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ENGLISH SUMMARY 

Despite its importance, bone health is often neglected in diabetes care.  

Type 2 diabetes mellitus and osteoporosis represent critical public health challenges 

globally. Both disorders are age-related, have substantial impacts on disability and 

mortality, and often develop simultaneously. Therefore, it is essential to implement 

protective strategies to prevent the development of type 2 diabetes and osteoporosis.  

It is estimated that one in three women over age 50 will experience an osteoporotic 

fracture. Moreover, one in three post-menopausal women with osteoporosis have 

diabetes and one in three with type 2 diabetes have osteoporosis. Likewise, half of the 

elderly population with prediabetes or diabetes have compromised bone quality.  

Bone metabolism is observed adynamic in individuals with type 2 diabetes and the 

risk of fractures related to osteoporosis is increased. In Denmark, the incidence of hip 

fractures is high, a fracture site related to high morbidity and mortality and estimated 

to be the most expensive. These facts underline the essential part of early detection of 

compromised bone health in individuals with type 2 diabetes.  

Paradoxically, individuals with type 2 diabetes often exhibit normal or higher bone 

density compared to those without diabetes. Consequently, conditional techniques for 

detecting and diagnosing osteoporosis may not adequately identify or predict the risk 

of fractures associated with low bone quality. 

Nevertheless, type 2 diabetes is not yet acknowledged as an independent risk factor 

for osteoporosis or fractures. Current guidelines for the management of type 2 diabetes 

and osteoporosis do not consider the frequent co-occurrence of these two conditions. 

The dearth of focus and acceptance of low bone quality as a diabetes-related 

complication could well impede fracture prevention in type 2 diabetes. There is an 

imperative to grasp type 2 diabetes as a risk factor for fractures and change 

perspectives. 

This Ph.D. thesis evaluates the relationship between type 2 diabetes and osteoporosis 

in the Danish population, covering aspects such as the types of first osteoporotic 

fractures, diagnostics, and treatment strategies. 

The results indicate substantial bone health discrepancies among individuals with and 

without type 2 diabetes. Thus, it is essential to prioritize bone health as a crucial 

element in the management of type 2 diabetes. Moreover, the findings suggest the 

possibility of optimizing diagnostic and treatment strategies for both type 2 diabetes 

and osteoporosis and highlight the necessity for further investigation into the 

relationship between bone and glucose metabolism.   
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DANSK RESUME 

Skeletale forandringer er ofte overset hos personer med diabetes, på trods af 

betydende konsekvenser. 

Type 2 diabetes og osteoporose er to særskilte og betydelige kroniske 

folkesygdomme. De resulterer i globale sundhedsproblemer, heriblandt høj morbiditet 

og mortalitet og sundhedsøkonomiske konsekvenser. Type 2 diabetes og osteoporose 

er ofte til stede samtidig, særligt i den ældre del af befolkningen.  

Det anslås, at hver tredje postmenopausale kvinde med osteoporose har diabetes og, 

at hver tredje person med diabetes har osteoporose eller forstadie dertil. Desuden er 

det estimeret, at hver tredje kvinde over 50 år vil opleve en fraktur relateret til 

osteoporose. 

Knogleomsætningen er nedsat og anderledes og risikoen for frakturer er højere hos 

personer med type 2 diabetes. Danmark er kategoriseret som et land med høj risiko 

for hoftefraktur; en frakturtype som er vurderet til at være forbundet med den højeste 

mortalitet og de største samfundsmæssige omkostninger. Derfor er det afgørende med 

tidlig identifikation af kompromitteret knoglevæv hos personer med type 2 diabetes. 

Til trods for en højere risiko for frakturer relateret til osteoporose, er knogledensiteten 

hos personer med type 2 diabetes oftest normal eller højere sammenlignet med 

personer uden diabetes. De nuværende teknikker, som benyttes til at vurdere 

knoglekvalitet og behandlingsindikation, er derfor utilstrækkelige i diagnosticeringen 

af osteoporose og prædiktion af frakturrisikoen hos personer med type 2 diabetes.  

Frakturer er en velundersøgt komorbiditet til diabetes, men dette til trods, er det fortsat 

en udfordring for klinikerne at stille diagnosen osteoporose og forebygge frakturer 

hos personer med type 2 diabetes. Der findes endnu ikke en international konsensus 

omhandlende osteoporose hos personer med type 2 diabetes, og de nuværende 

retningslinjer for behandling af type 2 diabetes og osteoporose tager ikke højde for 

det faktum, at tilstandene ofte forekommer samtidig. 

I denne afhandling undersøges sammenhængen mellem type 2 diabetes og 

osteoporose ved at se på forskellige i frakturtyper, diagnostik og behandling af 

osteoporose i den danske population. 

Resultaterne i denne afhandling tilskynder fokus på skeletale forandringer hos 

personer med type 2 diabetes og, at dette bør indgå som en integreret og væsentlig del 

af sygdomshåndteringen. Desuden, at diagnostik og behandlingsstrategier kan og 

måske bør optimeres og slutteligt, at tilskynde yderligere undersøgelser af samspillet 

mellem knogle- og glukosemetabolismen.  
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PREFACE 

Before you lies the Ph.D. thesis “Type 2 diabetes and bone health – an epidemiological 

approach”. 

The thesis is written to fulfill the graduation requirements of the Doctoral Schools at 

Aalborg University, The Danish Code of Conduct, and the Danish Ministerial Order 

on the Ph.D. Program. It is founded on research conducted at Steno Diabetes Center 

North Denmark, Aalborg University Hospital in the period of September 2019 to May 

2023. It was supported by the Novo Nordisk Foundation (grant no. 

NNF18OC0052064).  

I am a curious clinician. I find that our finest job is to conduct research and strategies 

that can answer a question most precisely, and so, the original Ph.D. plan contained 

two randomized controlled trials. Unfortunately, the pandemic of COVID-19 crossed 

our country in March 2020, just 1 month after all ethical requests were approved and 

the last method skills were obtained at Stanford University, California. Consequently, 

we were forced to lay down our biopsy needles, indefinitely. 

It is always challenging, yet frustrating, to step outside the comfort zone. However, I 

did not only approach research differently than expected but also chose to write this 

thesis based on research methods that required skills and knowledge I did not yet have 

- or planned to obtain. 

Hopefully, instead of answering one research question, you will find that this thesis 

generates hypotheses and plenty of other questions that need answers in the future. It 

was another path than expected but a fascinating and important one. I feel confident, 

that this is not my last writing in the world of epidemiology.  

 

The thesis is based on the following 3 published manuscripts 

1. Discrepancies in type of first major osteoporotic fracture and anti-

osteoporotic therapy in elderly people with type 2 diabetes mellitus: a 

retrospective Danish cohort study. 

Viggers R, Starup-Linde J, Vestergaard P.  

Published 24 March 2023, doi.org/10.1016/j.bone.2023.116745 (1) 

2. The Efficacy of Alendronate Versus Denosumab on Major Osteoporotic 

Fracture Risk in Elderly Patients With Diabetes Mellitus: A Danish 

Retrospective Cohort Study. 

Viggers R, Al-Mashhadi Z, Starup-Linde J, Vestergaard P.  

Published in Front Endocrinol. 2022 Jan 26;12:826997.  

doi:10.3389/fendo.2021.826997 (2) 

3. Alendronate Use and Risk of Type 2 Diabetes: A Nationwide Danish 

Nested Case-Control Study. 

Viggers R, Al-Mashhadi Z, Starup-Linde J, Vestergaard P.  

Published in Front Endocrinol. 2021 Nov 19;12:771426. 

doi:10.3389/fendo.2021.771426 (3)
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CHAPTER 1. OBJECTIVE 

“Wisdom is the daughter of experience”1 was quoted by Leonardo Da Vinci more than 

500 years ago and is the idiom that comes to mind when exploring the interplay 

between osteoporosis and type 2 diabetes.  

1.1. AIMS 

The objective of this thesis is to evaluate the interface between type 2 diabetes and 

bone health including osteoporotic fractures, diagnostics, and treatment strategies in 

the Danish population.  

The aims are to 

1. Provide an overview of the occurrence, diagnostic challenges, and 

management when osteoporosis and type 2 diabetes co-exist. 

2. Evaluate the types of the first major osteoporotic fractures in subjects with 

type 2 diabetes compared to subjects without diabetes. 

3. Assess diagnostics, anti-osteoporotic treatments, and mortality after the first 

major osteoporotic fracture in type 2 diabetes compared to subjects without 

diabetes. 

4. Examine the efficiency of anti-osteoporotic treatments on osteoporotic 

fracture risk in subjects with type 2 diabetes.  

5. Explore the proposed link between bone- and glucose metabolism by 

examining a potential relationship between alendronate and type 2 diabetes. 

1.2. NULL HYPOTHESES 

This thesis is restricted to epidemiological research. It is a counterpart to an ongoing 

randomized controlled trial (RCT) exploring the effects of alendronate on bone 

indices and insulin sensitivity in subjects with diabetes (the “DiaBone2” trial).  

The null hypotheses are  

1. The location of the first major osteoporotic fracture after diabetes diagnosis 

does not differ between subjects with type 2 diabetes and without diabetes. 

2. A type 2 diabetes diagnosis does not impact the diagnosis or initiation of 

treatment against osteoporosis, or mortality after a MOF. 

3. The risk of a new major osteoporotic fracture in subjects with type 2 diabetes 

does not differ between initiators of denosumab and alendronate. 

4. The likelihood of developing type 2 diabetes is not altered by alendronate 

administration. 

 
1The Notebooks of Leonardo Da Vinci (1478 – 1519).  





Chapter 2. Introduction 
 

19 

CHAPTER 2. INTRODUCTION  

Osteoporosis and type 2 diabetes are two major public health concerns and highly 

prevalent disorders associated with globally increased morbidity and mortality (4,5).  

The aim of this thesis, Chapter 2 is to provide an overview of the occurrence, 

diagnostic challenges, and management when osteoporosis and type 2 diabetes co-

exist.  

Osteoporosis and type 2 diabetes will be introduced and evaluated separately and 

together with a focus on diagnostic adversities, prevalence, incidence, and treatment 

strategies in Denmark. 

Please note that numbers presented in this thesis, Chapter 2 are obtained from freely 

available registers provided by Sundhedsdatastyrelsen (Statistics Denmark). Data are 

available as raw data and based on inventories updated in December 2021 or 2022 

depending on the selected inventory (6) and presented from the year 2000. Data on 

the prevalence and incidence of osteoporosis and type 2 diabetes were obtained from 

the Register for Udvalgte Kroniske Sygdomme (RUKS)2. Data on drug dispenses were 

obtained from the register at medstat.dk3. The illustrations may differ from published 

manuscripts and presented figures in the following chapters based on data from 

Statistics Denmark with the latest data available on December 31, 2018. 

Consequently, the newest updated and available data are presented but some 

calculations in this chapter are based on 2018. All graphical illustrations are original 

and performed by the author of this thesis. 

2.1. OSTEOPOROSIS 

In the following, the definition, diagnostics, and management of osteoporosis will be 

introduced as this will connect the following discussion of bone health in subjects 

with type 2 diabetes.  

2.1.1. DEFINITORY AND DIAGNOSTIC CONSIDERATIONS 

Osteoporosis is a common bone disease in humans and was first defined by an 

international consensus in the early 1990s as:  

“A disease characterized by low bone mass and microarchitectural deterioration of 

bone tissue, leading to enhanced bone fragility and a consequent increase in fracture 

risk” (7,8).  

The definition encircles the effects on bone mass and structure as well as the clinical 

manifestation (fracture) of an otherwise asymptomatic disorder. Following, The 

World Health Organization (WHO) defined the diagnostic criteria for osteoporosis as 

bone mineral density (BMD) equal to or more than 2.5 standard deviations (SD) below 

 
2https://www.esundhed.dk/Emner/Operationer-og-diagnoser/Udvalgte-kroniske-sygdomme-

og-svaere-psykiske-lidelser (Accessed December 2022). 

3 https://medstat.dk (Accessed March 2023). 
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the average healthy young adult (30 years old) Caucasian woman (9). The diagnosis 

was calculated and expressed as a T-score equal to or lower than -2.5.  

Consequently, the diagnosis is defined by measured “low bone mass”, i.e., a two-

dimensional areal value, BMD (g/cm2), calculated by bone mineral content (BMC) 

measured in grams divided by the location area in cm2, and not directly by 

identification of “microarchitectural deterioration of bone tissue”. The technique 

used to measure BMD is of high accuracy and has not changed since the definition of 

osteoporosis in 1994: it is still based on the dual-energy X-ray absorptiometry (DXA) 

introduced in 1987 with the capability to measure BMD at the lumbar spine, hip, or 

forearm to confirm the diagnosis (10). Thus, the measurement of BMD was and is 

used as a diagnostic tool to give information on disease status. However, BMD is also, 

and maybe more prominently, used as a prognostic tool to determine the probability 

of developing osteoporosis and related fractures and thus, the “consequent increase in 

fracture risk”. Consequently, both the diagnostic and therapeutical threshold is 

implemented at T-score ≤ -2.5 (at hip or lumbar spine), however, the latter comes with 

a caveat in Denmark; one risk factor for fracture must be present as well as T-score ≤ 

-2.5. 

