arguments above support using MCW and 

MCI for osteoporosis prescreening.  

Recommendations on diagnostic test use are rarely based solely on diagnostic efficacy 

estimates [162]. A diagnostic test produces some clinical information that does not 
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necessarily improve patients' health. Thus, the further aspects of a new diagnostic test, such as 

its impact on health outcomes and cost-effectiveness, should be considered [162, 179]. In the 

case of osteoporosis screening, we should further study in randomized control trials (RCTs) 

whether a new test and a subsequent preventive treatment would change osteoporotic fracture 

incidence in patients. Cost-effectiveness is another relevant aspect of test utility that is highly 

dependent on the country's context. The knowledge of the abovementioned aspects is lacking 

for MCW and MCI, which limits the judgment about the usefulness of MCW and MCI for 

osteoporosis screening.  

 

5.2.3 Developing a fully automated algorithm for MCW measurement 

Even though Paper II found the strongest association of indices with T-score among other 

factors, and Paper I found the ability of radiomorphometric indices to predict osteoporosis in 

females, the suboptimal agreement of the indices between observers and repeated 

observations would disfavor the use of MCI and MCW for osteoporosis screening. Our 

findings regarding inter and intraobserver agreement were similar to the results of a previous 

study [108].  Sutthiprapaporn et al. attempted to solve this problem through extensive 

observer training [180], while the others focused on developing an automated algorithm 

measuring MCW or MCI on DPRs [112, 113, 119].  

Devlin et al. developed a method using active shape models (ASM) or so-called «snakes» 

[113, 181]. They reported higher reproducibility and diagnostic efficacy of this method than 

the manual one. However, they found that manual initiation of ASM gave better results than 

fully automated [113]. The drawback of this method is that ASM was sensitive to image 

quality and irregularities in the mandibular cortex, such as overlapping anatomical structures, 

having trouble finding cut-offs between different intensity values, and, thus, ASM was not 
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robust. Moreover, fully automated ASM could not identify MCW in the particular anatomical 

projection, for example, mental foramen [113].  Allen et al. also developed an algorithm 

measuring MCW, but they manually defined the location of mental foramen [112]. Both 

studies concluded that developing a fully automatic method would be beneficial because 

osteoporosis is not a primary pathology in dental clinics, and minimal time should be spent on 

such incidental yet significant findings [112, 113].  

In our Paper III, we developed a fully automatic algorithm measuring MCW based on fine-

tuned pre-trained neural network locating mental foramen and combined another automated 

algorithm based on grayscale thresholding measuring mandibular cortical width. We 

considered the mean average precision of mental foramen location of 0.79 to be satisfying 

because the experts agreed with all suggestions made by the algorithm on 100 easy images 

and most suggestions on 101 complex ones, though IoUs with experts’ annotations were 

sometimes  < 50%. MCW measurements produced in this study were not compared with the 

patient's T-score; therefore, the efficacy of the MCW method is unknown. Aliaga et al. 

attempted to solve the problem of automatic detection of anatomical landmarks, including 

mental foramen, used for radiomorphometric indices measurements [182]. Unlike ours, their 

algorithm was based on thresholding and the assumption that mental foramen is a dark area 

with specific gray values, specific size, and other features. They reported that the method 

failed in 5% of 310 cases [182]. Similar to Aliaga [182], our method was aimed to imitate the 

original one proposed by Ledgerton et al. [81]. However, alternative automatic methods of 

analyzing mandibular bone quality can automatically assess osteoporosis status based on 

panoramic radiographs. For example, Lee et al. used a transfer learning strategy on a 

convolutional neural network [183]. This method does not require finding anatomical 

landmarks; the algorithm extracts the necessary features independently. For example, in the 
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study by Lee et al., the features extracted by the algorithm were the low border of the 

mandibular cortex and spongious bone on its periphery, which support the idea that the 

morphology of the mandibular cortex may reveal the osteoporotic status of a patient [183].  

 

5.3 Future perspectives: 

Given that the Tromsø Study collects DPRs, DEXA, and other clinical information for many 

scientific purposes, conducting a more extensive study would be worthwhile. Tromsø Study 

can be linked to the Norwegian hip fracture registry [148]. Thus, it would be feasible to carry 

out a longitudinal study using panoramic indices alone or combined with FRAX to predict hip 

fracture. 

Moreover, the Trøndelag Health Study ( the HUNT study) collects similar populational-based 

data on DEXA and DPRs for various scientific purposes [184]. Tromsø study and HUNT 

study can be combined [185], which allows a large generalizable sample that can be used to 

obtain more precise efficacy estimates. An extensive study sample based on the Tromsø study 

and HUNT would also allow the development of a more robust artificial intelligence 

algorithm classifying patients as osteoporotic or healthy. For example, an algorithm based on 

unsupervised machine learning would not require annotation made by dental experts and thus 

avoids common human errors. It has also been recognized that the wider the variety of images 

taken from different image modalities that the algorithm is trained on, the better its 

generalizability [151].  

Even though our findings suggest a poor association of T-score with the morphology of the 

mandibular cortex and, thus, potentially low utility of radiomorphometric indices in males, 

further studies are needed to confirm or contradict it.  
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5.4 Conclusions: 

In this project, we found that radiomorphometric indices, MCW, and MCI are related to 

skeletal BMD to a great extent, and they can differentiate between osteoporosis and non-

osteoporosis in females, demonstrating moderate efficacy similar to the currently used risk-

factor-based tools. Combining MCW and MCI with FRAX substantially improves their 

diagnostic efficacy, specifically their ability to detect healthy females.  

Skeletal BMD appears weakly associated with mandibular cortical morphology in males, but 

further studies on the utility of radiomorphometric indices are needed.  

The reliability of manual MCW and MCI assessments is suboptimal, but we found it feasible 

to create a machine learning algorithm that automatically measures MCW. The algorithm 

accurately locates the mental foramen, the initial and most challenging step in measuring 

MCW, and can be combined with another algorithm measuring the thickness of the 

mandibular cortex. Two algorithms together allow fully automated measurement of MCW, 

but the method should be further improved and validated against participants' osteoporosis 

status.
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Appendix I 

 

Distribution of osteoporosis (black triangles) and non-

osteoporosis cases (grey circles) by age, MCW, and MCI 

categories in females. The dashed line shows an MCW 

threshold of 3 mm. 
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Appendix II 

Distribution of osteoporosis (black triangles) and 

non-osteoporosis cases (grey circles) by age, 

MCW, and MCI categories in males. The dashed 

line shows an MCW threshold of 3 mm. 
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Appendix III 

Distribution of T-score in females (A) and males (B) by MCI category. 
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Appendix IV 

Diagnostic efficacy estimates for radiomorphometric indices in males. 
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Diagnostic efficacy of
 radiomorphometric indices for
predicting osteoporosis in a Norwegian population in the

Tromsø Study: Tromsø7

Anna Teterina, MPH,a Sanyalak Niratisairak, PhD,b Bente Morseth, PhD,c and Napat Bolstad, PhDa
Objective. The aim of this study was to investigate the diagnostic efficacy of the radiomorphometric indices of mandibular corti-

cal width (MCW) and mandibular cortical index (MCI) of cortical erosion for osteoporosis screening in adults (�40 years) and

older adults (�65 years) to determine whether adding a fracture risk assessment tool (FRAX) would improve efficacy.

Study Design. One observer measured MCW and assessed MCI on dental panoramic radiographs acquired for patients in the

Tromsø study. These indices, alone and with FRAX scores, were evaluated for efficacy in predicting osteoporosis, which was

diagnosed by bone density measurement at the femoral necks with dual-energy X-ray absorptiometry.

Results. MCW �3 mm and MCI indicating heavily eroded cortices (C3) had accuracies of 68.8% and 83.6%, respectively, in

identifying osteoporosis. In females >65 years, MCW �3 mm and C3 produced higher sensitivities but lower specificities, with

slightly lower accuracies (61.4% and 79.8%, respectively) compared with all females. The addition of FRAX scores >15%

improved the accuracy of MCW �3 mm (81.7%) and C3 (87.9%), resulting in high specificity (86.6% and 95.4%). Combining

MCW �3 mm or C3 with FRAX >15% increased the probabilities of detecting osteoporosis by increasing positive likelihood

ratios.

Conclusions. MCW �3 mm or MCI C3, when combined with FRAX >15%, showed superior diagnostic efficacy, with high speci-

ficity in detecting females without osteoporosis. (Oral Surg Oral Med Oral Pathol Oral Radiol 2023;135:444�455)
Osteoporosis (OP) is a chronic skeletal disease of

deteriorating bone microstructure. It can lead to low-

trauma bone fractures, which are associated with func-

tional decline, poor quality of life, increased mortality

risk, and high health care expenditures.1 In the United

States, the estimated prevalence of OP in females and

males aged �50 is 19.6% and 4.4%, respectively.2 The

corresponding numbers in the European Union are

21% and 6%, yet some variations by country are

observed.3 A population-based study from Northern

Norway revealed 11.5% and 8.3% OP prevalence in

females and males.4

The reference standard for OP diagnosis is dual-

energy X-ray absorptiometry (DEXA), which measures

bone mineral density (BMD).5 The operational defini-

tion of the disease is based on the T-score, which is the

number of standard deviations of the patient’s BMD

greater or less than the mean BMD of a 20- to 29-year-

old female adult.1 OP is defined as a T-score less than or

equal to �2.5 (i.e., a BMD >2.5 SDs below the mean).

However, population-based screening with DEXA and
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T-scores is not widely practiced in many world regions

due to relatively low predictive ability, low availability,1

and lack of evidence regarding the cost-effectiveness of

DEXA.6

Instead, various strategies have been adopted in dif-

ferent countries to identify individuals at risk of low-

trauma fracture who can benefit from DEXA examina-

tion or preventive therapy.1 The Fracture Risk Assess-

ment Tool (FRAX) is one of those strategies using

well-established clinical risk factors. It calculates a per-

centage value, called the FRAX score, which predicts

the 10-year probability of major low-trauma fractures.7

FRAX includes the assessment threshold score, which

is used to refer patients for DEXA examination for

refinement of diagnosis, and the intervention threshold

score, which is used to start preventive therapy. These

thresholds may differ by country.8

In Norway, the assessment threshold for FRAX is

15% for major osteoporotic fractures.9 Individuals �65

should particularly be considered for DEXA10,11

because they sustain hip fractures more frequently, and

the overall fracture incidence decreases when this

group is treated in a timely manner.10 However, despite

the existing strategy of selecting patients for DEXA,

suboptimal examination practice is found in Norway.12
Statement of Clinical Relevance

Mandibular cortical width �3 mm or severely

eroded cortex (C3) assessed on panoramic radio-

graphs, when combined with a fracture risk assess-

ment tool (FRAX score >15%), can be clinically

efficacious for osteoporosis screening in females.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.oooo.2022.10.039&domain=pdf
mailto:Napat.l.bolstad@uit.no
https://doi.org/10.1016/j.oooo.2022.10.039
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Previous studies have suggested that dental pan-

oramic radiographs (DPRs) are useful for identifying

individuals at risk of OP.13-15 Several radiomorphomet-

ric indices based on DPRs have been developed to

assess jaw quality and quantity. The most widely used

are mandibular cortical width (MCW) and mandibular

cortical index (MCI).16 Two recent systematic reviews

with meta-analyses assessed the diagnostic efficacy of

MCW and MCI. One review concluded that both indi-

ces were useful overall in screening for the low BMD

condition of osteopenia,17 defined as a T-score lower

than �1 and greater than �2.5.17 The other review

found that only MCI was useful for detection of osteo-

penia.18 However, most of the included studies in both

reviews had a substantial risk of bias, specifically in

the participant selection domain, which was likely to

distort diagnostic efficacy estimates.17,18 Moreover, the

included studies focused mostly on osteopenia,17 which

is not a disease category.1 Both systematic reviews sug-

gested that further studies should have random partici-

pant selection, correct timing, and study flow.17,18 It is

also unclear whether combining MCW and MCI with

other case-finding strategies would change their diag-

nostic efficacy.

To our knowledge, no research has been conducted on

the diagnostic efficacy of radiomorphometric indices in

Norway. In addition, the diagnostic efficacy estimates

from previous studies have limited external validity due

to the differences in distribution and severity of OP in

various populations,19 warranting a diagnostic efficacy

investigation in the Norwegian population.

Thus, the first aim of the present study was to inves-

tigate the diagnostic efficacy of MCW and MCI in the

Norwegian adult population. The second aim was to

explore how these indices perform in participants aged

�65. Finally, the study sought to investigate whether

FRAX scores combined with MCW or MCI improve

diagnostic efficacy.

MATERIALS ANDMETHODS
Study population
The Tromsø Study is an ongoing population-based

study carried out as repeated cross-sectional surveys in

Tromsø, a Norwegian city with a population of 71,590.