The distribution of BMD in postmenopausal women is Gaussian at all ages but 

decreases progressively with aging as sex steroid levels decrease (9,11). The threshold 

of 2.5 SD was set to capture most patients with osteoporotic fractures and would 

identify 30% of all postmenopausal women as having osteoporosis which is 

approximately equivalent to the lifetime risk of fractures at the measured sites (lumbar 

spine, hip, and forearm) (9). 

In many diseases, the clinical manifestation may occur without the most prominent 

risk factor present, e.g., stroke without high blood pressure or myocardial infarction 

without hypercholesterolemia. The same applies to osteoporosis. In 2004 a 

prospective study found that only 21% and 44% of all non-vertebral fractures in men 

and women, respectively, aged ≥55 years, occurred with T-score ≤ -2.5 (12). This 

underlines the importance of the diagnostic and prognostic considerations of BMD 

measurement as it might “just” be one important risk factor among many when 

evaluating the risk of a future fracture. 

2.1.2. ALTERNATIVE TECHNIQUES FOR BONE QUALITY ASSESSMENT 

Bone tissue is a composite, connective, and mineralized tissue, and the two most 

apparent structural features are cortical and trabecular bone (11). Uniquely, bone is 

undergoing constant regeneration throughout life through the remodeling process 

consisting of both bone formation and resorption (11). Thus, assessments of the 

different compounds of bone and the ability to modulate may indeed provide 

substantial information when evaluating the quality of the skeleton. 

2.1.2.1 Bone structure 

Cortical bone is the dense outer layer of bone and is located mainly in the bone shafts, 

e.g., in the femur, tibia, and radius (13). It is organized into structural units called 

osteons that consist of circular layers of mineralized matrix and makes the component 

stiff and resistant to bending (11). While cortical bone is a rather uniform 
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biomechanical compound, trabecular bone demonstrates variability in both strength 

and stiffness. Trabecular bone is found at the ends of long bones and in the interior of 

the vertebrae and ribs and provides flexibility and resilience (11). The trabecular 

connectivity contributes more to the biomechanical strength compared to the 

trabecular thickness or bone mineral density (13). Additionally, trabecular bone has a 

higher surface area to volume ratio compared to cortical bone, which makes it more 

metabolically active (13). Due to its structure and metabolic activity, trabecular bone 

is less brittle, more responsive to changes in mechanical loading, and capable to adapt 

and regulate remodeling (13). However, when bone turnover becomes adynamic, 

trabecular bone is also more susceptible to bone loss, e.g., as seen in osteoporosis (11).  

In general, the DXA scanner is unable to distinguish between cortical and trabecular 

bone. However, it is possible to indirectly assess the trabecular compartment of the 

bone by the trabecular bone score (TBS). TBS is easily obtainable, and a high value 

reflects denser bone trabeculae, whereas a low TBS value is associated with a higher 

risk of osteoporotic fractures independently of BMD (14). Yet, TBS is not included 

in the diagnostics of osteoporosis or the assessment of fracture risk.  

More advanced techniques have been constructed to evaluate the different 

compartments of bone. These modalities found that bone loss occurs with aging in 

both men and women but more rapidly in early menopause in women and to a greater 

extent in trabecular compared to cortical bone (11). Computed tomography-based 

finite element analysis (FEA) of a hip or spine provides an accurate evaluation of 

skeletal strength and may be used to predict the risk of fracture (15). The non-invasive 

imaging modality called high-resolution quantitative computed tomography 

(HRpQCT) is a newer technique to assess bone quality. HRpQCT enables 3D 

evaluation of the radial and tibial bone microarchitecture including both the outer 

cortical and inner trabecular structure as well as bone volume and strength (16). 

Another yet invasive, technique is microindentation of the tibia that enables in vivo 

evaluation of the cortical bone material strength (17). However, both techniques are 

restricted to the research setting of osteoporosis and fracture risk evaluation.  

2.1.2.2 Bone turnover 

A balanced bone remodeling process, i.e., bone resorption and formation, is 

paramount for optimal skeletal structure (18). There are three types of bone cells 

responsible for the remodeling process in constant communication with one another: 

osteocytes, responsible for signaling and intracellular communication; osteoblasts, 

responsible for bone formation; and osteoclasts, responsible for bone resorption (11). 

Roughly spoken, the balance between the activity of osteoblasts and osteoclasts 

determines the net rate of bone remodeling. If the activity of osteoblasts is greater than 

that of osteoclasts, there will be a net increase in bone mass, and inversely.  

One of the key elements in the resorption of old bone and replacement with the 

synthesized bone matrix is the communication between osteoclasts and osteoblasts. 

This is mainly driven by the activation of osteoclasts by the interaction between the 

receptor activator of nuclear factor-κB (RANK) expressed on osteoclasts and the 

RANK ligand (RANKL) synthesized by osteoblasts (11). This activation is inhibited 

by the osteoblast-secreted soluble decoy receptor, osteoprotegerin (11). 
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Proteins and bone mineral components of the extracellular matrix, e.g., minerals, 

carbohydrates, and collagen, are released to the blood during bone turnover (11). 

Consequently, several circulating biomarkers of the bone remodeling process are 

identified. Two collagen products, C-terminal telopeptide of type 1 collagen (CTX) 

and N-terminal propeptide of type 1 procollagen (P1NP), have been suggested as 

appropriate markers to evaluate bone resorption and formation, respectively, in both 

clinical and research settings (19). However, the sample stability is affected by several 

factors including sample collection, analytical assays, fed and fasted states, anti-

resorptive treatments, and the circadian cycle, all contributing to high variations 

(especially for CTX measurements) (19). Consequently, these do not stand alone in 

the evaluation of osteoporosis.  

2.1.3. OCCURRENCE 

Primary osteoporosis and corresponding fractures are increasingly common in women 

and men after age 50 and 65, respectively (10). 

In 2010 it was estimated that 22 million women (21%) and 5.6 million (6%) men 

aged 50-84 were affected by osteoporosis worldwide (diagnostic criteria provided by 

the WHO assuming similar bone loss and mean femoral neck BMD after age 50 

across the European countries with the highest population sizes) (20). It was further 

estimated that approximately 10% of all women aged 60, 20% of all women aged 70 

and 80, and 60% of all women aged 90 are affected by osteoporosis (21,22).  

In Denmark, osteoporosis is a disorder with increasing prevalence illustrated by 

Figure 2.1 which presents raw data obtained from Sundhedsdatastyrelsen, Denmark 

(6). It is estimated that the actual number of individuals with osteoporosis is 2-3 times 

the number identified (23) as illustrated by the red line. The total number of Danish 

citizens in 2018 was 5,8 million people (24) and the corresponding proxy of 

(diagnosed) prevalence was 3%. As illustrated by Figure 2.1, the prevalence of 

osteoporosis is highest among women and peaks at age 70 (Appendix A1). 

Correspondingly, the percentage of individuals above 50 years with osteoporosis in 

2018 was 7.5% (12% for females and 3% for males)4 and 14% of all individuals above 

70 years (21% of females and 5% of males)5 (6,24). The incidence of osteoporosis has 

been stable in Denmark during the last 5 years and is approximately 17,000 per year 

(6,23). 

 
  

 
4Calculated by the number of total people in Denmark >50 years in last quarter of year 2018 

(total 2,271,150; female 1,180,638; male 21,090,512) divided by same numbers of people with 

osteoporosis in 2018 > 50 years (total 169,725; female 140,650; male 29,075).  

5Calculated by the number of total people in Denmark in year 2018 >70 years (total 810,962; 

female 447,083; male 363,879) divided by same numbers of people with osteoporosis in 2018 

> 70 years (total 113,375; female 95,000; male 18,375).  
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Figure 2.1, Osteoporosis in Denmark from 2000 to 2022.  
Estimated incidence (blue dashed line) per 100.000 persons (age and sex standardized) and prevalence in 
thousands (solid lines); Red line: estimated total number of individuals with osteoporosis (2 times the 
number of totals identified each year + the total number of identified); Green line: females and males 
identified with osteoporosis at all ages; Yellow line: females identified with osteoporosis at all ages; Grey 
line: males identified with osteoporosis at all ages.  
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2.1.4. CLINICAL SIGNIFICANCE 

In Denmark, the diagnostic criteria for osteoporosis in postmenopausal women and 

men aged 50 is adapted from WHO and described in our national guidelines as a spine 

or hip T-score ≤ -2.5 or by a fragility fracture located at the spine or hip (25,26). 

Fragility fractures (or “osteoporotic” fractures) are the clinical manifestation of 

osteoporosis, defined by a mechanical force that would not normally result in a 

fracture, e.g., a fall from standing height or less (low impact), of which hip and spine 

historically has been considered the typical osteoporotic fracture sites (27). However, 

as osteoporosis is a systemic disorder all skeletal sites are affected (28).  

Denmark is categorized as a country with a “very high” 10-year probability of hip 

fractures (29). All clinical and osteoporotic fractures are relevant, and some are major 

public health burdens globally and in Denmark with increased mortality (30). 

However, the first hip fracture is estimated as the most mortal and expensive in both 

men and women (30,31). Moreover, treatment directed against additional hip fractures 

is associated with improved survival (32). However, osteoporosis may be significantly 

underdiagnosed (33) resulting in challenging fracture prevention. In 2012, the 

International Osteoporosis Foundation (IOF) developed a global program called 

“Capture the Fracture” to support worldwide Fracture Liaison Services (FLS) (34). 

The main objective was (and is) to improve FLS programs across the world to prevent 

and reduce the risk of secondary fractures. FLS was further suggested in Denmark by 

Sundhedsstyrelsen in 2018 and is currently being implemented at hospitals across the 

country.  

It is a well-known fact that fracture risk increases with decreased BMD (9). However, 

other factors may contribute to fracture risk as well, e.g., previous fracture, family 

history of fractures, body mass index (BMI), falls, use of corticosteroids, concomitant 

diseases, smoking, alcohol and maybe even factors that have amplified since the early 

1990s, e.g., insulin resistance and type 2 diabetes mellitus. Thus, it has been suggested 

to develop algorithms for fracture risk assessment to be used when BMD testing is not 

available - or suitable (22). 

The Fracture Risk Assessment Tool (FRAX) is a BMD-independent algorithm and 

freely available web-based implement developed and supported by WHO to estimate 

the 10-year probability of a hip or major osteoporotic fracture (MOF) defined by 

fractures at the hip, clinical spine, forearm, or proximal humerus (35). Several risk 

factors have been incorporated in the algorithm and FRAX has now been incorporated 

in clinical guidelines around the world without any consensus for an intervention 

threshold. However, a hip FRAX score >3% was recommended as a therapy threshold  

(36). The recommendation was based on an economic analysis from 2008, i.e., 

osteoporosis treatment was cost-effective when the 10-year hip fracture probability 

reached approximately 3% (37). The tool estimates the risk by taking the country of 

residence and a great number of risk factors into account, e.g., previous fractures, 

smoking, alcohol, and disorders strongly associated with osteoporosis; type 1 diabetes 

being one of them. 
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2.1.5. SECONDARY OSTEOPOROSIS 

Secondary causes of osteoporosis are characterized by a group of heterogeneous 

disorders and medications that contribute to bone loss and fragility through various 

mechanisms independently of age or estrogen deficiency (15). Secondary bone loss is 

often more severe and associated with reduced bone quality that does not depend on 

changes in bone mass (15). Some risk factors for osteoporosis are modifiable, e.g., 

alcohol, smoking, low body weight, and adverse effects of several drugs, e.g., 

glitazones, androgen deprivation therapy, glucocorticoids, etc. Some are unmodifiable 

and several diseases are identified as contributors to secondary osteoporosis, including 

inflammatory disorders, e.g., arthritis, bowel-, and lung diseases, and endocrine 

disorders, e.g., hyperthyroidism, hypercortisolism, and growth hormone disturbances. 

Type 1 diabetes is acknowledged as a risk factor for fractures and was added to the 

list of secondary osteoporosis in the FRAX tool (22). However, in the nature of a 

secondary cause of osteoporosis, the impact of type 1 diabetes on the FRAX estimated 

fracture risk is independent of BMD but assumed to mediate the fracture risk as a 

result of low BMD. Thus, it only increases the estimated risk when a BMD value is 

not provided. Moreover, type 2 diabetes has not yet been recognized as an independent 

risk factor for or secondary cause of osteoporosis and consequently, is not 

incorporated in the risk assessment by FRAX.  

2.1.6. MANAGEMENT OF OSTEOPOROSIS 

Reduction in the likelihood of future fragility fractures is always the objective when 

treating a person with osteoporosis. In the following, a short notice will be outlined 

regarding the general management of uncomplicated primary postmenopausal 

osteoporosis.  

2.1.6.1 Non-pharmacological treatment strategies 

Bone tissue can adapt to whole-body metabolic changes including strain, weight, and 

energy demand (38). Nutritional recommendations in the management of osteoporosis 

and prevention of fractures are in general to ensure adequate energy and nutrient 

intake as low BMI is a risk factor for fractures (39). As calcium is the major 

component of bone matrix and mineralization process, prevention and treatment of 

osteoporosis includes calcium and vitamin D supplementation with recommendations 

to achieve an adequate intake of 1,000-1,200 mg calcium/day and 800-1,000 units 

(20-25 µg) vitamin D per day (40). 