Seven surveys have been performed since 1974.20 Fur-

ther information on the survey methods and timeline

can be found elsewhere.20,21 Our study was based

mainly on the data from Tromsø7, carried out in 2015

and 2016, and partly on the data from Tromsø6, carried

out in 2007 and 2008. In total, 32,591 people living in

Tromsø were invited to participate in Tromsø7, and

21,083 people aged 40 to 99 years old consented. They

filled out extensive questionnaires on various health-

related topics. A total of 3951 randomly selected par-

ticipants underwent dental clinical examinations,
including DPRs. Then, another 3600 participants were

randomly selected from the 21,083 consenting patients

and underwent an extended general clinical examina-

tion, including a BMD examination using DEXA. As a

result, 773 participants received both DPRs and

DEXA. A flow diagram depicting the selection process

is provided in Figure 1.

Ethical considerations
The Tromsø Study was conducted in accordance with

the World Medical Association Declaration of Hel-

sinki.22 The Regional Committee on Research and

Ethics and the Norwegian Data Protection Authority

(Datatilsynet) approved the Tromsø Study. All partici-

pants gave written informed consent. In addition, we

received separate approvals from the Regional Com-

mittee on Research and Ethics North (reference num-

ber 68128) and the Norwegian Centre for Research

Data to use the data from the Tromsø Study database.

Panoramic radiography
During the first clinical visit, calibrated dental hygien-

ists acquired DPRs of participants using a Planmeca

ProMax 2-Dimensional S3 Dimax-4 panoramic unit

(Planmeca Oy, Helsinki, Finland). The exposure

parameters were typically set at 68 kV, 8 mA, and 16

seconds but could be changed depending on the

patient’s size. The receptor was a charge-coupled

device with a pixel size of 99 £ 99 mm2 and a digital

16-bit gray level output. The images were stored in

tagged image file format, with 101.01 pixels per cm,

equivalent to spatial resolution of 5-line pairs per milli-

meter. No reference object was used to control for

magnification; therefore, we adjusted our linear meas-

urements for 20% horizontal and 20% vertical magnifi-

cations according to the manufacturer. We excluded

the radiographs that were overexposed, underexposed,

or unsharp. The MCI reference images described fur-

ther were also excluded from the analyses. Of 773

DPRs, 762 were eligible for further analyses (Figure 1).

Radiographic measurements of mandibular cortical
width
MCW was measured by a single observer (A.T.) on

762 DPRs using ImageJ 1.8.0172 software (US

National Institutes of Health, Bethesda, MD, USA).23

The observer measured MCW bilaterally on the line

drawn through the middle of the mental foramen and

perpendicular to the inferior border of the mandible as

proposed in the original method.24 If the mental fora-

men was not visible, the observer measured MCW on

the line drawn between the apices of the premolars or

approximately in the premolar region when both pre-

molars and the mental foramen were absent on a DPR.

The image processing protocol was as follows:



Fig. 1. Flow diagram showing numbers of the study participants. DPRs, dental panoramic radiographs; DEXA, dual-energy X-ray

absorptiometry; FRAX, Fracture Risk Assessment Tool.
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1. The image was normalized (i.e., the image intensity his-

togram was extended to utilize the full gray-scale spec-

trum).

2. The region of interest was manually selected bilater-

ally in the mental foramen area, including the
inferior cortex (Figure 2A). The selected region of

interest was subsequently renormalized.

3. A line was drawn through the middle of the mental

foramen and perpendicular to the inferior surface of

the cortical border of the mandible (Figure 2B).
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4. The Gaussian blur filter was applied.

5. A gray-scale plot was made where the lower values

represented the darkest area of the image

(Figure 2C).

6. The turning points in the gray-scale plot represented

the superior (A) and inferior (B) borders of the cor-

tex (Figure 2C). The distance A1B1 corresponded

to the thickness of the cortex and was defined as

MCW.

7. The average value of right and left MCW repre-

sented the MCW of each patient, and 762 MCW

values entered by the observer were used for diag-

nostic efficacy calculations.
Fig. 2. Mandibular cortical width measured on a grayscale

plot in ImageJ. (A). Manual selection of region of interest in

the mental foramen area, including the inferior cortex. (B). A

line was drawn through the middle of the mental foramen

and perpendicular to the inferior border of the mandible. (C).

The grayscale plot with turning points representing the supe-

rior (A) and inferior (B) borders of the cortex. The distance

A1B1 corresponded to the thickness of the cortex and was

defined as the mandibular cortical width (MCW).
Mandibular cortical index assessment
Using previously described methods25 and validated

reference images from the study participants, the DPRs

were first normalized, and the same observer (A.T.)

assessed MCIs bilaterally, distally from the mental

foramen. The reference images (Figure 1) were not

included in the study. The observer classified mandibu-

lar cortical bone as follows: C1, even and sharp endos-

teal margin on both sides of the mandible (normal

cortex); C2, some endosteal cortical residues and/or

semilunar defects on 1 or both sides (mildly eroded

cortex); and C3, heavy endosteal cortical residues, the

cortical bone is clearly porous on 1 or both sides

(severely eroded cortex), as depicted in Figure 3.25 The

762 MCI evaluations made by the observer were used

to calculate diagnostic efficacy estimates.
Inter- and Intraobserver Agreements
We carried out a small study on inter- and intraob-

server agreements using DPRs from Tromsø7. Two

observers, a general dental practitioner with 4 years of

experience (A.T.) and an oral radiologist with 20 years

of experience (N.B.), participated in a 1-hour training

session using the measurement protocol and 20 DPRs

randomly selected from the data set of 3951 images

from Tromsø7. After the session, they independently

assessed the MCW and MCI on 50 randomly selected

DPRs from this study’s data set of 762 images to calcu-

late interobserver agreement. In addition, 100 DPRs,

50 of which were also used for interobserver agreement

calculation, were randomly selected to permit calcula-

tion of intraobserver agreement for MCW and MCI.

Then, 100 DPRs were assessed twice by the same

observer (A.T.) with a 1-month interval between the

assessments. All assessments of the MCW and MCI

were carried out in a dimmed-light room using the Col-

orChecker Display Pro device (Calibrite, Wilmington,

DE, USA) for screen calibration. The sample sizes of

50 and 100 DPRs were arbitrarily chosen for feasibility

reasons.
Clinical risk factors and FRAX score
FRAX scores were calculated using an online tool26

based on the following well-established clinical risk

factors: age, sex, body mass index, previous fracture, a

parent with hip fracture, current smoking status, gluco-

corticoid use, rheumatoid arthritis, secondary OP, and

alcohol intake of �3 units (a unit is defined as a glass

of wine or beer or a strong alcohol shot).26 According

to Norwegian guidelines, people having FRAX scores

>15% should be referred for DEXA examinations.9,11

At the first visit, the anthropometric parameters of age

and sex were recorded, and height and weight were
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measured to calculate the body mass index.21 Data on

previous low-trauma fractures was not available in

Tromsø7. Therefore, we retrieved this information for

the same participants from Tromsø 6, assuming that a

negligible number of low-trauma fractures occurred in

the study participants between these 2 surveys. Due to

the lack of information on a parent with hip fracture in

Tromsø7, we used the information on OP in parents

from Tromsø 6. The study participants reported smok-

ing status, use of glucocorticoids and other medicines,

rheumatoid arthritis, and alcohol intake.21

DEXA
DEXA of both hips was carried out during the second

clinical visit using a Lunar Prodigy device (GE Health-

care Lunar, Madison, WI, USA). Trained technicians

inspected the DEXA scans and made necessary adjust-

ments according to the manufacturer’s guidelines. The

device was calibrated daily using a phantom. Accord-

ing to the European guidance for the diagnosis and

management of OP, we defined osteoporotic cases as

the T-score at the femoral neck at least 2.5 SDs below

the young female adult mean.1 We used T-scores at the

left and right femoral necks to identify OP. If at least 1

side met the criterion for the disease, the participant

was diagnosed with OP. Three participants had unusu-

ally high T-scores on 1 side, whereas the T-score on

the opposite side was ordinary. In these 3 cases, we

used the lower T-score value. The observers were

blinded to DEXA measurements, and therefore to the

true diagnosis of OP, during the assessment of MCW

and MCI.

Statistical analysis
All continuous variables were tested for normal distri-

bution using histograms, the Kolmogorov-Smirnov

test, and quantile-quantile plots. The MCW threshold

for classification of OP was prespecified to be 3 mm;

participants with cortical thickness �3 mm were con-

sidered to have OP.27 For MCI, we analyzed diagnostic

efficacy at 2 thresholds indicating osteoporosis: heavy

cortical erosion (C3) or any cortical erosion (C2, C3).

We also combined MCW or MCI and FRAX scores.

The study participants were radiographically classified

as osteoporotic if they had thin (�3 mm) cortex, severe

cortical erosion (C3) or any cortical erosion (C2, C3),

and a FRAX score >15%.

The following diagnostic efficacy parameters were

calculated separately for females and males: sensitiv-

ity, specificity, accuracy, positive predictive value

(PPV), negative predictive value (NPV), positive likeli-

hood ratio (+LR), and negative likelihood ratio (�LR).

First, we calculated diagnostic efficacy for MCW alone

(with MCW �3 mm vs >3 mm) and MCI alone (with

C3 vs C1/C2, and with C2/3 vs C1) in all females
(n = 427) and males (n = 335), as indicated in Figure 1.

Finally, we created receiver operating characteristic

(ROC) curves for MCW by plotting sensitivity against

the false positive rate (1 � specificity) at different

MCW thresholds.

We then calculated diagnostic efficacy for MCW

alone (with MCW �3 mm vs >3 mm) and MCI alone

(with C3 vs C1/C2, and with C2/3 vs C1) in subgroups

of females (n = 267) and males (n = 200) aged �65

(Figure 1). We also combined MCW or MCI with

FRAX scores (>15% vs �15%) to calculate diagnostic

efficacy. The total numbers of females and males with

complete data on FRAX scores were 372 and 286,

respectively (Figure 1).

To define clinically acceptable limits of agree-

ment, we calculated the difference in average

MCWs between osteoporotic (2.9 mm) and healthy

cases (3.7 mm), which was 0.8 mm. Thus, the cal-

culated values between §0.8 mm were considered

to represent clinically acceptable agreement. To

analyze inter- and intraobserver agreements for

MCW, Bland-Altman plots were used showing the

mean difference and limits of agreement with 95%

confidence intervals (CIs). Weighted kappa tests

were employed to calculate inter- and intraobserver

agreement for MCI classifications.

IBM SPSS Statistics for Windows version 26.0.

(IBM SPSS, Armonk, NY, USA), released in 2019,

was used to perform analyses of descriptive character-

istics, Bland-Altman plots, weighted kappa tests, and

ROC curves. The MedCalc diagnostic test evaluation

calculator, version 20.014 (MedCalc Software, Ostend,

Belgium), was used to calculate sensitivity, specificity,

accuracy, PPV, NPV, +LR, �LR, and their CIs.

RESULTS
Because there were only 19 osteoporotic cases in

males, the diagnostic efficacy estimates were inconclu-

sive with wide confidence intervals. Therefore, we

present the results for males in the supplementary

materials (Supplemental Tables S1 and S2, and Supple-

mental Figure S1 and S2, available at [URL/link*]) and

do not discuss them further in the article.

The characteristics of the females are presented in

Table I. The average age was 66.6 years. The distribu-

tion of T-scores was normal, and the mean was �1.2

SD. Of the 427 females evaluated, 47 had T-scores less

than or equal to �2.5 and were therefore diagnosed

with OP, for a prevalence of 11.0% of the study popu-

lation. The MCW values were also normally distrib-

uted, with a mean value corrected for magnification of

3.3 mm. More than half of the females (243, or 56.9%)

had mildly eroded cortices (C2), and 55 (12.9%) exhib-

ited severe erosion (C3). The distributions of OP by

age, MCW, and MCI in females are presented in the



Table I. Characteristics of female participants

Total number 427

Mean age, y 66.6

Mean T-score �1.2 SD

Osteoporosis 47 (11.0%)

Non-osteoporosis 380 (89.0%)

Average MCW corrected for magnification, mm 3.3

MCI C1: Even and sharp endosteal margin (normal

cortex)

129 (30.2%)

MCI C2: Some endosteal cortical residues (mildly

eroded cortex)

243 (56.9%)

MCI C3: Heavy endosteal cortical residues

(severely eroded cortex)

55 (12.9%)

MCW, mandibular cortical width;MCI, mandibular cortical index.
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supplementary materials (Supplemental Figure S3,

available at [URL/link*]).