Obesity is associated with higher BMD and a lower risk of hip fractures in both 

postmenopausal women and men (41). Furthermore, weight loss may generate a long-

term reduction of hip BMD regardless of weight regain (42,43). However, it seems 

that the BMD loss can be attenuated by combining diet-induced weight loss with 

exercise (44). Physical activity and exercise may indeed strengthen the tissues 

surrounding our skeleton, e.g., muscles and tendons, improve balance, and decrease 

fall risk. A detailed description of the impact of exercise on bone tissue can be 

achieved in the systematic review The Impact of Exercise on Bone Health in Type 2 

Diabetes Mellitus—a Systematic Review (45). In short, bone tissue may benefit the 

most from a combination of resistance and weight-bearing exercise.  
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2.1.6.2 Pharmacological therapies 

An imbalance between bone formation and resorption, in favor of the latter, is the 

main mechanism resulting in osteoporosis (11). Several anti-osteoporotic medications 

have been introduced during the last decades. The bisphosphonate, alendronate, and 

the antibody, denosumab, are the first choices in the general treatment of osteoporosis 

with high significance levels (25,46).  

As illustrated by Figure 2.2, several anti-osteoporotic drugs are available in the 

treatment of osteoporosis. Figure 2.2 presents raw data freely available at medstat.dk. 

Alendronate is a once-weekly orally administrated bisphosphonate with few adverse 

events that sufficiently suppresses bone resorption by direct inhibition of osteoclast 

activity (47). Alendronate is a low-cost first-line treatment of osteoporosis in 

Denmark and globally (25,46) and is thus more widely used than other oral anti-

resorptive agents. The Fracture Intervention Trial (FIT) from the late 1990s estimated 

the average BMD increase and fracture risk reduction of alendronate use compared to 

placebo among postmenopausal women with osteoporosis (defined by an existing 

vertebral fracture or femoral neck T-score ≤ -2.5 at baseline) (48).  Alendronate use 

for 3-4 years increased BMD by approximately 5% and 6% in the total hip and lumbar 

spine, respectively, compared to placebo (49,50). Furthermore, alendronate reduced 

the risk of any clinical fracture by 30%, vertebral fractures by 48%, and hip fractures 

by 53% (48) after 3 years. In Denmark, alendronate is contraindicated when peptic 

ulcers or renal impairment is present (eGFR<30 or <35) (25,51). In some cases, 

another administration way than orally on an empty stomach may be beneficial.  

Denosumab is most often the first choice of treatment when alendronate is not 

applicable. Denosumab is a monoclonal antibody to RANKL resulting in the 

inhibition of bone resorption (52). It is administrated subcutaneously every 6 months 

and became available for use in Denmark in 2010 whereas alendronate has been used 

for decades (53). The FREEDOM trial compared denosumab use for 3 years with 

placebo and reported a BMD increase of approximately 10% in the lumbar spine and 

6% in the total hip as well as relative fracture risk reduction of 68% for vertebral 

fractures and 40% for hip fractures (52,54). It is suggested that denosumab increases 

BMD and suppresses bone turnover relatively more compared to alendronate in 

postmenopausal women (55). However, denosumab only seems to reduce the risk of 

vertebral fractures compared to other bisphosphonates (56).  

Besides oral bisphosphonates and denosumab, other pharmacological therapies are 

available and used against osteoporosis. These include anabolic treatment with a 

parathyroid hormone analog, teriparatide, the intravenously administrated 

bisphosphonate, zoledronic acid, and the monoclonal antibody against sclerostin, 

romosozumab, the latter considered both forming and antiresorptive  (25). A recent 

meta-regression evaluated the relative fracture rate reduction among users of different 

anti-osteoporotic medications (56). The analysis suggests that hip fracture prevention 

is mainly achieved by treatment with the antiresorptive agents alendronate, 

denosumab, and zoledronic acid. Au contraire, prevention of vertebral fractures was 

higher in those treated with denosumab and teriparatide compared to oral 

bisphosphonates, though the latter still show vertebral fracture prevention compared 

to placebo (56).  
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Collectively, the key elements in the pharmacological treatment of osteoporosis are to 

prevent fractures and depress bone turnover in favor of bone resorption as observed 

in both treatments with alendronate and denosumab in a dose-dependent manner 

(11,56). 

Figure 2.2, Anti-osteoporotic drug dispenses in Denmark from 2000 to 2022. 
Data obtained from Statistics Denmark (www.medstat.dk). Note, that due to the high amount of alendronate 
dispenses, these are displayed on the secondary (right-sided) axis. DDD, defined daily doses. 
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2.2. TYPE 2 DIABETES 

διαβαινω. Aretaeus of Cappadocia was the first to describe diabetes mellitus (323 

BCE – 31 BCE) by the Greek word meaning “pass” or “go/run through” referring to 

“the patients never stop making water” (57).  

2.2.1. DEFINITION AND DIAGNOSIS 

Type 2 diabetes accounts for 90-95% of all diabetes cases and thus, is the most 

frequent type of diabetes (58). It is characterized by a chronic metabolic imbalance 

due to insulin resistance, and a non-autoimmune inadequate β-cell function, it is often 

accompanied by overweight and leads to serious complications that may affect 

multiple organs (58).  

The diabetes diagnosis is based on international consensus by measuring blood plasma 

glucose levels ≥ 7.0 mmol/L after fasting, ≥ 11.1 mmol/L at any given moment or 

after an oral glucose tolerance test, or by the most used measurement of glycated 

hemoglobin A1c (HbA1c) ≥ 48 mmol/mol (58). Repeated measurements are required 

to confirm the diagnosis if diabetes-related symptoms are absent (59). The type 2 

diabetes diagnosis differs from type 1 diabetes by older age (often above 40), absence 

of antibodies against pancreatic β-cells, and is often accompanied by overweight, 

insulin resistance, and initially normal or high levels of C-peptide; a marker of 

endogenous β-cell function (58). Thus, individuals with type 1 diabetes typically 

require prompt administration of insulin, whereas individuals with type 2 diabetes 

may be able to manage the disease by lifestyle interventions, other glucose-lowering 

drugs than insulin, and without hospitalization.  

2.2.2. OCCURRENCE AND CLINICAL SIGNIFICANCE 

In Denmark, type 2 diabetes is a highly frequent disorder illustrated by Figure 2.3 with 

data obtained from Sundhedsdatastyrelsen, Denmark (6)6. The number of Danish 

citizens diagnosed with type 2 diabetes in 2018 was 242,000 (6). If we add those who 

manage the disease by lifestyle intervention only, the number is approximately 

300,000, and lastly, a significant number of undiagnosed individuals exist 

(approximately 32% of the diagnosed population, ≈77,000) (60,61). In total, 

approximately 377,000 individuals are estimated as having type 2 diabetes in 

Denmark in 2018, corresponding to a prevalence of 6,5% (61). Moreover, the number 

of individuals with pre-diabetes is estimated higher than the diagnosed type 2 diabetes 

population, which is approximately 300,000 Danish citizens (61).  

As illustrated by Figure 2.3, diagnosed type 2 diabetes is most frequent among men. 

The incidence of type 2 diabetes in Denmark has been a U-formed slope during the 

last decade with the highest incidence in 2011 at 23,725 new diagnoses, to the lowest 

at 14,275 in 2014 and 23,225 in 2021 (6). 

 
6Numbers were obtained from the National Danish registries provided online by 

Sundhedsdatastyrelsen (Register for Udvalgte Kroniske Sygdomme, RUKS) and graphically 

illustrated by the author of this thesis. 
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Figure 2.3, Type 2 diabetes in Denmark from 2000 to 2021.  
Estimated incidence (blue dashed line) per 100.000 persons (age and sex standardized) and prevalence in 
thousands (solid lines); Red line: estimated total number of individuals with identified type 2 diabetes 
(approximately 32% of the identified population + identified population); Green line, females and males 
at all ages with identified type 2 diabetes; Yellow line, females with identified type 2 diabetes at all ages; 
Grey line, males with identified type 2 diabetes at all ages.  
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The age distributions are illustrated in Appendix A2 showing the peak age for type 2 

diabetes at approximately age 75 in the year 2022, as for osteoporosis, however, with 

a higher prevalence among females at younger ages (< age 45).  

According to WHO, diabetes was the global 9th leading cause of death and the 8th 

leading cause of disability-adjusted life years (DALYs) in 2019 (62). 

Correspondingly, it was the 10th and 7th leading cause of death and DALYs in 

Denmark, respectively (62).  

Historically, chronic diabetes-related comorbidities have been categorized into 

microvascular and macrovascular complications, covering retinopathy, nephropathy, 

and neuropathy and coronary artery disease, peripheral arterial disease, and stroke. 

There is strong evidence of an association between hyperglycemia and the 

development of vascular complications with the highest risk rate for microvascular 

disease (63,64). Moreover, lowering glycemia in patients with type 2 diabetes has 

been shown to decrease the risk of vascular complications (64). Lately, the choice of 

glucose-lowering therapy extends to include consideration regarding the risk or 

existence of vascular disease as several drugs have shown beneficial effects on the 

cardiovascular risk profile independently of glycemia (65).  

For the management of type 2 diabetes, please see section 2.4.3.  

2.3. OSTEOPOROSIS IN SUBJECTS WITH TYPE 2 

DIABETES 

WHO estimates that the average human lifespan has increased by approximately 6 

years (from 66.8 to 73.4) during the last 2 decades and especially the Danish citizens 

are getting older with an average life expectancy of 81.3 years in 2019 (66). This 

underlines the importance of focusing on effective prevention and treatment strategies 

for chronic disorders related to aging, e.g., type 2 diabetes and osteoporosis, especially 

if they co-exist. As illustrated by Appendix A1, the prevalence and incidence of 

osteoporosis peaks at age 70-74 for both men and women, highest among women. In 

addition, the prevalence of type 2 diabetes is illustrated by Appendix A2 and peaks at 

age 70-74 for men and 75-79 for women. However, the incidence of type 2 diabetes 

peaks at age 55-59 for both men and women. Thus, incidence and prevalence increase 

with age in both diseases and peak after age 55, however, type 2 diabetes is diagnosed 

earlier in life compared to osteoporosis.  

2.3.1. IDENTIFICATION OF BONE QUALITY IN TYPE 2 DIABETES 

The relationship between body weight and bone size was acknowledged in the 17 th 

century by Galileo (67). BMD is positively associated with BMI and evidence points 

toward an increased fracture risk with decreasing BMI (68). Though overweight has 

a favorable effect on BMD measured by DXA, the unmeasured “microarchitectural 

deterioration of bone tissue” might be affected negatively. 

Individuals with type 2 diabetes are predominantly overweight and subsequently, a 

higher BMD is found in these subjects at all sites (69,70). However, after adjusting 

for BMI, BMD remains higher among individuals with type 2 diabetes compared to 

individuals without diabetes (69). Thus, BMD is likely overestimated in type 2 
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diabetes, yet approximately half of the population of elderly with prediabetes have a 

T-score below -1, and despite the higher hip BMD, a higher risk of hip fractures was 

reported (71).  

It was recently estimated that approximately one in three women with type 2 diabetes 

above age 60 suffer from concomitant osteoporosis worldwide, though it is most likely 

underestimated as the definition of osteoporosis was based only on T-score ≤ -2.5 

(72). Moreover, it is estimated that one in three women with osteoporosis has 

prediabetes (HbA1c 39–47 mmol/mol) (73). 

In the previously published systematic review, Bone Health in the Elderly with Type 

2 Diabetes Mellitus–A Systematic Review, current knowledge regarding the effects of 

type 2 diabetes on bone in the elderly population is presented (74). Concerning 

heterogeneity among the evaluated studies, the risk of osteoporotic fractures remains 

high despite a normal or elevated BMD (74). This limits the utility of the DXA scan 

in the diagnosis of osteoporosis and fracture risk assessment in the elderly with type 

2 diabetes. In addition, the BMD loss over time may be associated with diabetes 

duration, severity, and blood glucose levels (74,75). 

Even though the association between type 2 diabetes and compromised bone health 

has become highly evident during the last decades, type 2 diabetes per se has not yet 

been recognized as an independent risk factor for osteoporosis and fractures and has 

not been incorporated in the FRAX tool (35,76). Moreover, the current FRAX 

algorithm underestimates the risk of osteoporotic fractures in subjects with type 2 

diabetes (77).  

In general, studies agree that bone turnover markers are decreased in subjects with 

type 2 diabetes compared to subjects without diabetes (specified in section 2.4.1.1) 

(45,74). However, a measured variation in bone turnover markers does not necessarily 

indicate a corresponding change in actual bone turnover or BMD. Thus, to determine 

if bone turnover markers hold any predictive value in fracture risk assessment in 

individuals with type 2 diabetes, it is necessary to conduct larger studies.  

2.3.2. FRACTURES IN SUBJECTS WITH TYPE 2 DIABETES 

A recent meta-analysis found that individuals with type 2 diabetes have a 30% and 

20% increased risk of hip (RR 1.33 [1.19; 1.49]) and non-vertebral (RR 1.19 [1.11; 

1.28]) fractures, respectively, compared to individuals without diabetes (78). These 

findings agree with studies performed in Denmark and other countries in Northern 

Europe (70,79–81). Furthermore, a recent study from the Danish registers found lower 

incidence rates (IRs) of forearm fractures and unchanged IRs of vertebral, hip, and 

humerus fractures in subjects with type 2 diabetes compared to subjects without 

diabetes (82). Interestingly, current evidence suggests that the vertebral fracture risk 

is more consistently present in older women with type 2 diabetes than in men (83). 

Moreover, continuous insulin administration, longer-acting insulins, and continuous 

glucose monitoring are now commonly used to treat type 1 diabetes and in severe 

cases of type 2 diabetes (84). This may presumably result in lower fracture rates 

during the last decades due to more stable glucose levels and lower risk of 

hypoglycemia, however, decreased fracture rates are only observed in clinical 
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vertebral fractures (82). Moreover, other glucose-lowering drugs are used in subjects 

with type 2 diabetes that do not induce hypoglycemia and may affect fracture risk.  

The risk factors for osteoporosis-related fractures among subjects with type 2 diabetes 

are in general similar to individuals without diabetes, e.g., family history of fractures, 

age, and female gender (78). Moreover, poor glycemic control, insulin use, and long 

diabetes duration are considered important determinants of increased fracture risk 

among subjects with type 2 diabetes (78).  

It has previously been reported that for a given T-score and age, the 10-year hip 

fracture risk is higher in subjects with type 2 diabetes compared to subjects without 

diabetes (85). Specified, the risk of a hip fracture in a woman with type 2 diabetes is 

equivalent to a woman without diabetes at approximately 0.5 units lower T-score, i.e., 

-2 (85). Consequently, a higher BMD-measured T-score intervention threshold has 

been proposed (86). In these subjects, the routine diagnostic tool may not accurately 

assess bone quality and strength, necessitating more advanced diagnostic tools for 

early detection of bone fragility in individuals with type 2 diabetes, e.g., HRpQCT, 

microindentation, and/or biochemical markers.  

Importantly, the mortality is approximately 20% in the first year after a hip fracture 

and the mortality and loss of function are higher among individuals with type 2 

diabetes (87–89).  

Collectively, the osteoporosis diagnosis and prediction of fracture risk in subjects with 

type 2 diabetes are challenging and require increased attention. With the increased 

mortality, loss of DALYs, health care burden, and hip fracture as the most expensive, 

the need for early detection and treatment of poor bone health in subjects with type 2 

diabetes is highly warranted. Particularly the risk of hip fractures has been reported 

higher in elderly with type 2 diabetes (74), however, if a hip fracture is also the most 

frequent first fracture is unknown. 

2.4. THE LINK BETWEEN BONE AND GLUCOSE 

METABOLISM 

A link or “crosstalk” between bone and glucose metabolism has been suggested and 

(is still being) explored (90). This “crosstalk” may enable bone mass to adapt to whole 

body energy balance, however, unfortunate deviations may exist as well. 

2.4.1. THE IMPACT OF GLUCOSE METABOLISM ON BONE 

As presented earlier in this chapter, type 2 diabetes, though not recognized in current 

guidelines, is most likely a significant risk factor for bone fragility and fractures 

independently of the diagnostic method for osteoporosis by the BMD estimated T-

score. This may indeed indicate that glucose metabolism modifies the balance of bone 

remodeling and microarchitecture.  

2.4.1.1 Changes in bone indices 

It has been suggested that individuals with type 2 diabetes have a more rapid bone 

loss that is most likely attenuated, especially at the weight-bearing femoral neck but 

possibly not at the radius (91,92).  
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Besides the higher BMD in subjects with type 2 diabetes, TBS is found lower and 

may attend as a predictive model for fracture risk in type 2 diabetes independently of 

BMD (74). These disparities between individuals with type 2 diabetes and individuals 

without diabetes are evaluated using other techniques than DXA as presented below. 

Findings suggest the following changes in bone turnover markers among individuals 

with type 2 diabetes (93):  

• Lower levels of the bone formation markers osteocalcin (OC) and P1NP. 

• Lower levels of the bone resorption markers tartrate-resistant acid phosphatase 

(TRAP) and CTX  

• Higher levels of the bone signaling and formation inhibitor marker sclerostin.  

• No differences in N-terminal cross-linked telopeptide of type 1 collagen (NTX), 

bone-specific alkaline phosphatase (BAP), osteoprotegerin (OPG), and RANKL.  

Taken together, bone turnover is decreased in subjects with type 2 diabetes. However, 

the bone-specific mineralization marker BAP is unaltered, suggesting intact bone 

mineralization despite decreased resorption and formation and consequently increased 

BMD (93).  

Furthermore, the bone microstructure, assessed by HRpQCT, is affected as well: a 

cortical deficit is shown and measured as higher cortical porosity located at the radius 

but not at (the weight-bearing) tibia (94). Though no meta-analysis exists, a few 

studies using microindentation has suggested a reduced cortical bone material strength 

in subjects with type 2 diabetes (95). Moreover, an inverse association to mean HbA1c 

over 10 years and accumulation of advanced glycation end products (AGEs) (95), 

suggest that bone material properties are more severely affected in subjects with 

poorly controlled type 2 diabetes. 

2.4.1.2 The underlying mechanisms 

How and why these bone indices are altered in subjects with type 2 diabetes remains 

to be clarified. Yet, the association between glycemic control and fracture risk is J-

shaped: both high and low blood glucose levels are suggested to increase fracture risk 

in subjects with type 2 diabetes, the latter mostly due to hypoglycemia and falls (96–

98). Additionally, it seems that bone turnover markers (CTX, P1NP, and osteocalcin) 

are negatively correlated with insulin sensitivity, again indicating that individuals with 

insulin resistance, e.g., individuals with type 2 diabetes, are more disposed to have a 

lower bone remodeling (99,100).  

Furthermore, it seems that glucose administrated orally suppresses bone resorption 

more than intravenously in healthy men (101). Additionally, postmenopausal naïve 

type 2 diabetes women suppress bone resorption relatively less compared to women 

without diabetes after an oral glucose load (102). Thus, it seems that disturbances in 

gastrointestinal incretin hormones, e.g., glucagon-like peptide-1 (GLP-1) and gastric 

inhibitory peptide (GIP) as seen in type 2 diabetes, and not glucose per se, are involved 

in the underlying mechanism of compromised bone quality.  

Type 2 diabetes is characterized by insulin resistance, hyperinsulinemia, and 

hyperglycemia, all of which are found to impact bone: osteoblasts, osteoclasts, and 

osteocytes express insulin receptors that may be affected by insulin resistance 
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resulting in changed bone remodeling (103); elevated levels of circulating insulin is 

associated with high BMD (104); and high blood glucose level is related to AGEs in 

bone matrix (105).  

Glycation of bone collagen by alteration of cross-link strength is suggested as an 

important underlying mechanism of bone fragility in subjects with type 2 diabetes 

(106). Reduction in enzymatic cross-links and the formation of AGEs are induced by 

hyperglycemia and oxidative stress, both of which are present in type 2 diabetes (107). 

Preclinical studies suggest that AGEs inhibit bone formation, an effect mediated, at 

least in part, by increased sclerostin production by the osteocytes (108). Moreover, 

elevated levels of AGEs in urine and serum are found associated with fracture risk in 

subjects with type 2 diabetes that persists after adjustment for BMD  (109,110). Thus, 

circulating AGEs may indeed influence the pathogenesis of bone fragility in type 2 

diabetes. 

2.4.2. BONE MODULATION OF GLUCOSE METABOLISM 

Historically, bone is considered an organ to provide structure, organ protection, and 

mechanical strength as well as restricted to execute paracrine functions and 

regulations of calcium and phosphorous homeostasis (11). However, as bone 

remodeling occurs daily and bone tissue makes up approximately 10% of our body 

weight, it needs a high energy demand and strict regulation. Meanwhile, current 

evidence indicates that bone tissue itself produces proteins with endocrine actions that 

affect other organ systems and glucose metabolism is one of them (111). This 

indicates a two-way axis and interplay between bone and pancreas.  

As mentioned, bone is an insulin-regulated tissue and evidence suggests the existence 

of a feedback (or “feedforward”) mechanism. Different secreted bone biomarkers, 

osteokines, have been identified as mediators of the proposed bone-pancreas 

crosstalk, e.g., osteocalcin, sclerostin, osteoglycin, and RANKL, though human 

studies are inconsistent. 

Osteocalcin is produced by osteoblasts and is hypothesized to act on insulin sensitivity 

in muscle tissue as well as insulin release from pancreatic β-cells (90). Osteocalcin is 

mostly investigated in rodents or in vitro and reported positively associated with 

insulin sensitivity and a potentially reduced risk of developing type 2 diabetes (112–

114). However, current clinical results on the effect of osteocalcin in humans are 

sparse and conflicting signifying the need for further exploration (115).  

Sclerostin is another proposed regulator of glucose metabolism that is mainly 

produced by the osteocytes and acts as an antagonist of the Wnt signaling pathway 

resulting in reduced osteoblast differentiation and osteocyte survival decreasing bone 

formation (116). These changes may result in the accumulation of structural micro-

damages and micro-cracks that are normally sensed and mended by osteocytes. 

Sclerostin is found higher in people with type 2 diabetes and prediabetes that 

positively correlated with skeletal muscle-, adipose tissue- and liver insulin resistance 

(117–119). Examination of sclerostin-deficient rodents revealed a possible ability of 

sclerostin to direct adipocyte metabolism by decreasing lipid synthesis and increasing 

the oxidation of fatty acids (120). Since adipose tissue itself does not express 

sclerostin, communication between bone and adipose tissue may be facilitated by 
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sclerostin in an endocrine manner. Therapeutical targeting of sclerostin has been 

developed in the treatment of postmenopausal osteoporosis (romosozumab) (121) and 

so, exploration of other potential systemic metabolic effects emerges. 

Osteoglycin is a proteoglycan expressed and secreted from bone tissue and myocytes 

and suggested increasing BAP and osteocalcin as well as ensuring collagen 

fibrillogenesis (122). High levels of osteoglycin in the human blood are found 

positively associated with diabetes duration and vertebral fractures but negatively 

associated with BMD in postmenopausal women with type 2 diabetes (123). These 

findings suggest osteoglycin as a possible biomarker to detect compromised bone 

quality in type 2 diabetes. In rodents, osteoglycin deficiency is associated with 

impaired glucose tolerance and expanded white adipose tissue independent of diet 

consumption (124). Contrarily, osteoglycin-treated mice revealed lower blood 

glucose levels in a dose-dependent manner (124). Human studies examining the 

impact on glucose metabolism are sparse. Osteoglycin levels were estimated 

according to pancreas function by evaluation of individuals with type 1 and type 2 

diabetes and found no osteoglycin difference between diabetes types, but a positive 

association with BMI (125). However, no association was detected with HbA1c or 

random plasma glucose level and the effects of osteoglycin in humans are conflicting 

(125). 

Both RANKL and its receptor, RANK, are expressed in other human tissues than 

bone, e.g., liver, and pancreatic β-cells as well as found in a cleaved soluble form in 

the blood (126). Insulin sensitivity was found higher in rodents with a liver-specific 

knockout for RANK compared to their littermates (127) and inhibition of RANKL is 

suggested as a mediator of pancreatic beta cell function (128). Lastly, circulating 

levels of RANKL in humans are suggested as a possible predictor of type 2 diabetes 

(127). RANKL is therapeutically targeted by denosumab in the treatment of 

osteoporosis. This underlines the importance of examination of other potential 

systemic metabolic adverse effects of RANKL. 

Taken together, an association between secreted osteokines and glucose metabolism 

is suggested, and evidence is pointing towards an endocrine function of bone tissue. 

Furthermore, current knowledge is predominantly based on studies in vitro and on 

rodents, and only correlations are examined and suggested in humans. Correlations 

do not signify causal inference, e.g., a specific osteokine may be a predictive 

biomarker of the risk of type 2 diabetes but without surrogate endpoint abilities. 

Lastly, it is worth noting, that the above-mentioned osteokines might not be the only 

potential mediators of glucose metabolism and more research is needed to fully 

understand the endocrine functions of the human skeleton. 

2.4.3. MANAGEMENT OF TYPE 2 DIABETES AND ITS IMPACT ON 

BONE 

Individuals with type 2 diabetes are at risk of several major comorbidities with a high 

impact on life quality and mortality. Consequently, management of type 2 diabetes is 

more than blood sugar monitoring and includes interventions and therapies with the 

ability to target other organ systems at risk of dysfunction following type 2 diabetes. 

However, bone quality and fracture risk in subjects with type 2 diabetes are not yet 
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added to the list of important comorbidities. Thus, guidelines for type 2 diabetes 

management do not consider the risk of current or incident low bone quality.  

2.4.3.1 Lifestyle intervention 

A weight loss of at least 7% is associated with a lower risk of developing type 2 

diabetes and improves glycemic control and so, intervention programs with energy 

deficits are recommended by the American Diabetes Association (ADA) as both type 

2 diabetes prevention and treatment in overweight adults (129,130). In addition, it is 

recommended that weight loss is accompanied by 150 min (unspecified) physical 

activity per week in the prevention of type 2 diabetes (131).  