In the all-female group (Table II), MCW �3 mm

correctly identified approximately two-thirds of

patients with OP (sensitivity of 68.1%) and two-

thirds of healthy females (specificity of 69.0%) with

an accuracy of 68.8%. In total, 21.3% of females

with positive test results (thin cortices) had OP, and

94.6% of females with negative test results (normal

cortices) were healthy, as indicated by the PPV and

NPV values, respectively. Among the likelihood

ratios, +LR was 2.2, �LR was 0.5, and the CIs did

not include 1 (i.e., the MCW could distinguish

between OP and health).

MCI at the C3 threshold correctly identified 34.0%

of osteoporotic and 89.7% of healthy females, produc-

ing an accuracy of 83.6%, highest among MCW and

MCI criteria. In the females with the positive test result

(C3), 29.1% had osteoporosis, as indicated by PPV,

which was the highest among other tests. At the same

time, NPV of 91.7% was not substantially different

from MCW and MCI criteria. The +LR was 3.3, �LR

was 0.7, and their CIs did not include the value of 1,

indicating MCI (C3) could distinguish between dis-

eased and healthy females. On the contrary, MCI (C2,

C3) yielded sensitivity of 83.0% and a specificity of

31.8%. However, the overall accuracy was only 37.5%,

PPV was 13.1% compared with 11% prevalence, and

the CIs for LRs included the value of 1, indicating that

the test could not differentiate osteoporotic and non-

osteoporotic cases.

The ROC curve is presented only for MCW, applied

to the all-female population (Figure 4). It illustrates the

trade-off between sensitivity and the false-positive rate

at different thresholds of MCW in females. The area

under the ROC curve (AUC) was 0.74, 95% CI

(0.67;0.82).

In females aged �65 years, in which the prevalence

of OP was 13.1%, the sensitivity of each threshold of

the radiomorphometric indices was greater than for the
population, and the specificity of each criterion was

lower. The highest accuracy was still observed for

MCI (C3) at 79.8%, but accuracy values for all 3

radiomorphometric thresholds were lower than the cor-

responding values for the entire population. There

were only slight differences in PPVs, NPVs, and LRs

compared with the all-female group, indicating almost

no changes in diagnostic efficacy but rather a trade-off

between sensitivity and specificity (Table II).

The combination of MCW (�3 mm), MCI (C3) or

MCI (C2, C3), and a FRAX score >15% produced sev-

eral changes in diagnostic efficacy estimates. First, we

observed lower sensitivities (30.2%-55.8%) compared

with the radiomorphometric indices used alone

(34.0%-83.0%). However, specificities were higher,

with a range of 72.6% to 95.4%, as opposed to the

range of 31.8% to 89.7% with MCW or MCI alone

(Table II). Specificity of 95.4% was obtained with the

thresholds of MCI (C3) and FRAX >15%. Second, the

inclusion of a FRAX score >15% with the MCW or

MCI thresholds led to an increase of accuracy values

over those obtained with the radiomorphometric

thresholds alone, ranging from 70.7% to 87.9%. The

highest accuracy, 87.9%, was observed for MCI (C3)

and FRAX score >15%. Furthermore, PPVs and +LRs

were also notably increased, whereas almost no

changes were observed in NPVs and �LRs. Specifi-

cally, there was an increase of 17 percentage points in

PPV for MCI (C3) when combined with a FRAX score

>15% (46.4%) compared with PPV for MCI (C3)

alone (29.1%). In addition, +LR for MCI (C3) com-

bined with FRAX score >15% (6.6%) was double the

value for MCI (C3) alone (3.3%).

The mean difference in MCW measurements

between the 2 observers was �0.11 mm, with upper

and lower limits of agreement of 1.3 (1.1; 1.5) mm and

�1.5 (�1.7; �1.3) mm, respectively (Figure 5). For

repeated measurements by the same observer, the

mean difference was 0, the upper limit was 0.8

(0.7;0.9) mm, and the lower limit was 0.7 (�0.8; �0.6)

mm (Figure 6). The interobserver agreement (weighted

kappa) for MCI was 0.47 [95% CI = (0.30-0.65) (P <

.05)], indicating moderate agreement.28 Intraobserver

agreement (weighted kappa) for MCI was 0.72 [95%

CI = 0.59-0.85 (P < .05)], indicating substantial

agreement.28

DISCUSSION
In support of the aim of this study, we found that a thin

(�3 mm) and severely eroded (C3) cortex could differ-

entiate between osteoporotic and healthy females. Our

results regarding the diagnostic efficacy of MCW

(�3 mm) and MCI (C3) support previous findings.

Regarding MCW, the sensitivity, specificity, and AUC

value of 0.74, indicating acceptable discrimination,29



Table II. Diagnostic efficacy estimates for the radiomorphometric indices in females

Osteoporosis

cases (n)

Non-osteoporosis

cases (n)

Sensitivity %,

95% CI

Specificity %,

95% CI

Accuracy %,

95% CI

PPV %,

95% CI

NPV %,

95% CI

+LR,

95% CI

�LR,

95% CI

All females, n = 427

Prevalence = 11.0%

47 380

MCW �3 mm 32 118 68.1 (52.8; 80.9) 69.0 (64.0; 73.6) 68.8 (64.2; 73.2) 21.3 (17.5; 5.8) 94.6 (91.9; 96.4) 2.2 (1.7; 2.8) 0.5 (0.3;0.7)

MCW >3 mm 15 262

MCI (C3) 16 39 34.0 (20.8; 49.3) 89.7 (86.2; 92.6) 83.6 (79.7; 87.0) 29.1 (20.0; 0.3) 91.7 (89.9; 93.1) 3.3 (2.0; 5.4) 0.7 (0.6; 0.9)

MCI (C1, C2) 31 341

MCI (C2, C3) 39 259 83.0 (69.2; 92.3) 31.8 (27.2; 36.8) 37.5 (32.8; 42.2) 13.1 (11.5; 4.8) 93.8 (88.8; 96.7) 1.2 (1.0; 1.4) 0.5 (0.3; 1.0)

MCI (C1) 8 121

Females, aged �65 n = 267,

Prevalence = 13.1%

35 232

MCW �3 mm 27 95 77.1 (59.9; 89.6) 59.0 (52.4; 65.4) 61.4 (55.3; 67.3) 22.1 (18.3; 6.5) 94.5 (90.3; 97.0) 1.9 (1.5; 2.4) 0.4 (0.2; 0.7)

MCW >3 mm 8 137

MCI (C3) 16 35 45.7 (28.8; 63.3) 84.9 (79.6; 89.3) 79.8 (74.4; 84.4) 31.4 (22.2; 2.3) 91.2 (88.4; 93.4) 3.0 (1.9; 4.9) 0.6 (0.5; 0.9)

MCI (C1, C2) 19 197

MCI (C2, C3) 31 185 88.6 (73.3; 96.8) 20.3 (15.3; 26.0) 29.2 (23.8; 35.1) 14.3 (12.8; 6.1) 92.2 (81.9; 96.8) 1.1 (1.0; 1.2) 0.6 (0.2; 1.5)

MCI (C1) 4 47

MCW or MCI and FRAX

n = 372,

prevalence = 11.5%

43 329

MCW �3 mm and FRAX

>15%

19 44 44.2 (29.0; 60.1) 86.6 (82.5; 90.1) 81.7 (77.4; 85.5) 30.2 (21.8; 0.0) 92.2 (90.1; 94.0) 3.3 (2.1; 5.1) 0.6 (0.5; 0.8)

MCW >3 mm or FRAX

�15% or both

24 285

MCI (C3) and FRAX >15% 13 15 30.2 (17.2; 46.1) 95.4 (92.6; 97.4) 87.9 (84.1; 92.7) 46.4 (30.7; 2.9) 91.3 (89.6; 92.7) 6.6 (3.4; 13.0) 0.7 (0.6; 0.9)

MCI (C1, C2) or FRAX

�15% or both

30 314

MCI (C2, C3) and FRAX

>15%

24 90 55.8 (39.9; 70.9) 72.6 (67.5; 77.4) 70.7 (65.8; 75.3) 21.0 (16.2; 6.8) 92.6 (89.9; 94.7) 2.0 (1.5; 2.8) 0.6 (0.4; 0.9)

MCI (C1) or FRAX �15% or

both

19 239

Note: Participants were radiographically classified as osteoporotic if they had MCW �3 mm, heavy cortical erosion (C3) or any cortical erosion ( 2, C3), and a FRAX score >15%.

PPV, positive predictive value; NPV, negative predictive value; +LR, positive likelihood ratio; �LR, negative likelihood ratio; FRAX, Fracture R k Assessment Tool.
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Fig. 3. Reference images used for mandibular cortical index

assessment. (A) Even and sharp endosteal margin on both

sides; normal cortex (C1). (B) Some endosteal cortical resi-

dues and/or semilunar defects on one or both sides; mildly

eroded cortex (C2). (C) Heavy endosteal cortical residues; the

cortical bone is clearly porous; severely eroded cortex (C3).

Fig. 4. The receiver operator characteristic (ROC) curve is a

plot of the sensitivity of a test against its false-positive rate (1

� specificity). This ROC curve shows how well the mandibu-

lar cortical width test performed in females at different

thresholds (1.1-5.5 mm). The area under the ROC curve

(AUC) with 95% CIs is presented on the plot. The AUC value

represents the probability that a randomly selected female

with OP will have a thinner cortex, indicating greater suspi-

cion of the disease, than a female without OP. AUC repre-

sents the probability that the test will correctly distinguish

osteoporosis from health. The P value represents the proba-

bility that AUC differs from 0.5, a value which would not dis-

criminate osteoporosis from health better than purely by

chance. AUC, area under the ROC curve.
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were consistent with previous studies.30-32 The AUC

value represents the probability that a randomly

selected female with OP will have a thinner cortex,

indicating greater suspicion of the disease, than a

female without OP.33 The AUC in our investigation

was also consistent with AUC values, ranging from

0.65 to 0.76, for various risk�factor-based screening

tools for OP currently recommended for clinical use.34

This finding suggests the clinical importance of MCW.

MCI (C3) applied to the all-female group exhibited

low sensitivity and high specificity, similar to the

results of a recent systematic review.18

A diagnostic likelihood ratio (LR) is the percentage

of diseased patients with a certain test result, either

positive or negative, divided by a percentage of healthy

patients with the same test result. The higher the +LR

and the lower the �LR, the better a test performs. A

likelihood ratio of 1 implies that a test cannot differen-

tiate disease from health. Likelihood ratios can assist

the process of making clinical decisions by indicating a

post-test probability of disease. In our study, LRs for

both MCW (�3 mm) and MCI (C3) would clinically

imply a small change of approximately 15% in the

post-test probability of OP.33 For example, in the

Tromsø study, where the prevalence of OP was approx-

imately 11%, we would expect an additional 15% of

females (or 26% in total) would have OP after receiv-

ing positive test results (i.e., MCW [�3 mm] and MCI

[C3]).

People >65 years are more prone to osteoporotic

fracture than younger people.10 Therefore, our study

examined this age group separately from the total pop-

ulation. We found that the diagnostic efficacies of

MCW and MCI in females aged �65 were generally

the same as those in the all-female group, as suggested

by their LRs (Table II). However, we observed

increased sensitivities and decreased specificities for

MCW (�3 mm) and MCI at both thresholds (C3 and

C2, C3) compared with the all-female group. Similar

to our study, White et al.35 found that age >63.5 com-

bined with MCW showed high sensitivity but low spec-

ificity. However, their study did not indicate whether

the combination of age and MCW had superior diag-

nostic efficacy compared with MCW alone. The differ-

ences in T-score, MCW, and MCI distributions in

females aged �65 might explain increased sensitivities

compared with the all-female group. Similar to another

investigation,36 we observed a tendency for thinner and

more eroded cortices with older age (Supplemental

Figure S3, available at [URL/link*]). High sensitivity

might be clinically preferable in settings where DEXA

is proven cost-effective and a health care system covers

examination and treatment expenses. To our knowl-

edge, there is no evidence of DEXA cost-effectiveness

in Norway.37



Fig. 5. The Bland-Altman plot shows the mean difference in mandibular cortical width measurements between 2 observers plot-

ted against the mean of the measurements and the limits of agreement with their 95% CIs.
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A FRAX score >15% is used as a criterion for

referral for the DEXA examination in Norway.9

FRAX is a convenient online tool that everyone,

including dentists, can easily and quickly access. To

our knowledge, this was the first study combining

radiomorphometric indices with FRAX and using a

randomly selected population-based sample. The

most important finding of our study was the notable

improvement in diagnostic efficacy of the
Fig. 6. The Bland-Altman plot shows the mean difference in man

made by the same observer plotted against the mean of the measure
radiomorphometric indices with the addition of a