Weight loss is associated with increased mortality in the elderly with and without type 

2 diabetes, whereas overweight and obesity are associated with decreased mortality 

(132–134). It seems that older individuals (above 65 years) are more prone to obtain 

a greater and more steep weight loss (134). Importantly, the Look AHEAD (Action 

for Health in Diabetes) trial confirmed what others have suggested (45): that an 

intensive weight loss of 7% in men and women with a mean age of 60 years is related 

to decreased hip BMD that sustains after 3 years despite weight maintenance (135). 

However, it seems that bone tissue adapts and maintains its density if weight loss is 

accompanied by weight-bearing exercise (45,135). In 2018, ADA published an 

updated “Standards of Medical Care in Diabetes” acknowledging that the history of 

fractures and osteoporotic risk factors should be assessed in older patients with 

diabetes as well as BMD evaluation if appropriate (136).  However, in the recently 

updated recommendations from January 2023, this section has been removed (137). 

Neither BMD nor fracture risk are mentioned in the updated guidelines when 

assessing comorbidities and lifestyle interventions in the elderly with type 2 diabetes 

(138,139).  

All considered, bone mass does not benefit from lifestyle intervention predominantly 

facilitated by diet-induced weight loss, and this may be particularly important to 

appraise in the elderly and individuals with type 2 diabetes.   

2.4.3.2 Pharmacological therapies 

Figure 2.4 presents the total dispenses of glucose-lowering drugs from 2000 to 2022 

in Denmark (raw data freely available at www.medstat.dk). As illustrated, several 

glucose-lowering drugs have been developed during the last decades and some of 

these drugs, e.g., GLP-1 receptor agonists and sodium-glucose cotransporter-2 

(SGLT2) inhibitors, are related to beneficial effects on cardiovascular- and renal 

outcomes and was recently (after 2018) indicated as treatments in patients without 

diabetes (140). 

However, assessment of the association between glucose-lowering drugs and fracture 

risk is difficult and limited by current study sizes and heterogeneity, as reported in a 

recent systematic review conducted in collaboration with colleagues (141). Yet, it is 

highly relevant to consider the (side) effects of these drugs in the manner of bone 

health. For example, most glucose-lowering drugs result in a clinically significant 

weight loss, e.g., GLP-1 receptor agonists as reported in both the SUSTAIN, 

PIONEER, and STEP trials concerning both overweight type 2 diabetes patients and 
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obese subjects without diabetes (142). If and to what extent the drug-induced weight 

loss is accompanied by bone loss and fracture risk has not yet been evaluated 

thoroughly in these trials.  

Detailed descriptions of the mechanisms and effects of glucose-lowering drugs on 

bone structure and fracture risk will not be evaluated or discussed in this thesis but are 

debated in the literature (141). In short, SGLT2 inhibitors induce glycosuria 

accompanied by hypercalciuria that may induce bone loss (143). However, only 

glitazones (thiazolidinediones) are found consistently associated with increased 

fracture risk (141,144). Some studies have found evidence of preserved bone mass, 

increased bone formation, and unaltered bone resorption during weight loss and 

treatment with GLP-1 receptor agonists in both individuals with and without type 2 

diabetes (145,146).  
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Figure 2.4, Glucose-lowering drug dispenses in Denmark from 2000 to 2022. 
Data obtained from Statistics Denmark (www.medstat.dk). DDD, defined daily doses; SGLT2, sodium-
glucose cotransporter-2; GLP1, glucagon-like peptide-1; DPP-IV, dipeptidyl peptidase IV. 
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2.4.4. MANAGEMENT OF OSTEOPOROSIS AND ITS IMPACT ON TYPE 2 

DIABETES 

The identification of bone fragility and osteoporosis diagnosis is troublesome, 

confounded, and even underestimated in subjects with type 2 diabetes. Consequently, 

a diagnosis of osteoporosis may occur (too) late in a significant number of individuals 

with type 2 diabetes - and after the first fragility fracture. This is worrisome and 

underlines the importance of early attention to and maybe even implementation of 

bone health in the management of type 2 diabetes. 

2.4.4.1 Impact on bone in type 2 diabetes 

Treatment of osteoporosis is, in general, successful with both antiresorptive and 

anabolic drugs with high efficacy in fracture risk reduction. An increase in BMD is 

accepted as an adequate response to therapy and a significant reduction in fracture risk 

is then expected. However, BMD measurement is most likely misleading when 

considering fracture risk in subjects with type 2 diabetes. 

Regardless of diabetes status, alendronate is the first choice of anti-osteoporotic 

therapy in primary and uncomplicated osteoporosis (25). A minor number of patients 

may indeed be candidates for treatment at the hospital with romosozumab or 

teriparatide, depending on BMD score and fractures. In Denmark, denosumab is a 

common second-line anti-osteoporotic drug when alendronate is not tolerated, or 

evidence of treatment failure exists. Alendronate and denosumab have been evaluated 

separately in postmenopausal women with type 2 diabetes compared to women 

without diabetes, and BMD changes and fracture risk reduction were reported similar 

(147,148). Though the absolute risk is low, the relative risk of atypical fractures 

increases significantly with the treatment duration of bisphosphonates (149,150). It is 

possible, that the adynamic bone turnover observed in type 2 diabetes amplifies the 

risk of atypical fractures after a long time of use of bisphosphonates. 

Given the important pathophysiological differences between postmenopausal 

osteoporosis and deteriorated bone quality in type 2 diabetes, the efficacy of anti-

osteoporotic drugs may differ. Thus, when considering the prescription of either 

alendronate or denosumab as an anti-osteoporotic treatment for individuals with type 

2 diabetes one must indeed consider that: 1) BMD increases relatively more after 

denosumab use compared to alendronate, however, 2) the association between BMD 

and fracture prediction is uncertain, particularly in subjects with type 2 diabetes, and 

3) denosumab suppresses bone turnover more than alendronate, however, 4) bone 

turnover is already decreased in subjects with type 2 diabetes compared to subjects 

without diabetes.  

All this considered, it is not yet investigated if the efficacy of anti-resorptive therapies 

to reduce fracture risk differs when the patient suffers from type 2 diabetes.  

2.4.4.2 Impact on glucose metabolism 

Based on the evidence of an interplay between bone-secreted proteins and glucose 

metabolism, it appears reasonable to hypothesize that anti-osteoporotic therapies can 

modify glucose homeostasis by targeting and modulating bone turnover and 

subsequently the release of the aforementioned osteokines. 
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Alendronate is suppressing bone remodeling inclusive of the formation marker 

osteocalcin, and thus, alendronate was initially hypothesized to be associated with 

insulin resistance, lower insulin secretion, weight gain, and an increased risk of 

diabetes (151). If true, individuals treated with the most extensively used anti-

osteoporotic drug are at increased risk of type 2 diabetes and related morbidities. 

However, other studies from different continents suggest a neutral or even protective 

effect of alendronate against the development of type 2 diabetes (152–155). One RCT 

has been performed with the purpose to investigate the effect of alendronate on 

glucose metabolism and suggests an improvement of HbA1c as well as fasting blood 

glucose after 12 weeks of alendronate use (156). However, analyzing the publication 

in detail reveals several issues that may indeed question the external validity of the 

findings (156). A complete understanding of the underlying mechanism is still lacking 

but one in vitro study suggests that alendronate contributes to the prevention of 

oxidative stress and inflammation in adipocytes (157). Hence, alendronate could 

potentially impede the progression of adipose tissue dysfunction and insulin 

resistance. However, more studies and high-quality RCTs are needed to reveal if and 

how alendronate impact on glucose metabolism and type 2 diabetes risk. 

Whereas alendronate is tightly bound to and directly affects the bone matrix, 

denosumab primarily targets circulating RANKL (158). Bone staining of mice treated 

with denosumab versus phosphate-buffered saline-treated littermates suggested that 

denosumab is primarily a circulating soluble protein rather than sustained binding to 

bone surface (159). The half-life of denosumab is approximately 30 days, indicating 

that denosumab may be detectable in the circulation, and consequently a potential 

active molecule in other tissues, for several weeks (160). It has been suggested that 

higher RANKL levels are associated with an increased risk of type 2 diabetes (127). 

However, studies investigating if denosumab use per se modulates glucose 

metabolism in patients with osteoporosis are conflicting and mainly based on post hoc 

analyses (73,155).  

Although these drugs are commonly used worldwide and in theory have the potential 

to impact other metabolically active organs, human clinical trials, and the direct 

investigation of the effects on glucose or energy metabolism are sparse. Consequently, 

how and if alendronate and potentially other anti-osteoporotic therapies affect glucose 

homeostasis remains unclarified. 

2.5. SUMMARY 

Collectively, the general mechanisms of postmenopausal bone loss and fragility have 

been identified, however, the pathogenesis of fracture risk in type 2 diabetes remains 

unclear. There is epidemiological evidence for increased osteoporotic fracture risk in 

subjects with type 2 diabetes. Clinical studies indicate low bone turnover and 

compromised bone quality that are not detected by the current gold standard for 

diagnosing osteoporosis. Compromised bone health in type 2 diabetes seems 

associated with insulin resistance, lack of incretin hormones, and high levels of AGEs. 

The increasing prevalence of both osteoporosis and type 2 diabetes in the elderly 

population has made both diseases major global health concerns. They often co-exist, 

and the increased mortality associated with osteoporotic fractures when type 2 
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diabetes is present underlines the importance of reassessing current guidelines to 

improve early detection, prevention, and treatment of osteoporosis in this population.  

The disparities in bone indices induce several queries of which only a few are 

addressed in this thesis: e.g., do the first fracture site differ in subjects with type 2 

diabetes compared to subjects without diabetes? As the detection of low bone quality 

is insufficient, does the diagnosis and treatment of osteoporosis differ in subjects with 

type 2 diabetes? Do subjects with type 2 diabetes benefit more from one anti-

osteoporotic drug than another? And lastly, if glucose metabolism affects the bone 

structure, is it then possible that glucose homeostasis is modulated by bone-targeted 

therapy?  

The aim of thesis, Chapter 2 was to provide an overview of the occurrence, diagnostic 

challenges, and management when osteoporosis and type 2 diabetes co-exist. From 

this chapter, please consider the following major points concerning osteoporosis and 

type 2 diabetes that will be elaborated on in the following chapters:  

1. Osteoporosis is a frequent but underdiagnosed and asymptomatic bone 

disorder until clinical presentation by low-energy fractures. 

2. The diagnosis of osteoporosis is defined by a low-energy fracture located at 

the spine or hip or by a T-score ≤ -2.5 calculated from BMD measured by a 

DXA-scan. 

3. The risk of hip fractures is high in Denmark, and particularly the first hip 

fracture is of major public health concern regarding mortality and costs. 

4. Individuals with type 2 diabetes have an increased risk of hip fractures 

despite normal or higher BMD levels that are not predicted by the FRAX 

tool. 

5. Mortality and cost are higher in subjects with type 2 diabetes after a hip 

fracture compared to subjects without diabetes.  

6. Type 2 diabetes is not yet acknowledged as an independent risk factor for 

fractures and evaluation of bone fragility is not considered as a part of 

diabetes management.  

7. Discrepancies in anti-osteoporotic drugs on fracture risk in subjects with type 

2 diabetes are unknown. 

8. Anti-osteoporotic therapy may modulate glucose metabolism and the 

likelihood of developing type 2 diabetes. 
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CHAPTER 3. METHODOLOGY 

This thesis is based on 3 epidemiological studies which all originated from the Danish 

National Registries. The data source description, identification of individuals with 

diabetes, and identification of confounding factors are in general based on similar 

approaches. Thus, a general description is provided here, and divergences are detailed 

in the chapters containing each study together with the specification of statistical 

analyses. 

In Denmark, epidemiological studies do not necessitate approval from an ethics 

committee. No personally identifiable information was accessed, and all the registers 

are under the supervision of the Danish Data Protection Agency. 

3.1. THE NATIONAL DANISH REGISTERS 

3.1.1. DATA SOURCES 

In this thesis, several different Danish registers were used, merged, and appended in 

the data management process. Statistics Denmark provided anonymized data, which 

is available for authorized Danish research organizations upon application.  

Person-specific data are linked between the registers by the unique personal 

identification number (PIN) which is a 10-digit personal identification number 

assigned to all Danish citizens at birth or when granted Danish citizenship. Subjects 

without Danish citizenship but with permission to stay in Denmark, are assigned a 

temporary PIN. The registry ensures a comprehensive medical history of all 

individuals’ contacts with the Danish healthcare system and their drug redemptions, 

achieved through the anonymization of their PIN. 

The Danish National Health Service provides equal access to full health care to all 

Danish citizens. This includes free access to hospitals and partial compensation for 

drug expenses.  

Statistics Denmark has, on our request, conducted a register of subjects with 

prescriptions of glucose-lowering drugs from 1996 to 2018 and diabetes-related 

diagnoses after 1977 (Danmarks Statistik, project identifier no. 703382). Each subject 

in this population was matched on age, gender, and being alive in the year of diagnosis 

of diabetes by incidence sampling to 3 randomly selected subjects without diabetes 

(no prescription of any glucose-lowering drug and no diabetes-related diagnosis code) 

from the Danish Civil Registration System. From this register, those who met the 

criteria for diabetes were sampled (section 3.2). 

The registers used are listed below: 

• The National Prescription Register includes information on prescription 

medicine in Denmark since 1994 and is classified by Anatomical Therapeutic 

Chemical (ATC) codes with information on the redemption date, dosages, 

package size, etc. (161,162). To allow for proper data registration, data from 

1996 onward were appended. 
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• The Danish National Patient Register (NPR) holds information on all 

somatic in-patient contacts from 1977 including diagnoses, admission dates, 

examinations, etc. After 1995 all outpatients, emergency room, and 

psychiatric contacts were included. All diagnoses are classified according to 

the International Classification of Diseases (ICD), version 8 before 1994, and 

the tenth revision (ICD-10) after 1994 (163,164). In the following, only ICD-

10 is used and data from 1996 onward were appended.  

• The Danish Civil Registration System (CRS) was established in 1968 and 

includes information on all subjects alive and living in Denmark. It holds 

information on the date of birth, sex, vital status, citizenship, emigration, 

income, and civil status (165). Data from 1996 onward were appended. 

• The cause of Death register holds information on the death date and cause. 

Only death dates were used and data from 1996 onward were appended. 

3.1.2. DATA MANAGEMENT 

The conduction of an epidemiological study contains a wide range of processes and 

obliges strict care for each step. All steps have been performed and controlled by the 

author of this thesis.  

The first step was to conduct an appropriate study design to answer the research 

question based on the hypothesis. A timeline sketch for each study design was always 

drawn to visualize outcomes, exposures, and covariables. A study protocol or 

statistical analysis plan including steps in data preparation was conducted and 

continuously evaluated. 

The second step was data collection. This thesis contains data collected, appended, 

and merged from several different data sets and several years. Statistics Denmark 

provides raw data for each register and each year separately. First, all required data 

sets were converted from SAS to STATA. Then, the data sets from each year from the 

different registers were appended, or stacked, separately. Consequently, one dataset 

for each register was conducted containing information from a specified period with 

several rows for each person, e.g., one data set containing information on all 

prescriptions between 1996 and 2018. The PIN has been anonymized in each data set 

as a unique ID number. However, in some data sets the ID was illustrated by a number 

called PNR, and in others called RECNUM, and merging different registers required 

a unique ID. Identification of the main cohort was performed by identifying diabetes 

subjects and by merging different data sets on the specific ID number, and if needed, 

matching the diabetes cohort to subjects without diabetes. Before having a main 

dataset, some restrictions and information, e.g., death and emigration or exclusion 

criteria, required further merging into other datasets. Lastly, a main data set was 

performed containing limited information including an ID number, birth date, diabetes 

diagnosis date (or dummy date set for control subjects), death date/emigration date, 

and gender.  

These steps in data management resulted in the conduction of different temporary data 

sets containing huge information and the processing time was rather long. The process 

was always performed and controlled several times, with all information saved and 

logged.  
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In general, a 50-year age cut-off was chosen as postmenopausal osteoporosis sees an 

increase in prevalence corresponding to the average age of menopause in Denmark, 

which is 51.7 years (166). 

3.2. IDENTIFICATION OF SUBJECTS WITH TYPE 2 

DIABETES  

The definition and identification of diabetes were performed by a previously 

published algorithm (167) and based on the algorithm from Statistics Denmark (6). 

First, all subjects with diabetes were identified by either an ATC code of glucose-

lowering drugs specific to diabetes (A10) or any ICD-10 code associated with diabetes 

(E10.x, E11.x, E12.x, E13.x, E14.x, G63.2, H28.0, H36.0, M14.2, O24, R73), 

including both primary and secondary diagnoses. Thus, all diabetes subjects were 

defined based on either hospital visits or the use of glucose-lowering drugs. 

The diabetes cohort was subcategorized into type 1 and type 2 diabetes. Individuals 

with type 1 diabetes were identified by at least one ICD-10 code of E10.x (type 1 

diabetes) and at least one ATC code of A10A (insulins and analogs) while having no 

A10B ATC code (blood glucose-lowering drugs exclusive insulins). Individuals who 

did not meet the criteria for type 1 diabetes were classified as having type 2 diabetes. 

The diabetes diagnosis date was set at the first defined diabetes date based on either 

ICD-10 or ATC codes. Diabetes diagnoses recorded in the Danish registries are 

generally considered to be valid, and there is a high level of agreement between the 

actual usage and prescription of diabetes-related medications (168–174).   

Clomifene (ATC code G03GB02) and metformin (ATC code MA10BA) is a common 

treatment combination for women with polycystic ovary syndrome and consequently, 

individuals who were prescribed metformin and clomifene before the age of 40 years 

were not included in the cohort. 

3.3. EXPOSURE AND OUTCOME 

Exposure and outcome will be specified in the chapters. Depending on the research 

question and hypothesis, the exposure was identified and merged into the main data 

set, e.g., alendronate use containing information on all redeemed prescriptions with 

dates, doses, and package sizes. The information was transformed and stored to enable 

only one row per subject within the data set. The index date was always set at the date 

of baseline defined by exposure start.  

Defined Daily Doses (DDD) of 10 mg and 0.33 mg for alendronate and denosumab, 

respectively, were used to calculate the cumulative treatment dose based on the World 

Health Organization Collaborating Centre for Drug Statistics Methodology. 

Moreover, drug adherence (compliance) was measured using the medication 

possession ratio (MPR), i.e., dividing the cumulative dose (DDDs) by treatment 

duration. MPR was categorized into three groups: a) <0.5, b) 0.5-0.8, and c) >0.8; 

with the latter being considered compliant use. Effective use was defined as the 

cumulative dose in days if MPR was less than or equal to 0.8 and as the crude 

treatment duration if MPR was above 0.8. 
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The outcome was always set as the first identified outcome date after exposure. 

Outcome information was assessed and merged as the last information to the dataset 

(except for the case-control design).  

3.4. IDENTIFICATION OF CONFOUNDING FACTORS  

Confounding factors were identified and merged from other data sets, always using 

the main data set with one row per person as the “control” set ensuring merging on 

the unique ID number and index date, e.g., the start of exposure. Identification of 

confounding factors was performed by information from the literature and by the 

conduction of directed acyclic graphs (DAGs) (175).  DAGs for each study are 

presented in Appendix B.  

Covariates were always identified before/at baseline, i.e., by ICD-10 and ATC codes 

in the period from data collection (1996) until the index date. A full list and 

specification of ICD-10 and ATC codes can be found in Appendix C. The algorithms 

and identification of the main part of confounding factors are published previously 

(167). 

Smoking status was classified as heavy smoking due to potential underestimation as it 

was assessed as a proxy using ICD-10 codes related to lung diseases that were directly 

or indirectly associated with tobacco exposure, nicotine poisoning, and psychiatric 

tobacco-related diagnoses. Moreover, ATC codes consistent with any treatment for 

tobacco dependence were identified, e.g., nicotine replacement therapy, or the 

initiation of drugs for obstructive airway diseases after the age of 40. 

To estimate alcohol abuse, relevant ICD-10 or ATC codes associated with diseases 

and drugs directly linked to alcohol were used. These codes covered conditions such 

as intoxication, abuse, alcoholic liver disease, alcoholic cardiomyopathy, alcoholic 

polyneuropathy, alcoholic gastritis, alcohol-induced pancreatitis, or alcohol-related 

psychiatric disorders.  

As no metric measurements (height and weight) were available, obesity was not 

evaluated based on BMI but either by ICD-10 codes related to overweight/obesity or 

the use of anti-obesity therapies. 

Pancreatitis was assessed from ICD-10 codes covering both chronic and acute 

pancreatitis. 

Assessment of hyper- and hypothyroidism was based on either ICD-10 or ATC codes. 

The definition of hypertension was based on either an ICD-10 code related to 

hypertension or the prescription of antihypertensive drugs identified by ATC codes.  

The assessment of hypoglycemia was based on related ICD-10 codes.  

The Charlson Comorbidity Index (CCI) was used to assess comorbidity (176). 

Discharge diagnoses registered by ICD-10 codes are included in CCI and have a high 

accuracy (177). The CCI was grouped into 3 according to score: 0, 1, and >2.  

The identification of a history of MOF, other fractures besides MOF, osteoporosis 

diagnosis, and anti-osteoporotic treatment was based on ICD-10 and ATC codes. 
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3.5. LIMITATIONS AND METHODOLOGICAL 

CONSIDERATIONS 

In general, the STROBE statement guideline for reports of observational and case-

control studies was followed (178). However, epidemiological studies are prone to 

limitations and biases, and it was essential to identify and minimize the consequences 

of these factors concerning the research question. Importantly, data collection and 

results from epidemiological studies are retrospective, and consequently, regardless 

of the design, hinder the inference of causation.  

3.5.1. SELECTION PROCESS 

As mentioned, the data management process contained several steps and primarily, 

the selection process is always disposed to bias.  

Type 2 diabetes was defined and identified with the criteria from Statistics Denmark 

and previously published algorithms (6,167). However, it is still an important 

limitation exposed to selection bias, imprecision of correct 

diabetes/exposure/outcome data, and information bias, such as misclassification and 

lead time bias. All subjects with an emigration date without immigration before the 

index were excluded from the cohort as this potentially provides a period of 

information bias. 

All Danish citizens with type 1 diabetes will eventually receive an ICD-10 DE10 code 

as they will have contact with the hospital. In contrast, individuals with type 2 diabetes 

are typically treated by general practitioners outside the hospital. The identification of 

individuals with naïve or mild cases of type 2 diabetes, who have not received an ICD 

code or glucose-lowering drugs and have been managed solely with lifestyle 

interventions, was not feasible. Therefore, only individuals with complicated type 2 

diabetes who have been in contact with the hospital will be assigned an ICD-10 DE11 

(type 2 diabetes mellitus) code. A state of pre-diabetes was undetectable but may 

impact bone health and result in higher levels of fractures before the diabetes 

diagnosis, e.g., a reversed lead time bias. Likewise, the aforementioned bone-related 

diagnostic difficulties in subjects with pre-diabetes as well as in subjects with type 2 

diabetes may indeed be reflected in differences in osteoporosis diagnoses before the 

index. 

In addition, due to the unavailability of laboratory results, it was not feasible to 

distinguish whether an individual identified by ATC codes was on glucose-lowering 

medications for diabetes or other conditions such as prediabetes, heart- and 

nephrological disease without diabetes, or polycystic ovary syndrome. Nevertheless, 

during the study period, international guidelines did not recommend the use of 

glucose-lowering drugs for treatment without diagnosed diabetes (179). 

Consequently, individuals with prediabetes were not expected to present a significant 

proportion of the included subjects. Moreover, subjects with polycystic ovary 

syndrome were excluded based on the drug redemptions mentioned above. 

Furthermore, glucose-lowering drugs besides insulin were not approved as a treatment 

for individuals with type 1 diabetes in Denmark until 2019. Before 2019, SGLT2 

inhibitors and GLP-1 receptor agonists were not approved for any condition other than 
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type 2 diabetes. Though the definition of diabetes type may result in a mild 

misclassification of both individuals with type 1 and type 2 diabetes, it may be 

unlikely to impact the type 2 diabetes classification with a follow-up period ending in 

2018. 

Missing data were in general sparse and restricted to data concerning social status. 

The proportion was diminutive in all studies and thus, not expected to impact the main 

results. Furthermore, a few subjects had misinformed death dates, which were 

identified by examination of dates for other variables in the same subjects, e.g., if a 

diagnosis of diabetes occurred after the date of death. In such cases, the subjects were 

excluded from the cohort and presented in study enrollment figures.  

3.5.2. CONFOUNDING FACTORS 

Several covariables were identified of which many were recognized as confounding 

factors. Though the Danish registers contain a wide range of validated information, 

several unmeasurable factors that could impact the evaluated outcomes were 

identified. For example, it was not possible to access metric measures or paraclinical 

results, e.g., BMI, BMD measurements, or blood samples including Vitamin D, 

calcium, and glycemic control. These may indeed influence and confound the 

evaluated outcomes in this thesis, e.g., fracture type, treatment initiation time and 

choice, diabetes risk, and mortality, and limits the inference of causality. In addition, 

the registers did not include data on smoking habits and alcohol consumption; 

however, some of these baseline characteristics were evaluated using ICD-10 and 

ATC codes as proxies as described above. Consequently, these covariates were 

obtained from subjects with an already developed concomitant disease at the index.  

Falling is another potential and prominent factor and effect mediator in the causal 

pathway (e.g., as illustrated in the DAG, Appendix B1) of fractures in subjects with 

diabetes (180). Individuals with diabetes have an increased risk of falling which is 

associated with diabetes-related complications (and comorbidities) (181). Falling is 

challenging to evaluate in register-based analyses and consequently, none of the 

presented results have included a mediation analysis on fracture risk from falling. 

Therefore, the direct effect of type 2 diabetes on MOF was inestimable and the 

presented results in this thesis are the total effects.  

Data on over-the-counter medicines such as vitamin D and calcium supplementation, 

as well as lifestyle factors like diet and exercise, were not available. Therefore, the 

potential for residual confounding cannot be ruled out. However, it was possible to 

measure an E-value and thereby theoretically evaluate the “minimum strength of 

association, that an unmeasured confounder would need to have with both the 

treatment and the outcome to fully explain away a specific treatment-outcome 

association” (182).  