FRAX score >15%, evident from the improvements

in +LRs with almost no changes in �LRs

(Table II). The highest +LR of 6.6 was found for

MCI (C3) combined with FRAX >15%. Clinically,

this finding would imply a moderate increase in the

post-test probability of OP, revealing 30% to 35%

more females with the disease among those with

positive test results.33
dibular cortical width measurements between 2 observations

ments and the limits of agreement with their 95% CIs.
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The observed increased diagnostic efficacy for all

combinations of radiomorphometric indices with

FRAX was, to some extent, consistent with the

research on osteoporotic fracture prediction by Sundh

et al.37 In their study, sparse trabeculation on periapical

radiographs combined with a FRAX score >15%

revealed improved diagnostic efficacy in osteoporotic

fracture prediction as shown by improvements in

AUCs.38 In our research, combining FRAX scores with

the radiomorphometric indices substantially improved

their specificities at the expense of decreased sensitivi-

ties. It is a known phenomenon that the sensitivity of 2

tests combined with the "AND" rule (i.e., a disease is

assumed present when both tests are positive) is lower

than the sensitivities of separate tests, whereas the

specificity is higher.33 We observed a substantial

reduction in false-positive results for MCW and MCI

combined with FRAX, as indicated by the increased

values of specificity and PPV (Table II). This combina-

tion of test results might be clinically preferable for OP

screening, specifically in settings with fewer than 10.6

DEXA units per million of the general population.39

Thus, it can apply to Norway, where 44 DEXA units

per 5.3 million population were available in 2020.40

One may argue that sensitivities, specificities, likeli-

hood ratios, and post-test probabilities of OP were low

in our study, suggesting inadequate diagnostic efficacy

of the radiomorphometric indices. However, other clin-

ical risk assessment tools for OP screening have pre-

sented similar efficacy estimates.41,42 Nevertheless,

these tools are currently recommended for clinical use

because effective OP treatment choices exist, with no

evident harm from unnecessary screening and treat-

ment.34 Additionally, predictive values (PPV and

NPV) should be interpreted cautiously because they

are highly prevalence-dependent.33 In our study, we

used the sample prevalence of OP to calculate predic-

tive values; therefore, they apply only to the sample we

used.

The inter- and intraobserver agreement of radiomor-

phometric indices should also be considered when

assessing the usefulness of a screening tool. Our study

considered the observers’ agreements to be clinically

unsatisfactory, specifically considering their CIs.

Therefore, future studies should focus on improving

the agreement of calculation and interpretation of

MCW and MCI. This might be accomplished by the

application of artificial intelligence methods to analysis

of the mandibular cortex.

Our study had some limitations. The main issue was

the small sample size due to low OP prevalence, result-

ing in wide CIs. Nevertheless, the specificities, NPVs,

and AUC for MCW for females were sufficiently pre-

cise. The second limitation was the unavoidable error

in measurement of MCW due to magnification on
DPRs that could have led to a random misclassification

of study participants. A previous study suggested using

reference objects (metallic ball bearings) to adjust for

magnification.17 However, this plan would be unusual

and sometimes unfeasible in dental practice, leaving

researchers to accept the imprecision of MCW meas-

urements.

The Tromsø Study has high attendance rates and is

considered representative of the population of northern

Norway.20 Thus, the results based on the Tromsø Study

data can be generalized at least to this population.

Because the Tromsø Study regularly collects extensive

clinical information and can be linked to the Norwe-

gian Hip Fracture Register,43 we recommend further

extensive study for more conclusive results on OP

screening and fracture prediction using panoramic

radiomorphometric indices and FRAX.

Figure 3

CONCLUSIONS
Except for MCI (C2, C3), all indices generally showed

some ability to differentiate between osteoporotic and

non-osteoporotic females. However, either MCW

�3 mm or MCI (C3) combined with FRAX >15%

yielded superior diagnostic efficacy, especially in

detecting females at low risk of osteoporosis.
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Abstract
Objectives  To analyze factors predicting mandibular cortical width (MCW) and mandibular cortical index (MCI) in adult 
females and males.
Material and methods  Data on 427 females and 335 males aged 40–84 from The Tromsø study: Tromsø7 were used. T-score, 
age, menopausal status (for females), remaining teeth, and periodontal status were analyzed in linear and logistic regression 
analyses as predictors of MCW and MCI, respectively.
Results  T-score, age, and the number of remaining teeth significantly predicted MCW in females but not males. Standard-
ized β coefficients were 0.286, −0.231, and 0.131, respectively. The linear regression model explained 24% of MCW vari-
ation in females. MCI in females was significantly predicted by T-score, age, and remaining teeth with the Wald values of 
9.65, 6.17, and 5.83, respectively. The logistic regression model explained 16.3−23% of the variation in MCI in females. 
In males, T-score was the only significant predictor of the eroded cortex, and the logistic model explained only 4.3–5.8% 
of the variation in MCI.
Conclusions  The T-score demonstrated a stronger relationship with MCW and MCI than other factors in females, which 
supports the usefulness of those indices for osteoporosis screening. Conversely, the T-score exhibited no association with 
MCW and remained the only significant predictor of MCI in males, yet to a lesser extent than in females.
Clinical relevance  Understanding factors affecting mandibular cortical morphology is essential for further investigations of 
MCW and MCI usefulness for osteoporosis screening in females and males.

Keywords  Mandibular cortical width · Mandibular cortical index · Panoramic radiographs · Osteoporosis · Dual-energy 
x-ray absorptiometry

Introduction

Osteoporosis is a chronic, non-communicable disease that 
deteriorates bone tissue and makes bones fragile and prone 
to fractures which are considered a public health problem 
due to increased mortality risk and considerable health costs 
[1–3]. Genetic factors and sex define bone mass and struc-
ture to a great extent, and osteoporosis is more prevalent in 
females than in males [3, 4]. Both males and females reach 
their peak bone mass approximately in their 20s; after that, 
gradual bone loss starts in both sexes in their third decade 
due to reduced osteoblast activity [3, 5], and accelerates 
faster in females in post-menopause due to declining estro-
gen levels [6].

There are associations between jawbone morphology 
and the state of bone tissue in the whole body. For exam-
ple, a moderate positive correlation was found between the 
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mandible’s bone mineral density (BMD), specifically BMD 
of the buccal mandibular cortex, and femoral neck BMD 
[7]. Furthermore, the morphology of the mandibular cortex 
assessed on dental panoramic radiographs was associated 
with skeletal bone turnover in elderly females [8]. These 
findings were supported by further research collected in 
two systematic reviews showing that changes in mandibu-
lar cortical morphology on dental panoramic radiographs 
could predict low BMD or osteoporosis in women [9–11]. 
Two radiomorphometric indices, i.e., mandibular cortical 
width (MCW) and mandibular cortical index (MCI), were 
extensively studied as potentially useful for osteoporosis 
screening [12].

Nevertheless, little is known about the extent to which 
different factors are associated with the morphology of the 
mandibular cortex, while this knowledge is essential for sup-
porting or arguing against using radiomorphometric indi-
ces for osteoporosis screening. Such studies are specifically 
lacking in males [13, 14]. Some studies have shown that age 
and gender are significant predictors of the thin and eroded 
cortex; however, their analyses did not account for T-score 
or other possible factors [15, 16].

Mechanical loading is also important for building and 
maintaining bone tissue [17]. An animal study showed that 
rats with a soft diet had lower BMD of mandibles than rats 
eating solid food [18]. Dental practitioners observe alveolar 
bone loss after tooth extraction, although it occurs to various 
extents in different individuals [17]. Tooth loss may affect 
parts of the mandible other than the alveolar ridge; Taguchi 
et al. found that the number of remaining teeth adjusted for 
age was related to mandibular cortex morphology in women 
[19]. Dutra et al. found an association between remaining 
teeth and cortical thickness in the antegonial region of the 
mandible, which might confound relationships between cor-
tical thickness and osteoporosis [20].

One of the most common reasons for tooth loss is perio-
dontitis — an inflammatory disease affecting tooth-support-
ive structures called periodontium. Dental plaque bacteria 
induce inflammation in the periodontium, which is subse-
quently modified by a host immune response. Inflammatory 
cells release cytokines that activate osteoclasts, while the 
latter initiate resorption of the alveolar bone surrounding 
teeth [21]. The mechanistic links between osteoporosis and 
periodontitis have been studied but remained unclear [22]. 
There is emerging evidence that patients with periodontitis 
exhibit a general inflammatory response with elevated levels 
of C-reactive protein and inflammatory cytokines, including 
those activating osteoclasts, while osteoclasts are respon-
sible for bone resorption [21, 23–25]. Thus, periodontitis 
might also be a factor influencing the mandibular cortical 
bone.

To our knowledge, none of the previous studies have 
examined the contribution of different factors to the 

morphology of the mandibular cortex. This study aimed 
to analyze the relationship between general factors such as 
skeletal BMD, age, and menopausal status (for females), 
local factors, such as the number of teeth and periodontal 
status, and the morphology of mandibular cortex measured 
by MCW and MCI on dental panoramic radiographs in 
males and females.

Material and methods

The Tromsø Study is an ongoing population-based study 
initiated in 1974 and carried out as repeated cross-sectional 
surveys in Tromsø, Norway. The data from the seventh sur-
vey (Tromsø7) was used in the current study. All inhabitants 
of Tromsø aged over 40 (n=32,591) were invited to partici-
pate in Tromsø7, and 21,083 consented, yielding a response 
rate of 65% [26]. They filled out extensive questionnaires on 
various health-related topics. All study participants reported 
their ages and sex, and females reported their menopausal 
status in the questionnaires. Further information on the 
Tromsø7 sampling procedure and data collection is avail-
able elsewhere [26].

Three thousand nine hundred fifty-one randomly selected 
participants (Fig. 1) underwent a dental panoramic radio-
graph (DPR) examination and extensive dental clinical 
examination during the first visit. Planmeca ProMax 
2-Dimensional S3 Dimax-4 panoramic unit (Planmeca Oy, 
Helsinki, Finland) was used for DPRs acquisition. During 
a dental examination, bleeding on probing (BOP) and peri-
odontal probing depth (PPD) were recorded at four sites 
of each toot at all teeth except the third molars. PPD was 
measured to the closest millimeter with a periodontal probe 
(WHO probe LM555B). Radiographic marginal bone level 
(RBL) of interproximal surfaces of all teeth except third 
molars was measured on DPRs, according to Holde et al. 
[27]. Periodontitis was defined according to the classifica-
tion by the American Academy of Periodontology and Euro-
pean Federation of Periodontology, launched in 2017 [28]. 
Prevalent periodontitis was determined and further classified 
by stages if RBL was observed at two or more non-adjacent 
teeth and further classified by stages. Stage I was defined as 
RBL<15% and PPD ≤4 mm, stage II as RBL of 15–33% and 
PPD ≤5 mm, or RBL<15% and PPD 5 mm, and stage III–IV 
as RBL>33%, or <33% RBL and PPD ≥6 mm. Stage III and 
IV collapsed due to a few cases. Information on the reason 
for tooth loss, complexity factors, vertical bone loss, furca-
tion involvement, ridge defects, tooth mobility, masticatory 
dysfunction, and bite collapse/drifting/flaring was unavail-
able. Non-periodontitis cases were defined as BOP at less 
than 10% of sites, and gingivitis cases as BOP ≥10% [29]. 
Periodontal stability was defined as RBL detectable at two 
or more non-adjacent teeth but no PPD >3 mm.
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At the second visit, another 3600 participants, who were 
randomly selected from the 21,083 Tromsø7 participants 
attending the first visit, received bone mineral density 
examination (BMD) using dual-energy x-ray absorptiometry 
(DEXA) (Fig. 1). Lunar Prodigy device (GE Health-care 
Lunar, Madison, WI, USA) was used to measure BMD and 
T-scores at the left and right femoral necks. T-score is a ratio 
of the difference between the patient’s BMD and the mean 
BMD of the young sex-matched adult (reference BMD) to 
the standard deviation of the reference BMD. This study 
used a Lunar reference from the US reference population. 
The T-score was expressed in standard deviations (S.D.). 
The minimum T-score from either the left or right femoral 
neck of each participant was used in this study.

Seven hundred seventy-three participants aged 40 to 84 
underwent DEXA and DPR examinations and were included 

in our cross-sectional study (Fig. 1). Eleven DPRs were 
excluded due to inferior quality or being used as reference 
images for MCI assessment. We measured MCW and MCI 
using ImageJ 1.8.0172 software (U.S. National Institutes of 
Health, Bethesda, MD, USA) [30] on the rest 762 DPRs. 
MCW was measured bilaterally along the line drawn through 
the middle of the mental foramen and perpendicular to the 
lower mandibular border, as proposed by Ledgerton et al. 
[31], where MCW is the shortest distance between the upper 
and the lower borders. In this study, we use an average MCW 
value of the left and the right side of individuals, and the 
unit of MCW is a millimeter. Since no reference object was 
used to control for magnification, all linear measurements 
were adjusted for a magnification factor of 20%, indicated 
by the manufacturer. MCI of the cortex was classified into 
three categories: C1, even and sharp endosteal margin 

Fig. 1   Selection of the study 
participants
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on both sides of the mandible (normal cortex); C2, some 
endosteal cortical residues, and semilunar defects on one or 
both sides (mildly eroded cortex); and C3, heavy endosteal 
cortical residues, the cortical bone is porous on one or both 
sides (severely eroded cortex). Details of image processing, 
MCW, and MCI measurements are available from our previ-
ous study [32].