3.5.3. EXPOSURE AND OUTCOME 

Inclusion and index date were set at the same time to prevent a biased association 

derived from immortal time bias. If inclusion and index was separated due to the study 

design, the specific analysis prone to immortal time bias was performed as a 

sensitivity analysis restricted to those subjects with exposure (index) and outcome 
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after inclusion. For example, if the index date was the type 2 diabetes diagnosis date, 

exposure was the MOF date and the outcome was mortality, then the analysis from 

exposure to outcome would be biased by immortal time from index to exposure. In 

such a case, the analysis was performed including the time from the index to the 

outcome. 

Anti-osteoporotic drugs were set as a secondary outcome in one study and as exposure 

in 2 other studies. While adverse events have been rarely reported after initiation of 

denosumab (52), they have been few after the initiation of alendronate (47). Though 

an adjustment for comorbidities was performed, ICD-10 codes may not fully capture 

these factors, which could result in confounding by indication in the selection, 

withdrawal, or discontinuation of anti-osteoporotic treatment.  

In general, the fractures included in this thesis are mainly fractures that present 

clinically. However, some fractures, especially vertebral fractures, are often 

asymptomatic, challenging to identify, and may go undetected and undiagnosed 

resulting in underreporting. It has been suggested that individuals with type 2 diabetes 

have a greater risk of vertebral fractures which may lead to an unbalanced distribution 

and underestimation of these fractures in this population (183). However, newer 

imaging techniques, e.g., magnetic resonance imaging (MRI) and computerized 

tomography (CT) have identified hip fractures may that were undetected by 

conventional X-ray. For vertebral fractures, the “S” codes are often clinical fractures, 

whereas M80.x (x may equal 0-9) fractures are detected without a typical clinical 

presentation and after screening for osteoporosis. Both fractures and diagnosis types 

are included in the presented studies. 

3.6. STATISTICAL ANALYSES 

In general, descriptive statistics in tables present baseline characteristics as 

frequencies (n) and proportions (%), means with standard deviations (±SD), or 

medians with interquartile range (IQR). In addition, 95% confidence intervals (CI) 

were calculated, either from means of continuous outcomes or proportions of binary 

outcomes and are presented in the result section in parentheses. Unpaired t-test, Chi-

square test, Wilcoxon Mann-Whitney median test, and relative risk ratios (RR) were 

performed and calculated to compare and present continuous and dichotomous 

characteristics between groups. Relevant quantitative variables were grouped if 

appropriate, e.g., age, CCI score, and index year.  

In the regression models, interactions were evaluated with visualization of the simple 

slopes. If any interactions were identified the main and interaction effects were 

included in the analysis. Moreover, multicollinearity was evaluated by assessing the 

variance inflation factor (VIF) between all independent covariables with a value of 5 

as the threshold. In the proportional hazard regression models estimating hazard rate 

ratios (HRs) with 95% CIs, the assumption of proportional hazards was evaluated by 

Schoenfeld residuals and graphical log-log plots.  

All data management and analyses were conducted in STATA 16.1 and 17.0 

(StataCorp, College Station, Texas, US). Further analyses will be described in detail 

within each chapter.  
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CHAPTER 4. OSTEOPOROSIS-

RELATED FRACTURES IN SUBJECTS 

WITH TYPE 2 DIABETES  

4.1. OBJECTIVE AND HYPOTHESIS  

Evidence points toward an increased risk of fractures, especially located at the hip, in 

subjects with type 2 diabetes. However, it is unknown if a hip fracture is also the most 

frequent first type of MOF compared to subjects without diabetes. 

The aim of this thesis, Chapter 4 is to evaluate the type of the first MOF in subjects 

with type 2 diabetes after the diabetes diagnosis compared to subjects without 

diabetes. 

The null hypothesis is that the location of the first MOF after diabetes diagnosis does 

not differ between subjects with type 2 diabetes and without diabetes.  

The following (including tables and figures) is based on the first part of the 

manuscript: 

Discrepancies in Type of First Major Osteoporotic Fracture and Anti-osteoporotic 

Therapy in Elderly People with Type 2 Diabetes Mellitus: A Retrospective Danish 

Cohort Study. Published, doi.org/10.1016/j.bone.2023.116745 (1).  

4.2. METHODOLOGY  

4.2.1. STUDY DESIGN, SETTING, AND POPULATION 

The study was conducted as a retrospective Danish cohort study. A timeline can be 

found in Appendix D1. The data was available between 1994-2018 and all subjects 

classified with type 2 diabetes were identified within two decades: between January 

1, 1998; and December 31, 2018 (Appendix D1 and D2).   

The index date was set at the type 2 diabetes classification date, while a “dummy” 

date was selected for control subjects. To be included, control subjects had to meet 

certain criteria, including being alive, residents of Denmark, and at risk at the index 

date. The study followed individuals with type 2 diabetes and control subjects starting 

from their index date and continued until the date of death, emigration, or end of the 

study period (December 31, 2018), whichever occurred first. The analysis only 

included subjects with a diagnosed MOF after the index date. 

Subjects who were classified with diabetes before January 1, 1998, those with 

classified type 1 diabetes, Paget’s disease, polycystic ovary disease, and individuals 

with age below 50 years at the index date (Appendix D2) were excluded. Thus, the 

final cohort comprised adult individuals who were classified with type 2 diabetes at 

or after 50 years of age in 1998 or later, and a control group who were alive and living 

in Denmark in 2010.  
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4.2.2. EXPOSURE AND OUTCOME  

The exposure and index date were the type 2 diabetes diagnosis date. The type of first 

MOF after the index date was the primary outcome. The first MOF was identified by 

primary or secondary ICD-10 diagnosis codes during hospitalization (Appendix C2) 

between 1998 and 2018. The MOF was classified into specific types of fractures, 

namely the Humerus, Forearm, Spine, and Hip (76). 

The secondary outcomes will be presented in this thesis, Chapter 5.  

4.2.3. STATISTICAL ANALYSES  

A multinomial logistic regression (184) was performed to predict the probability of 

the first type of MOF as the dependent categorical variable between the binary 

independent “exposure” variables: type 2 diabetes versus subjects without diabetes. 

No MOF type violated the assumption of independence of Irrelevant Alternatives 

between outcome categories, IIA, tested by the Hausman-McFadden.  

The following other independent covariables were added in the multiple-adjusted 

analysis: sex, age, follow-up time, history of any MOF, history of other fractures, 

history of osteoporosis diagnosis, history of anti-osteoporotic treatment, use of 

anxiolytics/opioids, dyslipidemia, smoking, alcohol, obesity, glucocorticoid use, 

hypertension, rheumatoid arthritis, CCI category, income, and marital status.  

An interaction was identified between sex and age, and consequently, a subgroup 

analysis stratified by sex and age categories was performed, and the main analysis 

included the main and interaction (sex*age) effect of sex and age. A likelihood ratio 

test was performed to evaluate (by the BIC test) which model fits better. For all 

outcomes, it gave a better fit when adding the adjustments instead of the crude model. 

Thus, only results from the multiple adjusted models will be presented.  

Several sensitivity analyses were performed on the primary outcome. First, subjects 

with less than 2 years of follow-up were excluded, i.e., diabetes duration (Sensitivity 

analysis 1). Furthermore, individuals with a history of the following characteristics 

were excluded: any MOF (Sensitivity analysis 2), any anti-osteoporotic 

treatment/osteoporosis diagnosis (Sensitivity analysis 3), or both (Sensitivity analysis 

4). Lastly, a “rough” time-specific difference in fractures was evaluated by assessing 

the risks of subjects with index in the first decade (January 1, 1998, to December 31, 

2007) and last decade (January 1, 2008, to December 31, 2018) (Sensitivity analysis 

5 and 6). 

4.3. RESULTS  

4.3.1. BASELINE CHARACTERISTICS 

Table 4.1 presents data on the baseline characteristics of the study. The population 

consisted of 124,570 subjects aged ≥50 years with an incident MOF after the index 

date. The mean age at the index was 69.74 (±10.22) years. Individuals with type 2 

diabetes (n=26,588 subjects) were younger and had a lower proportion of female 

subjects compared to individuals without diabetes (n=97,982).  
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The mean time to the first MOF from the index was 6.22 years (±4.61) and shorter 

among type 2 diabetes subjects compared to controls (5.82 years [± 4.52] versus 6.33 

years [±4.62].  

 

Table 4.1, Baseline characteristics. 

At index characteristic 
All subjects 
n = 124,570 

Type 2 diabetes 
n = 26,588 

Control subjects 
n = 97,982 

Age (years), mean ± SD 69.74 (10.22) 69.33 (10.34) 69.85 (10.19) 

Age category (years), n 

(%) 
   

50-59 26,638 (21.38) 6,052 (22.76) 20,586 (21.01) 

60-69 38,220 (30.68) 8,372 (31.49) 29,848 (30.46) 

70-79 39,494 (31.70) 7,960 (29.94) 31,534 (32.18) 

≥ 80 20,218 (16.23) 4,204 (15.81) 16,014 (16.34) 

Sex, n (%)    

Male 41.330 (33.18) 9,268 (34.86) 32,062 (32.72) 

Female 83,240 (66.82) 17,320 (65.14) 65,920 (67.28) 

History of other fracture, 

n (%) 
14,757 (11.85) 3,397 (12.78) 11,360 (11.59) 

History of MOF, n (%) 19,160 (15.38) 4,467 (16.80) 14,693 (15.00) 

Humerus 4,870 (3.91) 1,204 (4.54) 3,666 (3.75) 

Forearm 9,309 (7.47) 1,945 (7.29) 7,364 (7.53) 

Spine 1,399 (1.12) 359 (1.36) 1,040 (1.06) 

Hip 3,582 (2.88) 959 (3.61) 2,623 (2.66) 

Osteoporosis diagnosis, n 

(%) 
6,136 (4.93) 1,293 (4.86) 4,843 (4.94) 

Anti-osteoporotic drug 

use, n (%) 
9,471 (7.60) 1,638 (6.16) 7,833 (7.99) 

Heavy smoking, n (%) 27,832 (22.34) 7,631 (28.70) 20,201 (20.62) 

Alcohol abuse, n (%) 6,079 (4.88) 1,881 (7.07) 4,198 (4.28) 

Obesity, n (%) 11,131 (8.94) 4,673 (17.58) 6,458 (6.59) 

Pancreatitis, n (%) 1,047 (0.84) 521 (1.96) 526 (0.54) 

Hyperthyroidism, n (%) 3,511 (2.82) 885 (3.33) 2,626 (2.68) 

Hypothyroidism, n (%) 6,451 (5.18) 1,720 (6.47) 4,731 (4.83) 

Glucocorticoid use, n (%) 29,244 (23.48) 7,615 (28.64) 21,629 (22.07) 

Dyslipidemia, n (%) 24,527 (19.69) 8,748 (32.90) 15,779 (16.10) 

Hypertension, n (%) 67,254 (53.99) 19,592 (73.69) 47,662 (48.64) 

Anxiolytics incl. opioids, 

n (%) 
76,272 (61.23) 18,035 (67.83) 58,237 (59.44) 
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CCI, mean ± SD 0.54 (1.10) 0.82 (1.34) 0.46 (1.01) 

CCI categories, n (%)    

0 88,776 (71.27) 15,824 (59.52) 72,952 (74.45) 

1 17,823 (14.31) 4,885 (18.37) 12,938 (13.20) 

≥ 2 17,971 (14.43) 5,879 (22.11) 12,092 (12.34) 

Income, € in thousands, 

median (IQR) 
24.89 (18.72-36.16) 24.50 (18.73-33.78) 25.03 (18.72-36.82) 

Marital status, n (%)    

Married 60,93 (48.88) 12,297 (46.25) 48.596 (49.60) 

Divorced 16,609 (13.33) 4,176 (15.71) 12,433 (12.69) 

Unmarried 9,097 (7.30) 2,174 (8.18) 6,923 (7.07) 

Widowed 37,971 (30.48) 7,941 (29.87) 30,030 (30.65) 

Index year, n (%)    

1998-2002 32,290 (25.92) 6,616 (24.88) 25,674 (26.20) 

2003-2007 40,209 (32.28) 8,595 (32.33) 31,614 (32.27) 

2008-2012 38,510 (30.91) 8,305 (31.24) 30,205 (30.83) 

2013-2018 13,561 (10.89) 3,072 (11.55) 10,489 (10.71) 

All characteristics were evaluated at the index date. Data are presented as frequencies with proportions 

(n, %), mean with ±SD, or median with IQR.  

4.3.2. MAJOR OSTEOPOROTIC FRACTURE SITES  

The presented baseline characteristics (Table 4.1) also revealed that subjects with type 

2 diabetes had a higher level of previous other fractures (12.78% versus 11.59%, RR 

1.10 [1.06; 1.14]) and MOFs (16.80% versus 15.00%, RR 1.12 [1.09; 1.16]) compared 

to control subjects. The proportions and 95% CIs indicate a higher likelihood of 

previous hip, humerus, and spine fractures and no difference in previous forearm 

fractures among those who developed type 2 diabetes compared to those who did not 

develop diabetes: Hip, 3.61% (3.40; 3.85) versus 2.66% (2.56; 2.76); Humerus, 4.54% 

(3.63; 3.87) versus 3.75% (3.63; 3.87); Spine, 1.36% (1.23; 1.50) versus 1.06% (0.10; 

1.13); Forearm, 7.29% (6.98; 7.61) versus 7.53% (7.36; 7.69).  