Statistical analyses were conducted using IBM SPSS 
Statistics for Windows version 26.0. MATLAB (version 
R2021b, The MathWorks Inc., Natick, Massachusetts) 
was used to make plots. The normality of distribution was 
assessed by visual examinations of histograms, Q-Q plots, 
skewness, and kurtosis values. All continuous predictors 
were normally distributed except the number of remaining 
teeth. Inter- and intra-observer reliabilities of MCW and 
MCI were reported in the previous study [32].

Person and Spearman’s correlation coefficients were 
calculated for normally and non-normally distributed con-
tinuous predictors to analyze their correlations with MCW. 
Hierarchical linear regression analysis was used to analyze 
relationships among general predictors (T-score, age, and 
menopausal status), local predictors (remaining teeth and 
periodontal status), and MCW. Age was added to the first 
block, T-score, and menopausal status were added to the sec-
ond block, while remaining teeth and periodontal status were 
added to the third block. Standardized β coefficients were 
used to compare the strength of associations between the 
predictors and MCW. The linear model assumptions were 
met, and influential cases were detected in neither females 
nor males.

Hierarchical logistic regression analysis with the same 
blocks was used to assess relationships among general, oral 
predictors, and MCI. MCI was used as a binary outcome (C1 
– even and smooth cortex vs. C2, C3 – mildly or severely 
eroded cortex) due to the low number of participants having 
the C3 category (55 females and one male). Wald statistics 
were used to compare the strength of associations between 
the predictors and MCI. The logistic model assumptions 
were met.

All regression analyses were carried out separately for 
males and females. Age was used as a continuous predictor 
in linear regression and a categorical predictor in logistic 
regression with the following groups: 40–49; 50–59; 60–69; 
70–79; 80+. T-score was used as a continuous predictor with 
a 0.1 SD increment. Periodontal status was divided into three 
following groups: non-periodontitis or mild periodontitis 
(health, gingivitis, stage I), moderate periodontitis (stage 
II), or severe periodontitis (stage III, IV) in both linear and 
logistic regression analyses. Missing values were excluded 
pairwise. Data on menopausal status was available for 419 
females. Periodontal status for edentulous individuals and 
individuals with periodontal stability was not included in the 
regression model, while there were 15 females and 6 males 

for whom periodontal data was missing. Thus, the total num-
ber of females and males having data on periodontal status 
and included in the regression analysis was 310 and 272, 
respectively. Other predictors did not have missing values.

Results

Table 1 presents the characteristics of the study participants 
by sex. The average MCW was 3.3 mm in females and 4.0 
mm in males. Most females (57%) had mildly eroded cor-
texes, 12.9% had severely eroded, and 30.1% had dense 
cortexes. Most males (59.1%) had dense cortexes, 40.6% 
had mildly eroded cortexes, and only one male had severely 
eroded cortex.

All continuous predictors were significantly correlated 
with MCW in females (Table 2). Age showed a negative cor-
relation with MCW, with a coefficient of −0.38. Figure 2a 
presents the means and the distributions of MCW in females 
by age, showing a tendency to have a thinner cortex with 
age. T-score and the number of remaining teeth showed posi-
tive correlations with MCW with coefficients of 0.40 and 
0.34, respectively (Table 2). Figure 2b shows a tendency 
for a thinner cortex with a decreasing T-score. In the simple 
linear regression analyses in females, all predictors except 
periodontal status were significantly associated with MCW, 

Table 1   Characteristics of the study participants

* Number of observations=419
** Number of observations in females=310; in males=272

Females, n=427 Males, n=335

Mean MCW, mm, (S.D.) 3.3 (± 0.7) 4.0 (±0.6)
MCI
C1 (dense cortex) 129 (30.1%) 198 (59.1%)
C2 (mildly eroded cortex) 243 (57.0%) 136 (40.6%)
C3 (severely eroded cortex) 55 (12.9%) 1 (0.3%)
Mean age, years, (SD) 66.6 (±8.6) 66.2 (±8.8)
Mean T-score, S.D.s, (SD) -1.3 (±1.0) -1.0 (±0.9)
Menopausal status*
Premenopausal 23 (5.5%) -
Postmenopausal 396 (94.5%) -
The median number of remaining 

teeth
24 24

Edentulous 25 (5.9%) 18 (5.4%)
One or more teeth 327 (76.5%) 258 (77.0%)
Full dentition 75 (17.6%) 59 (17.6%)
Periodontal status**:
Healthy periodontium, gingivitis 

or periodontitis, stage Ib
72 (23.2%) 43 (15.8%)

Periodontitis, stage IIb 162 (52.3%) 136 (50.0%)
Periodontitis, stage III–IVb 76 (24.5%) (34.2%)
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as suggested by unadjusted β coefficients with their confi-
dence intervals (Table 2). In multiple linear regression anal-
ysis, T-score, age, and the number of teeth remained signifi-
cantly associated with MCW. Every 0.1 SD lowered T-score 
resulted in 0.25-mm thinner MCW. One year increase in 
age was associated with a 0.02-mm reduction in MCW in 

females. Each additional remaining tooth was associated 
with having a 0.01-mm thicker cortex. T-score contributed 
the most to the variation in MCW in females, with the stand-
ardized β of 0.286, followed by age and remaining teeth with 
the standardized β’s of −0.231 and 0.131, respectively. The 
multiple linear regression model for females significantly 

Table 2   The results of simple (unadjusted β) and multiple (adjusted β) linear regression analysis predicting MCW in females and males

* Results are significant at 0.05 level
** Results are significant at 0.001 level

Predictors r Unadjusted β,
95% CI

S.E. Adjusted β, 95% CI S.E. Standardized β Characteristics of the model

Females
T-score 0.40** 0.35 (0.27; 0.43) ** 0.0 0.25 (0.16; 0.35) ** 0.05 0.286 ** Constant =0.47

F = 18.7
p < 0.001
R2 = 0.240
R2 adjusted = 0.227

Age −0.38** −0.04 (−0.05; −0.03) ** 0.00 −0.02 (−0.04; −0.01) ** 0.01 −0.231**
Menopausal status −0.70 (−0.10; −0.34) ** 0.18 0.11 (−0.34; 0.56) 0.23 0.029
Remaining teeth 0.34** 0.03 (0.02; 0.04) ** 0.00 0.01 (0.001; 0.03) * 0.01 0.131*
Periodontal status 0.00 (−0.14;14) 0.07 0.03 (−0.09; 0.16) 0.06 0.025
Males
T-score 0.14* 0.09 (0.02; 0.16) * 0.03 0.08 (0.00; 0.16) 0.04 0.123 Constant = 0.39

F = 2.3
p = 0.059
R2 = 0.033
R2 adjusted = 0.019

Age −0.07 0.00 (−0.01; 0.00) 0.00 0.00 (−0.01; 0.01) 0.01 0.023
Remaining teeth 0.10 0.01 (0.00; 0.02) 0.00 0.01 (0.00; 0.02) 0.01 0.116
Periodontal status 0.05 (−0.12; 0.09) 0.05 −0.03(−0.14; 0.0) 0.06 −0. 036
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Fig. 2   Box plots show mean MCW (filled triangles), its confidence 
intervals (boxes), and its distribution (vertical lines) in different ages 
in females (a) and males (c) and for different T-scores in females (b) 

and males (d). Solid lines are regression lines, while dotted lines are 
confidence intervals for the regression lines
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predicted MCW (F=18.7, p<0.001). The model explained 
24.0% of the variation in MCW in females (R2=0.240).

In males, only T-score correlated with MCW (r=0.14, 
p=0.009) (Table 2). Males did not tend to have thinner 
cortexes with older age (Fig. 2c). A significant associa-
tion between the T-score and MCW with an unadjusted β 
coefficient of 0.09 was observed in males in simple linear 
regression analysis. Figure 2d shows that males tended to 
have a thinner cortex with decreasing T-score. However, 
this tendency was less pronounced in males than females. 
In the multiple linear regression analysis, none of the pre-
dictors showed associations with MCW in males (Table 2). 
The overall model did not predict MCW in males (F=2.2, 
p=0.059).

In females, all predictors except periodontal status 
showed significant associations with MCI in the binary 
logistic regression analysis (Table 3), while multiple logis-
tic regression analysis suggests that T-score, age, and the 
number of remaining teeth were significantly associated with 
C2 or C3. A 0.1 SD reduction in T-score increased the odds 
of having C2 or C3 by 38% (OR 0.62, 95% CI, 0.46; 0.84). 
Being a decade older resulted in 1.65 (95% CI, 1.11; 2.44) 
times higher odds of having mildly or severely eroded cortex 
in females. Every remaining tooth was associated with a 
significant reduction of 7% in the odds of having C2 or C3 
(OR=0.93, 95% CI, 0.87; 0.98). T-score was the strongest 
predictor of MCI in females, as demonstrated by the Wald 
statistic value of 9.65. The overall model significantly pre-
dicted mildly or severely eroded cortices (p <0.001) and 
explained 16.3–23.0% of the variation in MCI, as suggested 
by Cox&Snell and Negelkerke tests.

Binary logistic regression analyses in males show a simi-
lar result to females in which all predictors except periodon-
tal status were significantly associated with MCI (Table 3). 
Multiple logistic regression analysis suggests that T-score 

remained significantly associated with MCI with an odds 
ratio of 0.73 (95% CI, 0.56; 0.96). The overall model signifi-
cantly predicted mildly (C2) or severely (C3) eroded cortex 
in males (p=0.017) but explained only 4.3-5.8% of the vari-
ation in MCI.

Discussion

This study analyzed the relationship among general (sex, 
age, T-score, menopausal status), local factors (remain-
ing teeth and periodontal status), and morphology of the 
mandibular cortex assessed by MCW or MCI. All fac-
tors together explained the variation in MCW and MCI in 
females more than in males.

T-score was the strongest predictor of MCW and MCI 
in females, while in males, T-score was the only signifi-
cant factor associated with MCI. Previous studies mainly 
assessed the diagnostic efficacy of radiomorphometric 
indices for osteoporosis screening [9, 11]. Fewer studies 
explored the association between MCW, MCI, and BMD in 
females or males [13, 33, 34]. Analyzing the relationships 
between radiomorphometric indices and BMD and consid-
ering relevant confounding factors is necessary to support 
using these indices for osteoporosis screening, specifically 
in males, in whom such studies are lacking. Even though 
we cannot directly compare the odds ratios and β coeffi-
cients from other studies with ours due to different meth-
ods and regression models used, it is evident from previous 
research that females with lower skeletal BMD have thinner 
and more eroded cortexes [34–37]. A positive correlation 
between T-score and MCW in females ranging from 0.33 
to 0.45 in previous studies was consistent with our findings 
[34–36]. Our study found no significant association between 
T-score adjusted for other factors and MCW in males. In 

Table 3   The results of binary (unadjusted OR) and multiple (adjusted OR) linear regression analysis predicting MCI in females and males

* Results are significant at 0.05 level
** Results are significant at 0.001 level

Predictors Unadjusted OR, 95% CI SE Adjusted OR, 95% CI SE Wald statistics Characteristics of the model

Females
T-score 0.5 (0.40; 0.64) ** 0.12 0.62 (0.46; 0.84) ** 0.15 9.65 ** Chi-square = 53.87

p<0.001
Cox&Snell R2 = 0.163
Negelkerke R2 = 0.230

Age (10 years increment) 2.61 (2.00; 3.42) ** 0.14 1.65 (1.11; 2.44) * 0.20 6.17 *
Menopausal status 18.17 (5.9; 62.4) ** 0.63 3.22 (0.76; 13.54) 0.73 2.55
Remaining teeth 0.90 (0.87; 0.94) ** 0.02 0.93 (0.87; 0.98) * 0.03 5.83 *
Periodontal status 0.88 (0.62; 1.26) 0.17 0.76 (0.51; 1.13) 0.20 1.78
Males
T-score 0.71 (0.56; 0.90) ** 0.12 0.73 (0.56; 0.96) * 0.14 5.16 * Chi-square = 12.01

P = 0.017
Cox&Snell R2 = 0.043
Negelkerke R2 = 0.058

Age (10 years increment) 1.36 (1.06; 1.76) * 0.13 1.20 (0.8; 1.65) 0.16 1.26
Remaining teeth 0.95 (0.92; 0.97) ** 0.01 0.97 (0.93; 1.02) 0.02 1.32
Periodontal status 1.09 (0.77; 1.56) 0.18 0.98 (0.67; 1.43) 0.93 0.00
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contrast, two previous studies found an association of thin 
MCW in males with osteoporosis (T-score ≤ −2.5 SD) [13, 
38]. Unlike our study, Leite et al. also found a correlation 
coefficient of 0.29 for MCW and BMD at the femoral neck in 
males [13]. Nevertheless, MCI was associated with T-score 
in males in this study, which was consistent with Leite et al. 
[13], while another study did not find such an association 
[38]. This divergence in findings might be related to smaller 
study samples, differences in sampling procedures, or a lack 
of adjustment for other factors in previous studies.

Age was another major contributor to MCW and MCI in 
females but not males. Our results align with previous stud-
ies that found an interaction between age and sex in the way 
that cortical thickness reduced more prominently in females 
than males [15, 19, 20, 39]. Similar trends were observed 
in other studies exploring the bone geometry and cortical 
thickness at different skeletal sites in relation to age and 
sex [40, 41]. A plausible biological explanation for main-
taining mandibular cortical thickness in older men could 
be sex hormones, which play a crucial role in bone forma-
tion and resorption. Estrogens increase endosteal and reduce 
periosteal bone formation in females during puberty, while 
androgens accelerate periosteal bone formation in growing 
males [4, 5]. These physiological mechanisms contribute to 
sex dimorphism in the adult skeleton. After a certain age, 
bone resorption exceeds bone formation at the inner bone 
surface in both sexes. However, bone formation continues 
at the outer bone surface faster in males than in females due 
to androgens. Thus, males maintain their cortical bone not 
because they lose less endosteal bone than women but due 
to a greater periosteal formation [5]. Our study also found 
that age was a significant predictor for MCI in females but 
not males (Tables 2 and 3). On the contrary, several studies 
found that MCI became more eroded with age, regardless 
of gender [39, 42, 43]. At the same time, those studies did 
not consider other confounding factors, which may partly 
explain the disagreement between ours and previous find-
ings. However, one of the studies was longitudinal, which 
strengthened their results compared to ours [43].

In our study, the number of remaining teeth was signifi-
cantly associated with MCW and MCI in females but not 
males (Tables 2 and 3). It is well established in previous 
research that mechanical strains and subsequent osteocyte 
response define the geometry and morphology of skeletal 
bones [44–46]. Thus, it would be appropriate to hypothesize 
that the lack of loading forces in edentulous people or those 
with fewer teeth can independently influence the mandibular 
cortex. Several studies have found an association between 
remaining teeth and mandibular cortical morphology, even 
when controlling for age [16, 19, 20, 42]. Okabe et al. found 
that the number of remaining teeth was weakly correlated 
with MCW equally for both sexes (0.19 male and 0.14 
female) [14]. Dutra et al. found that the number of remaining 

teeth was related to the thickness of the mandibular cortex, 
irrespective of gender [20]. Unlike Okabe et al. and Dutra 
et al., we did not find relationships between remaining teeth 
and radiomorphometric indices in males. Our results were 
consistent with Taguchi et al., who also found no relation-
ships between remaining teeth on both the upper and lower 
jaws and MCW in males [19]. However, considering only 
mandibular teeth might be more logical, like some previ-
ous studies, since we assess the mandibular cortex [16, 20]. 
Despite the significant association in females, remaining 
teeth contributed to the thin and eroded cortex to a minor 
extent. Similar to our study, Legerton et al. and Gulsahi et al. 
showed that the influence of dentition on cortical erosion and 
cortical thickness in the antegonial region was weaker than 
that of age [16, 42].

In our study, menopausal status was significantly associ-
ated with MCW and MCI in univariate analysis but not after 
adjustments, meaning that the other factors confounded this 
association greatly. Unlike our results, two previous studies 
found an association between menopausal status and MCW 
and MCI but did not consider other relevant confounding 
factors [47, 48].

The association between periodontitis and mandibular 
cortical morphology is poorly studied. Recent systematic 
reviews have shown that many studies have explored the 
effect of osteoporosis on periodontal health [22, 49]. How-
ever, some researchers hypothesized the opposite relation-
ship. Two longitudinal studies explored the independent 
effect of periodontal disease on skeletal bone tissue and 
found an increased risk of osteoporosis among people diag-
nosed with periodontitis after accounting for confounders 
[50, 51]. The rationale behind those hypotheses was that 
patients with periodontitis exhibit higher systemic levels 
of inflammatory mediators such as interleukin (IL-2, IL-6) 
and tumor necrosis factor (TNF-α) [24]. Those inflamma-
tory mediators affect the remodeling of bone tissue and may 
thus increase the risk of osteoporosis development [52, 53]. 
One can also speculate that periodontitis may influence the 
mandibular cortex via systemic inflammation mechanisms. 
Tooth loss and mobility due to severe periodontitis leading 
to a lack of mechanical loading may also influence mandibu-
lar cortex morphology.

Unlike few existing studies on the subject, this study 
found no relationship between mandibular cortical morphol-
ogy (MCW and MCI) and periodontal status for females or 
males [47, 48]. That might be due to the difference in study 
design, the wide variation of periodontal measurements, and 
case definitions in the literature, which makes comparisons 
between studies difficult. A recent study exploring the util-
ity of the new periodontal disease classification found that 
different classification systems affect association estimates 
in epidemiological studies to a great extent, and the utility 
of the new classification is not well-studied [54]. The 2017 
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World Workshop on the Classification of Periodontal and 
Peri-Implant Diseases and Conditions came to a consensus 
that staging in periodontitis diagnosis should be based on 
clinical attachment loss (CAL), RBL, PPD, and other factors 
like teeth missing due to periodontitis [28]. First, CAL and 
the reason for tooth loss were unavailable in our study. Had 
we obtained this additional information, the classification 
of study participants into the periodontal disease categories 
would probably have changed. Second, PPD is a parameter 
that reflects the extent of current inflammatory processes, 
while RBL reflects patients’ periodontal disease experience 
in the past. It is unclear which parameter is most appropri-
ate when exploring the link between periodontal disease 
and mandibular cortical morphology. Common sense sug-
gests that cortical bone loss does not occur quickly under 
an inflammatory process; therefore, RBL as a sign of peri-
odontitis history rather than PPD should be used to explore 
the abovementioned link. In support of this statement, the 
systematic review of the association between periodontitis 
and osteoporosis found that most studies using radiological 
criteria to define a periodontal case showed significant asso-
ciations with osteoporosis. At the same time, results were 
more controversial for studies using clinical measurements 
for case definition [22].

Another factor that can potentially influence mandibu-
lar cortical morphology but has not been included in this 
study is the mechanical bone load produced by masticatory 
muscles. It has been previously reported that masticatory 
load affects both the trabecular and cortical bone in differ-
ent mandibular regions but predominantly in the angle of 
the mandible [55–57]. Different types of face anatomy are 
associated with various masticatory loads: individuals with 
a short face type (hypo-divergent) have a small mandibular 
angle and short masticatory muscles with increased mas-
ticatory function. In contrast, those with long face types 
(hyper-divergent) have a large mandibular angle, longer 
muscles, and decreased masticatory function [58]. A study 
by Gonca et al., published in 2023, found that individuals 
with hyper-divergent type exhibited less dense trabecular 
bone at ramus, condyle, sigmoid notch, and mandibular 
angle, while mandibular cortical width was thinner only in 
the second molar projection [59]. Since only DPRs were 
available in this study, while lateral cephalometric radio-
graphs are commonly used to assess vertical facial type, we 
could not assess the potential association of masticatory load 
with the morphology of the mandibular cortex. It might be 
worthwhile to study this association in future research.

The current study has several limitations. First, it is a 
cross-sectional study. Despite the arguments regarding 
the possible links between sex, bone mineral density, age, 
remaining teeth, periodontitis, and mandibular cortex, we 
cannot infer the directions of these relationships. Another 
limitation is the suboptimal inter- and inter-observer 

agreement of radiomorphometric indices reported in our 
previous work [32]. Moreover, the panoramic radiographs in 
this study were not standardized using reference objects, i.e., 
we could not make precise corrections of MCW for magnifi-
cation. In addition, the classification of periodontitis is likely 
to be biased because RBL measurements were performed on 
DPRs, which distort spatial relationships between anatomi-
cal structures to some extent. At the same time, the superim-
posed cervical spine often hinders bone measurements in the 
anterior region of the jaws. Suboptimal observer agreement, 
spatial distortion inherent to DPRs, and image distortion due 
to the patient’s head misalignment were likely to produce 
random errors and a substantial unexplained variation in 
mandibular cortical morphology.

Conclusion

T-score followed by age contributed most to variation in 
MCW and MCI in females, supporting the idea of using 
MCW and MCI for osteoporosis screening for females. 
Nonetheless, neither general nor local predictors explained 
the variation in MCW in males. Only the T-score was asso-
ciated with male MCI, though the association was weaker 
than in females. 
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Automatic detection of
the mental foramen for
estimating mandibular
cortical width in dental
panoramic radiographs: the
seventh survey of the Tromsø
Study (Tromsø7) in 2015–2016
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Abstract

Objective: To apply deep learning to a data set of dental panoramic radiographs to detect the

mental foramen for automatic assessment of the mandibular cortical width.

Methods: Data from the seventh survey of the Tromsø Study (Tromsø7) were used. The data set

contained 5197 randomly chosen dental panoramic radiographs. Four pretrained object detec-

tors were tested. We randomly chose 80% of the data for training and 20% for testing. Models

were trained using GeForce RTX 2080 Ti with 11 GB GPU memory (NVIDIA Corporation, Santa

Clara, CA, USA). Python programming language version 3.7 was used for analysis.

Results: The EfficientDet-D0 model showed the highest average precision of 0.30. When the

threshold to regard a prediction as correct (intersection over union) was set to 0.5, the average

precision was 0.79. The RetinaNet model achieved the lowest average precision of 0.23, and the
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precision was 0.64 when the intersection over union was set to 0.5. The procedure to estimate

mandibular cortical width showed acceptable results. Of 100 random images, the algorithm

produced an output 93 times, 20 of which were not visually satisfactory.

Conclusions: EfficientDet-D0 effectively detected the mental foramen. Methods for estimating

bone quality are important in radiology and require further development.

Keywords

Dentistry, artificial intelligence, panoramic radiography, machine learning, mental foramen, man-

dibular cortical width
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Introduction

Dental panoramic radiographs (DPRs) are

a standard diagnostic tool in dental practice
because they provide valuable and compre-

hensive information about oral health

and have a relatively low radiation dose.

Approximately 16 million DPRs are annu-

ally taken in the general dental service in
England and Wales,1 10 million in Japan,2

and 5.55 million in Norway.3 DPRs provide

a comprehensive view of the jaw. In many

situations, DPRs assist in providing infor-
mation on the status of the jaw prior to fur-

ther examination decisions such as those

required in patients with jaw trauma, exten-

sive dental or osseous lesions, tooth erup-

tion, and developmental anomalies.4

The mental foramen (MF) is a clinically

significant landmark for clinicians in sever-

al disciplines, such as dentists, oral and

maxillofacial surgeons, emergency physi-
cians, and plastic and reconstructive sur-

geons.5 For example, to perform a mental

nerve block (a type of anesthesia applied in

the region of the MF), accurate determina-
tion of the position of the MF is paramount

to avoid injury to nerves and blood vessels.

The MF is also an essential landmark for

measuring the mandibular cortical width
(MCW) (Figure 1). A recent systematic

review concluded that the MCW measured
on DPRs taken for routine dental diagnoses
might also be useful as a screening tool for
osteoporosis.6 However, previous studies
showed low reliability of the MCW when
manually measured by different dentists.7,8

Therefore, development of an automatic
algorithm with which to measure the
MCW was proposed.8 Finding the correct
position of the MF is the most important
step in building such an automatic
algorithm.

The MF is commonly located in the pro-
jection of the root apex of the second pre-
molar or between the first and second
premolar apices. Irregular tooth alignments
or missing teeth make it challenging to
determine the location of the MF.9 Most
patients have a single MF. However, varia-
tions such as supernumerary (accessory),
curling, looping, or missing MFs are also
encountered by clinicians. An accessory
MF can occur because the mental nerve
splits into several nerve fibers before the
development of the MF, resulting in
double, triple, or quadruple MFs.
However, an accessory MF is more
common than an absent MF.9 An accessory
MF is present in approximately 1% to 6%
of people in different populations. A litera-
ture review showed that the MF was
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detectable in approximately 87% to 94% of

DPRs but clearly visible in only 49% to 64%

of DPRs.10 Jacobs et al.11 reported detection

of the MF in 94% of 545 DPRs; however,

only 49% were considered visible by two

independent observers (oral radiologists).
Studies on automatic image analysis

from DPRs have been conducted in recent

years, and such analysis is challenging

because of the inherent complexity of

DPRs. The challenge lies in identifying

and recognizing specific structures and

their morphometry. Morphometry involves

assessment of the mandibular cortical bone

and MCW for diagnosis of osteoporosis.

Before considering an automatic system,

Arifin et al.12 created a manual computer-

aided system for measuring the MCW

based on gradient analysis of edges in

2006. Because the dentists had to manually

determine the position of the MF, Arifin

et al.12 claimed that the experience of the

examiners might greatly influence their

decision, resulting in poor intra- and inter-

examiner agreement. Other studies have

focused on automatic segmentation of the

mandible.13–15 The approaches involved

techniques such as horizontal integral

projections, use of a modified Canny

edge detector, morphological operations,

thresholding, and use of active contour

models. Methods relying on isolation of

the cortical bone region are prone to

obstacles due to the unclear border of the

bone and sometimes its irregular shape.

Active contour models, or snakes, require

a clear distinction of pixel intensity levels

so that the snakes can follow the border

of the mandible.16 Aliaga et al.17 considered

these factors when developing an automatic

system for computing mandibular indices in

DPRs. The resulting algorithm computed

indices inside two regions of interest that

tolerated flexibility in sizes and locations,

making this process adequately robust.

However, they used morphological opera-

tions to locate the MF and reported that

the proposed approach failed in 5% of

310 cases.17 Lee et al.18 used transfer learn-

ing for screening osteoporosis in DPRs with

a limited data set (680 images). The highest

overall accuracy achieved was 84%. Their

results showed that transfer learning with

pretrained weights and fine-tuning techni-

ques could be helpful and reliable in the

automated screening of osteoporosis.

Figure 1. Visualization of a region on a dental panoramic radiograph with essential markings such as the
mental foramen, mandibular canal, and cortical bone. The MCW is measured between the border of the
bone along the line drawn through the mandibular foramen perpendicular to the tangent of the lower edge
of the bone.
MCW, mandibular cortical width.
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The main objectives of this study were to
explore the feasibility of detecting the MF

in DPRs with pretrained object detection
models and to investigate the possibility of
developing an automatic measurement tool

of the MCW.

Materials and Methods

Concepts

The main idea behind deep learning is the
ability to solve tasks without explicitly

designing a rule-based system to do so.
Instead, deep learning resolves an assign-
ment by learning from data and adapting

to the present task. Hence, the data are
often referred to as training data and are
essential for proper functioning of deep

learning models. A given model that is pre-
trained and has gained knowledge for a spe-

cific task can be further trained to resolve a
similar task without the extensive need for
data and computing time; e.g., a model

trained to recognize apples can be trained
to recognize pears. Fine-tuning is an

approach of transfer learning that allows
implementation of various strategies in
which the model is initialized with knowl-

edge (parameters) from a pretrained model.
For instance, a model can be initialized with

all the parameters from a pretrained model
and adjust them regarding the present task,
or a selection of these parameters can be set

aside and not adjusted for the new task.

Selection of DPRs and image annotation

The data set used in the present study con-

sisted of DPRs taken during the seventh
survey of the Tromsø Study (Tromsø7)

from 2015 to 2016. The Tromsø Study is a
population-based study carried out in
repeated cross-sectional surveys.19 Tromsø7

consisted of a questionnaire-based survey
and clinical examinations, including DPRs.
The survey enrolled 21,083 participants aged

40 to 99 years.20 In total, 3951 DPRs were

collected following the clinical dental exam-

ination (Figure 2). The DPRs were

2821� 1376 pixels, were in TIF format,

and had 257 dots per inch. Knowing the

dots per inch makes it possible to convert

between pixels and physical size. In addi-

tion, two regions of interest were automat-

ically cropped out for every image at an

exact location. The resulting crops were

300� 600 (height�width) pixels. The

fixed cropping region did not always cap-

ture the jaw because of the varying patient

positioning during the examination; such

crops were discarded. Distorted images

and images with obstructing artifacts were

also rejected. Finally, the image was

rejected if the experts did not recognize

the position of the MF. Of 7902 crops,

5197 were usable (Figure 2), and the MF

was annotated by the experts using VIA

annotation software.21 The data were divid-

ed into 4157 training images and 1040 test

images (Figure 2). Two dentists experienced

in oral radiology handpicked 100 “easy

images” in which the MF was distinguish-

able and 101 “complex images” in which

the MF was challenging to locate. These

handpicked images were used to further

analyze the model.
The dentists divided the workload, not

annotating the same image to save time.

However, to establish the intersection over

union (IoU) between them, 706 images were

annotated by both experts once. The IoU

metric determines the amount of overlap

between two boxes compared with their

size (Figure 3). True positives are defined

based on the IoU being greater than or

equal to a threshold (i.e., IoU (ŷ(i),

y(i))>T, where T is a defined threshold).

The IoU between two bounding boxes A

and B is defined in Equation 1.

IoU ðA; BÞ ¼ areaðA\ ​ BÞ
areaðA[ ​ BÞ (1)
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Data availability, ethical permissions,

and funding

The current study was based on data owned

by the Tromsø Study, Department of

Community Medicine, UiT The Arctic

University of Norway. The data are avail-

able to interested researchers as approved

by the Regional Committee for Medical

and Health Research Ethics, the

Norwegian Data Inspectorate, and the

Tromsø Study. Guidelines on data access

and the application process are available at
https://uit.no/research/tromsostudy.

The Tromsø Study was conducted in

accordance with the World Medical
Association Declaration of Helsinki.22 The

Regional Committee on Research and
Ethics (REK North) and the Norwegian

Data Protection Authority (Datatilsynet)

approved the Tromsø Study. All partici-
pants provided written informed consent.

Figure 2. Flow chart of participants included in this study.
DPR, dental panoramic radiograph; MR, mental foramen.
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In addition, we received separate approval

from REK North (reference number 68128)

and the Norwegian Centre for Research

Data (NSD) to use the data from the

Tromsø Study database.
The Arctic University of Norway (UiT),

Northern Norway Regional Health

Authority (Helse Nord RHF), the University

Hospital of North Norway (UNN), and dif-

ferent research funds financed the Tromsø

Study. The Department of Clinical Dentistry,

Faculty of Health Science (UiT) fully financed

the current study. We declare no conflict of

interest in this study.

Experiment

We performed a feasibility study showing

that it is possible to fine-tune an object

detector to be adequate in detecting the

MF in X-ray images, which is useful for

automatic measurement of the MCW.

Such a process needs to be able to measure
at an appropriate location. Therefore, the
first barrier is to detect the MF. The testing
and fine-tuning were performed on a
GeForce RTX 2080 Ti with 11 GB GPU
memory (NVIDIA Corporation, Santa
Clara, CA, USA).

The following models, pretrained on the
COCO data set,23 were “fine-tuned” to our
data set using the TensorFlow framework:24

1. Faster R-CNN with ResNet5025 as the
backbone

2. CenterNet with HourGlass10426 as the
backbone

3. EfficientDet-D0 with EfficientNet-B027

as the backbone
4. RetinaNet28 with ResNet50 as the

backbone

Pretrained models (i.e., models that have
already been given a data set of input and
output pairs and taught to reproduce the
correct output for each input) can be
useful for solving other tasks involving
data that are structured similarly to the
original data set. Using pretrained models
and training them on a different but similar
data set is called fine-tuning. We placed the
term “fine-tuning” in quotation marks
above because the COCO data set is far
from similar to ours, and “trained” hereaf-
ter implies “fine-tuned.”

Experiment setup

For experiments on object detectors, the I0U
threshold /IoU and confidence score thresh-
old /c used during non-maximum suppres-
sion (NMS) were set to 0.5 and virtually 0,
respectively, for all models except
CenterNet, which does not use NMS.
Setting /c to 0 means all proposals are
accepted at the beginning of NMS. We
assume that this is beneficial in challenging
scenarios in which the predicted scores can
be poor. Each model was trained with two

Figure 3. Performance evaluation. (a) Calculation
of IoU and (b) poor IoU (0.40), good IoU (0.73), and
excellent IoU (0.92). The poor IoU would not be
considered a true positive if the threshold was 0.5.
IoU, intersection over union.
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configurations (Setup 1 and Setup 2), and
the results are presented in Table 1 and
Table 2 (one for each configuration).

The batch size was set to 6 for all experi-
ments (unless something else was specified),
and we trained for 30 epochs. Because the
training data comprised 4157 examples,
processing 6 simultaneously (1 batch)
resulted in approximately 693 gradient
updates (training steps) to cycle through
the training data once (1 epoch).
Therefore, training for 30 epochs with a
batch size of 6 required approximately
21,000 steps. Empirically, using the
moving average of the trained parameters
has been shown to be better than using
trained parameters directly. However, we
did not employ a moving average in any
experiment because of technical limitations.

Agreement between different models and
dental experts

To evaluate each model, the test images
were used to compute the accuracy

(i.e., the proportion of images for which
the model outputs a correct bounding
box). In addition, the handpicked images
were used to evaluate the models under
the circumstances in which the MF was
and was not easy to distinguish. Both
experts manually inspected these results
because several images were not labeled.
The experts reported whether they agreed
with the predicted results. The experts per-
formed the inspection of the results once,
and the weighted kappa value was
calculated.

Procedure to estimate MCW

The procedure to estimate the MCW is
briefly described in Algorithm 1. The pro-
cedure included the trained object detector.
Further, the stop criterion in Algorithm 1
was a user-defined threshold representing
the percentage of the line segment L over-
lapping with black pixels in the binary
image Ib (Figure 4). The threshold was set
to 0.7 in this study. After Algorithm 1

Table 1. Test results from the object detector with Experimental Setup 1 of the object detectors
presented in the Experiment subsection using the Tromsø7 data set described in the Selection of DPRs and
image annotation subsection.

mAP mAP at IoU of 0.50 mAP at IoU of 0.75 AR at 100

Faster R-CNN 0.24 0.68 0.069 0.33

CenterNet 0.22 0.68 0.064 0.34

EfficientDet-D0 0.23 0.7 0.007 0.21

RetinaNet 0.21 0.62 0.010 0.46

mAP, mean average precision; IoU, intersection over union; AR, aspect ratio.

Table 2. Test results from the object detector with Experimental Setup 2 of the object detectors
presented in the Experiment subsection using the Tromsø7 data set described in the Selection of DPRs and
image annotation subsection.

mAP mAP at IoU of 0.50 mAP at IoU of 0.75 AR at 100

Faster R-CNN 0.25 0.72 0.08 0.39

CenterNet 0.28 0.75 0.13 0.39

EfficientDet-D0 0.30 0.79 0.14 0.43

RetinaNet 0.23 0.64 0.01 0.47

mAP, mean average precision; IoU, intersection over union; AR, aspect ratio.
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terminated, the width of the bone was defined as the distance between two parallel lines: the
initial line and the resulting line. The distance was calculated with Equation 2, where c1 and
c2 are the y-intercepts of the lines and m is the slope.

Algorithm 1: Method for bone width measurement, which was improved with an object detector. Please
see the supplemental material for more information.

Identification of lowest edge of bone

1. Find MF’s location P with an object detector

2. Convert image to grayscale and apply median filtering with kernel size 11

3. Apply a variance filter with kernel size 5, and follow with Canny edge detector

4. Use morphology to remove objects smaller than 150 pixels with a neighborhood of 500 pixels

5. Use probabilistic Hough transform29 to retrieve possible line segments representing the lower bone

edge, and save line segment L closest to P

Identification of upper edge of bone (part 1)

1. Convert image to grayscale and apply variance filter with kernel size 8

2. Follow with exposure equalization to obtain Iv
3. Apply a uniform filter with kernel size 11 to Iv to obtain Im
4. Calculate the binary image

Ib ¼
n
1; if IM � Iv � r2

0; otherwise

Where r2 is the variance of Iv.

Identification of upper edge of bone (part 2)

- Initialize:

Place line segment L on Ib
while stop criterion not fulfilled do

| Move L toward P

end

d ¼ jc1 � c2jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þm2

p (2)

Results

The configurations of the hyperparameters
of the different algorithms are listed below.

1. Faster R-CNN

Setup 1: The stochastic gradient descent
optimizer30 was used with momentum 0.9
and L2 regularization ðdecay ¼ 4� 10�4Þ.
The learning rate grew linearly from 1�
10�2 to 4� 10�2 for 2000 steps, then transi-
tioned down using a cosine decay rule.31

Rectified linear unit activation was

employed between convolutional layers.
The anchor generator used aspect ratios
(1/2, 1, 2) at scales (1/4, 1/2, 1, 2). The train-
ing images had a 50% probability of being
flipped horizontally.

Setup 2: From the first setup, we changed
to the following (the rest was unchanged):
Adam optimizer ð� ¼ 1� 10�7Þ was used
with a learning rate of 2� 10�4, which
dropped to 2� 10�4 at epoch 6, then to 8�
10�5 at epoch 10 and 4� 10�5 at epoch 15.

2. RetinaNet

Setup 1: The stochastic gradient descent
optimizer30 was used with momentum 0.9
and L2 regularization ðdecay ¼ 4� 10�4Þ.
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The learning rate grew linearly from 1�
10�2 to 4� 10�2 for 2000 steps, then tran-

sitioned down using a cosine decay rule.31

Synchronized batch normalization was

added after every convolution with batch

norm decay of 0.99 with � ¼ 1� 10�3.

Rectified linear unit activation was

employed but was capped at 6. Standard

smooth L1 was the localization loss, and

focal loss with a ¼ 0:25 and c ¼ 2 was the

classification loss. The anchor generator

used aspect ratios (1/2, 1, 2). The training

images had a 50% probability of being

flipped horizontally. The feature pyramid

used minimum level 3 and maximum 7.
Setup 2: From the first setup, we

changed to the following (the rest was

unchanged): Adam optimizer,32 where the

learning rate grew linearly from 2� 10�4

to 2� 10�3 for 2100 steps, then transitioned
down using a cosine decay rule.

3. CenterNet

Setup 1: The Adam optimizer was used
ð� ¼ 1� 10�7Þ for training with a constant
learning rate of 9:9� 10�4. For the penalty-
reduced pixel-wise logistic regression with
focal loss, a and b were set to 2 and 4,
respectively. The loss was scaled by ksize ¼
0:1 and koff ¼ 1:0. The training images had
a 50% probability of being flipped horizon-
tally, cropped, contrast-adjusted, or bright-
ness-adjusted.

Setup 2: From the first setup, we
changed to the following (the rest was

Figure 4. Two cases in which the measuring algorithm needed improvements. (a) Canny edges will be
retrieved from the left image and fed to the probabilistic Hough transform to find the best edge candidate.
However, an artifact breaks the jawline, and the segment closest to the mental foramen here will be
incorrect. (b) A case of a “pit” where the line segment has been initialized on the binary image_1, satisfying
the stopping criteria (overlapping black pixels).
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unchanged): The Adam optimizer was used
ð� ¼ 1� 10�7Þ for training with a learning
rate of 5� 10�4 for 30 epochs, dropping
10� at epochs 18 and 24.

4. EfficientDet-D0

Setup 1: The Adam optimizer
(� ¼ 1� 10�7) was used with a learning
rate of 2� 10�2 for 30 epochs, dropping
10� at epochs 18 and 24. Synchronized
batch normalization was added after every
convolution with batch norm decay of 0.99
and � ¼ 1� 10�3. Swish-133 (commonly
called SiLu) activation was employed.
Standard smooth L1 was the localization
loss, and focal loss with a ¼ 0:25 and c ¼
1 was the classification loss. The anchor gen-
erator used aspect ratios (1/2, 1, 2, 4). The
training images had a 50% probability of
being flipped horizontally. The feature pyr-
amid used minimum level 3 and maximum 7.

Setup 2: From the first setup, we
changed to the following (the rest was
unchanged): Adam optimizer ð� ¼
1� 10�7Þ was used with a learning rate of
2� 10�4, which dropped to 1� 10�4 at
epoch 6, then to 8� 10�5 at epoch 10 and
4� 10�5 at epoch 15. Random cropping
was added as well, and the batch size was
increased to 8.

The different performances of the
models with respect to detection of the
MF are shown in Tables 1 and 2.
EfficientDet-D0 clearly performed better
in terms of average precision. This was
true for both cases in which an IoU of
0.50 and 0.75 was the threshold for a pre-
diction labeled as true positive. The three
other models demonstrated relatively fair
results. Notably, EfficientDet-D0 only
uses a fraction of the number of parameters
compared with the other models. However,
CenterNet produced very similar results,
and RetinaNet had a higher average recall
regarding 100 detections. In addition, we
noticed that the second configuration of

every model produced better mean average
precision than the first.

The initial hypothesis of this study was
that existing models trained on the COCO
data set could be fine-tuned to detect
the MF. EfficientDet-D0 demonstrated suf-
ficient precision and correct predictions at a
threshold of 50% IoU compared with the
other well-known models tested in this
study; thus, the first hypothesis was con-
cluded to be true. This conclusion was
drawn by comparing the average precisions
in Tables 1 and 2.

Figures 5, 6, 7, and 8 show the agreement
between the dental experts when assessing
the results of automatic detection of the
MF on the handpicked images. This further
investigation showed that the experts
agreed on every prediction using the easy
images and disagreed on some of the more
complex images (Tables 3 and 4). It is
apparent that annotating complex images
is exceptionally challenging, and in the
worst cases, annotation relies only on the
best guess. When using three categories
(“agree,” “unsure,” and “disagree”), the
kappa value was 0.18, indicating slight
agreement.34 However, the kappa value
can be misleading when the distribution
between categories is unequal,35 as in our
case where only 10 of 101 predictions fell
into the category “disagree.”

The second hypothesis followed the first,
assuming the first was true: Can an object
detector help accomplish automatic mea-
surement of the MCW in DPRs? Using
the results obtained from testing the first
hypothesis, it was possible to make an algo-
rithm that automates the measuring pro-
cess. Of 100 random images (not
necessarily in the training or test data set),
the algorithm produced an output 93 times,
20 of which were not visually satisfactory.
Therefore, the resulting algorithm needs
improvement, and it is not yet generalized
to handle image regions with high complex-
ity even though the MF was found.
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Figure 5. Predicted score versus IoU. Expert 1 has manually inspected the results and indicated whether
they agree with the predicted results.
IoU, intersection over union.

Figure 6. Predicted score versus IoU. Expert 1 has manually inspected the results and indicated whether
they agree with the predicted results.
IoU, intersection over union.
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Figure 7. Predicted score versus IoU. Expert 2 has manually inspected the results and indicated whether
they agree with the predicted results.
IoU, intersection over union.

Figure 8. Predicted score versus IoU. Expert 2 has manually inspected the results and indicated whether
they agree with the predicted results.
IoU, intersection over union.
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Therefore, the algorithm was semi-capable

of measuring the bone from visual reports,

and the second hypothesis cannot be con-

sidered true.

Discussion

Our investigation of the predictive ability of

EfficientDet-D0 using easy images showed

that both experts agreed with every predic-

tion, even when several predictions had a

relatively low IoU (<0.5). However, even

when the IoU was poor, overlap was still

present between the ground truth and the

predicted bounding box. Consequently, the

prediction can result in a good suggestion

of the position of the MF that largely agrees

with dental experts.
Analysis of the prediction ability of

EfficientDet-D0 using complex images pro-

duced some interesting results. First, it

should be stated that ground truths are

not absolute. The experts agreed or were

unsure about predictions for which the

IoU was 0. All of these predicted bounding

boxes lay on the mandibular canal next to

the ground truth. Therefore, these predic-

tions possibly contained the MF. The

expert verdict explained that other

predicted regions seemed to contain part
of the tooth’s root apex, which could be a
dark region in some cases and is challenging
to distinguish from the MF.

Another case (Figure 7) disagreed with
two predictions with a relatively high IoU
(>0.5), which may seem contradictory. This
shows that the cropped images were chal-
lenging to label with a ground truth bound-
ing box; labeling could only be
accomplished by the best guess.
Additionally, the entire image was available
to aid the evaluation of a prediction in cases
where the cropped images lacked informa-
tion on other important landmarks, such as
the premolars, which might explain this sce-
nario. If no other landmarks are present
when evaluating a prediction of the location
of the MF, explainable artificial intelligence
(AI) is needed to provide insight into the
reason behind the predictions.36 This
would also allow for an uncertainty mea-
sure behind the model, which would benefit
clinicians.

As stated above, not all the complex
images that were handpicked for inference
had ground truth bounding boxes. This
occurred because the experts could not
locate the MF when creating ground truth
bounding boxes. These highly complex
images were given to the model, and the
experts evaluated the results (see Table 3).
In one case, one expert disagreed with the
prediction whereas the other expert was
unsure. In another case, one expert was
unsure but leaned toward disagreeing
whereas the other expert disagreed with
the prediction. These cases are depicted in
Figures 9(a) and (b). For all cases shown in
Figures 9(a) and (b), the experts concluded
that the model annotated a part of the
tooth’s root apex, or the experts could not
see the MF and therefore disagreed.

In this study, EfficientDet-D0 was used
for inference, while EfficientDet-D7 is
available with almost twice the mean aver-
age precision on the COCO data set. Future

Table 3. Evaluation of 101 complex images by two
dentists.

Expert 2

(agree)

Expert 2

(unsure)

Expert 2

(disagree)

Expert 1 (agree) 67 12 7

Expert 1 (unsure) 7 5 2

Expert 1 (disagree) 0 1 0

Table 4. Combined evaluation of 101 complex
images.

Expert 1

(agree)

Expert 1

(disagree)

Expert 2 (agree) 91 7

Expert 2 (disagree) 0 3
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research should utilize explainable AI to

improve the trustworthiness of the AI

system.36

When estimating the MCW, the pro-

posed Algorithm 1 operates fully automati-

cally given an image region. In Figure 10,

we see that the algorithm effectively locates

the MF and estimates the bone thickness

automatically. However, our study did not

compare automated MCW measurements

with the actual osteoporosis status based

on hip bone mineral density. Unlike our

study, the OSTEODENT study used

active shape models for automated MCW

measurements and compared them with the

actual diagnoses. The authors found that an

MCW of <3mm could identify postmeno-

pausal women with osteoporosis and stated

that their findings were clinically

important.37 Thus, in our further study,

we plan to determine whether the algorithm

measuring MCW can differentiate patients

with osteoporosis diagnosed by bone min-

eral density measurements at the hip.

Figure 9. Incorrect prediction from EfficientDet-D0 as judged by the (a) first and (b) second experts.
MF, mental foramen.

Figure 10. Results from Algorithm 1. The opti-
mistic results are observed in this radiograph. The
algorithm has stopped in a sweet spot immediately
under porous textures.
MF, mental foramen.
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Moreover, to further improve the MCW
measurement algorithm, steps can be taken
to check whether the cropped image con-
tains the lower edge of the bone beneath
the MF. Alternatively, a dynamic image-
cropping procedure based on other land-
marks could be implemented to ensure the
presence of the edge. Otherwise, the algo-
rithm measures other structures close to the
MF, not the bone. Another issue to consid-
er is that the initial lines can become stuck
in a “pit” in the binary image Ib (see
Algorithm 1) if the lower border of the
bone is unclear. In the most challenging sce-
nario, the binary image Ib can contain arti-
facts overlapping either the line’s pathway
when traveling toward the MF or other
image areas. These artifacts cause an
unclear upper bone border, terminating
the algorithm at an incorrect location, or
the line segment suggested in the first
place will suffer (see Figure 4(a)).
Therefore, we should also consider possibil-
ities other than the MCW for screening
osteoporosis, especially transfer learning,
which could be used to learn attributes of
DPRs labeled as affected, given a sufficient-
ly large data set.

The use of AI in medicine and dentistry
aims at smooth integration into the work-
flow and saving of time. However, one lim-
itation of AI is that its accuracy depends on
the quality of data from which the algo-
rithm has learned. If a human decision is
used as a “ground truth,” common human
bias can be introduced into the algorithm.
In this study, expert assessments were con-
sidered a “ground truth.” The proper
“ground truth” for the location of the MF
should be either a cadaver mandible or a
cone-beam computed tomography scan.
However, the former would not be
approved by an ethics committee, and the
latter was unavailable for our study.

Moreover, medical images with multiple
overlapping artifacts can lead to unreliable
algorithm outputs, which is also a

limitation.38 Very few studies to date have

focused on the automated location of the

MF on DPRs. Discussing our findings in

the context of previous research is challeng-

ing because of the different AI methods

used39 and the lack of guidelines for com-

paring different studies using AI in medi-

cine, notably dentistry.38

Conclusion

The MF is an important landmark for

dental practitioners. Detecting its location

on a DPR is the most important step in

measuring the MCW, which can be a

useful index for osteoporosis screening. In

this study, EfficientDet-D0 showed suffi-

cient precision and correct predictions of

MF locations. Moreover, it was possible

to merge EfficientDet-D0 with the previ-

ously made MCW measurement algorithm.

This indicates the feasibility of fully auto-

matic measurement of the MCW for osteo-

porosis detection.
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