The types of first MOF after the diabetes diagnosis are presented in Table 4.2. In 

general, the most frequent type of first MOF (both before and after the index date) 

was fractures of the forearm. However, the frequency of forearm fractures as the first 

MOF seemed lower among individuals with type 2 diabetes than those without 

diabetes. Subjects with type 2 diabetes had a more frequent first MOF located at the 

humerus or hip compared to those without diabetes. The adjusted predicted discrete 

probability differences of the first MOF type in subjects with type 2 diabetes 

compared to controls are presented in Table 4.2 and stratifications by sex and age are 

illustrated in Figures 4.1 and 4.2, respectively (1). 

Most sensitivity analyses did not vary from the main analysis. After excluding all 

subjects with a time to MOF from the index below 2 years, spine fractures moved 

toward a lower probability for subjects with type 2 diabetes as the first MOF type (-
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0.42% [-0.94; 0.09]). Interestingly, vertebral fractures became more often the first 

fracture in subjects with type 2 diabetes compared to control subjects in those with 

index in the last decade of the study period with a difference of 0.84% (0.09; 1.58) 

compared to the first decade with a difference of -0.25 (-0.82; 0.31) (main analysis 

difference: -0.03 [-0.48; 0.42].  

Table 4.2, Type of first MOF. 
Multiple adjusted predicted probability differences (%) of the first MOF type. 

 *Multiple adjusted predicted probability Differences by type of MOF, % (95% CI) with control subjects as 

comparator. T2D; Type 2 Diabetes.  

  
Type of MOF,  

Numbers, n (%) and predicted probability differences, % (95% CI) 

N (%) Any MOF Humerus Forearm Spine Hip 

All 124,570 (100) 28,845 (23.16) 44,113 (35.41) 14,256 (11.44) 37,356 (29.99) 

Control 97,982 (100) 21,960 (22.41) 36,118 (36.86) 11,014 (11.24) 28,890 (29.49) 

T2D 26,588 (100) 6,885 (25.90) 7,995 (30.07) 3,242 (12.19) 8,466 (31.84) 

Difference* - 2.82 (2.17; 3.46) -6.77 (-7.46; -6.08) -0.03 (-0.48; 0.42)  3.98 (3.29; 4.67) 

Female     

Control 65,920 (67.28) 13,636 (20.69) 28,292 (42.92) 5,939 (9.01) 18.053 (27.39) 

T2D 17,320 (65.14) 4,426 (25.55) 5,883 (33.97) 1,735 (10.02) 5,276 (30.46) 

Difference* - 4.12 (3.33; 4.91) 
-9.13 (-10.01; -

8.25) 
-0.17 (-0.33; 0.66) 4.85 (4.02; 5.67) 

Male      

Control 32,062 (32.72) 8,324 (25.96) 7,826 (24.41) 5,075 (15.83) 10,837 (33.80) 

T2D 9,268 (34.86) 2,459 (26.53) 2,112 (22.79) 1,507 (16.26) 3,190 (34.42) 

Difference* - 0.42 (-0.69; 1.53) -1.99 (-3.03; -0.94) -0.49 (-1.41; 0.43) 2.06 (0.86; 3.26) 

Age 50-59    

Control 20,586 (7.80) 5,782 (28.09) 9,966 (48.41) 2,161 (10.50) 2,677 (13.00) 

T2D 6,052 (7.37) 2,034 (33.61) 2,348 (38.80) 673 (11.12) 997 (16.47) 

Difference* - 5.54 (4.05; 7.03) -7.57 (-9.16; -5.98) -0.23 (-1.14; 0.68) 2.26 (1.21; 3.20) 

Age 60-69     

Control 29,848 (10.82) 7,234 (24.24) 12,361 (41.41) 3,503 (11.74) 6,750 (22.61) 

T2D 8,372 (9.63) 2,426 (28.98) 2,761 (32.98) 1,038 (12.40) 2,147 (25.65) 

Difference* - 4.56 (3.37; 5.74) -7.46 (-8.72; -6.19) -0.34 (-1.12; 0.44) 3.24 (2.12; 4.36) 

Age 70-79     

Control 31,534 (17.49) 6,193 (19.64) 9,932 (31.50) 3,763 (11.93) 11,646 (36.93) 

T2D 7,960 (13.93) 1,684 (21.16) 2,044 (25.68) 1,046 (13.14) 3,186 (40.03) 

Difference* - 1.04 (0.02; 2.10) 
-5.63 (-6.778; -

4.50) 
0.31 (-0.50; 1.11) 4.29 (3.01; 5.57) 

Age ≥80     

Control 16,014 (25.26) 2,751 (17.18) 3,859 (24.10) 1,587 (9.91) 7,817 (48.81) 

T2D 4,204 (18.00) 741 (17.63) 842 (20.03) 485 (11.54) 2,136 (51.81) 

Difference* - 0.02 (-1.32; 1.37) -3.80 (-5.21; -2.39) 0.55 (-0.46; 1.56) 3.22 (1.46; 4.99) 
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Figure 4.1, Type of the first MOF. 
Multiple adjusted predicted probability differences (%) for the type of first MOF in Type 2 diabetes 
compared to control subjects, stratified by gender. Illustrated by a blobbogram around 0 presenting no 
difference. 
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Figure 4.2, Type of first MOF by age. 
Multiple adjusted predicted probability (%) for type of first MOF in Type 2 diabetes compared to control 
subjects by age at the index date. A, Humerus; B, Forearm; C, Spine; D, Hip. 
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4.4. CONCLUSION  

The aim of this thesis, Chapter 4 was to evaluate the types of the first major 

osteoporotic fractures in subjects with type 2 diabetes compared to subjects without 

diabetes. The presented results do not suggest acceptance of the null hypothesis of no 

difference in the location of the first MOF after the diabetes diagnosis between 

subjects with type 2 diabetes and subjects without diabetes.  

The most frequent MOF type in both subjects with type 2 diabetes and control subjects 

was forearm fractures. Before the type 2 diabetes diagnosis, forearm fractures did not 

differ between subjects who developed type 2 diabetes and subjects who did not 

develop diabetes. However, the chance of a forearm fracture as the first MOF after 

the type 2 diabetes diagnosis was lower compared to subjects without diabetes. 

Contrarily, the likelihood of humerus and hip fractures as the first MOF remained 

higher after the type 2 diabetes diagnosis compared to subjects without diabetes. There 

was no difference in the occurrence of spine fractures as the first MOF between 

individuals with type 2 diabetes and control subjects.  

Men have a higher prevalence of type 2 diabetes, as presented in this thesis, Chapter 

2, and in the literature (185). Nevertheless, women are at greater risk of developing 

osteoporosis and experiencing a related fracture after menopause (10). As all subjects 

included in the presented data sustained a MOF, the results reflected the effects of the 

female gender. Nonetheless, in both genders, individuals with type 2 diabetes had a 

higher likelihood of experiencing a hip fracture and a lower likelihood of experiencing 

a forearm fracture as the first MOF, which was distinct from those without diabetes. 

The findings also demonstrated an association with age, i.e., both events of humerus 

and forearm fractures as the first MOF type decreased with increasing age in both 

groups. However, hip fracture probability increased with increasing age, and the 

probability of experiencing a spine fracture showed an inverted U-shaped curve for 

both individuals with type 2 diabetes and control subjects. The latter observation may 

suggest a switch in the probability of experiencing a spine fracture from higher to 

lower after the age of 70. Nonetheless, the deflection also indicated a difference 

between individuals with type 2 diabetes and controls. Hence, this may suggest that 

individuals with type 2 diabetes have a higher likelihood of experiencing a spine 

fracture as the first MOF before the age of 70, but a lower likelihood after the age 70, 

as compared to individuals without diabetes.  

Findings from the last sensitivity analysis suggested that a spine fracture is more often 

the first MOF in subjects with type 2 diabetes compared to control subjects among 

those with the index after 2008. One could speculate if this finding is a result of the 

increased use of CT in the clinical setting of hospitalized patients and consequently 

increasing incidental findings of asymptomatic vertebral fractures.  

All considered, these findings emphasize the importance of early detection and 

prevention of osteoporosis and fractures in subjects with type 2 diabetes, e.g., by diet, 

exercise, and fall intervention. Additionally, methods to evaluate and detect low hip 

and spine bone quality in subjects with type 2 diabetes are needed.
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CHAPTER 5. DIAGNOSIS AND 

TREATMENT OF OSTEOPOROSIS IN 

SUBJECTS WITH TYPE 2 DIABETES 

5.1. OBJECTIVE AND HYPOTHESIS 

In the previous chapter, results suggested that individuals with type 2 diabetes have 

an increased risk of hip and humerus, and over time also spine, as the first 

osteoporotic-related fracture compared to individuals without diabetes. In Denmark, 

a low-energy hip or vertebral fracture is equivalent to the osteoporosis diagnosis and 

direct indication for anti-osteoporotic treatment.  

The aims of this thesis, Chapter 5 are to evaluate if subjects with type 2 diabetes are 

diagnosed with and treated for osteoporosis to the same extent as subjects without 

diabetes. And secondary, to examine if mortality after a MOF differs in subjects with 

type 2 diabetes compared to subjects without diabetes.  

The null hypothesis is that a type 2 diabetes diagnosis does not impact the diagnosis 

or initiation of treatment against osteoporosis, or mortality after a MOF.  

The following (including tables and figures) is based on the last part of the manuscript:  

Discrepancies in Type of First Major Osteoporotic Fracture and Anti-osteoporotic 

Therapy in Elderly People with Type 2 Diabetes Mellitus: A Retrospective Danish 

Cohort Study. Published, doi.org/10.1016/j.bone.2023.116745 (1).  

5.2. METHODOLOGY  

Please find detailed information on the study design, setting, and population as 

described in this thesis, Chapter 4, section 4.2.1. 

5.2.1. EXPOSURE AND OUTCOME  

The main outcome of the following was the duration between the first MOF (after the 

index date) and the initiation of anti-osteoporotic treatment which was evaluated using 

Cox proportional hazards in treatment-naïve subjects from the cohort. To investigate 

any disparities between individuals with type 2 diabetes and control subjects after 

experiencing a MOF, differences in osteoporosis diagnosis and mortality were 

evaluated.  

5.2.2. STATISTICAL ANALYSES  

Mortality risk and time to anti-osteoporotic treatment (the first anti-osteoporotic drug 

redemption in treatment-naïve subjects) were evaluated by cox proportional hazard 

functions and plotted as 1-Kaplan-Meier cumulative incidence curves.  
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In the time to treatment analysis, censoring was set to the emigration date, death date, 

the start of anti-osteoporotic treatment, or the end of the study period (December 31, 

2018), whichever came first.  

In the mortality analysis, censoring was set to the emigration date, death date, or end 

of the study period (December 31, 2018), whichever came first.  

Crude and adjusted HRs were estimated for each outcome. The analysis of time to 

treatment was further assessed using a competing risk regression analysis, which was 

fitted using Fine and Gray’s proportional sub-distribution hazard models (186) 

considering death as a competitive event. 

A diagnosis of osteoporosis was evaluated before and after the index date (type 2 

diabetes diagnosis) as numbers with percentages (%). Differences between subjects 

with type 2 diabetes and subjects without diabetes were evaluated by proportions with 

95% CI and RR with 95% CI. 

5.2.2.1 Sensitivity analyses  

After analyzing the duration between the first MOF and anti-osteoporotic treatment, 

the data were stratified by gender and age at MOF. Moreover, sensitivity analyses 

were performed on the treatment-naïve subjects, including only female subjects 

(Sensitivity analysis 1), those with hip and spine fractures (Sensitivity analysis 2), and 

those who were alive 1 year after the first MOF (Sensitivity analysis 3). Furthermore, 

a fourth sensitivity analysis evaluated the HRs for treatment initiation within the first 

year after the first MOF for treatment-naïve subjects without a history of MOF 

comparing type 2 diabetes to controls (Sensitivity analysis 4). Finally, the effect of 

unmeasured confounding was assessed using the E-value estimate (182) as described 

in section 3.5.2. 

To eliminate and evaluate immortal time bias (the time from type 2 diabetes diagnosis 

to MOF), sensitivity analyses were performed on the mortality estimate by only 

including subjects with a MOF and/or index date after 2010.  

5.3. RESULTS  

5.3.1. BASELINE CHARACTERISTICS 

The baseline characteristic is presented in detail in the previous chapter, Table 4.1. 

Individuals with type 2 diabetes had a lower proportion of redeemed anti-osteoporotic 

therapy before the index date (6.16% versus 7.99%, RR 0.77 [0.73; 0.81]). However, 

there was no difference in the proportion of a previous osteoporosis diagnosis before 

the index date (4.86% versus 4.94%, RR 0.98 [0.93; 1.05]).  

Moreover, individuals with type 2 diabetes were more comorbid (mean CCI 0.82 [± 

1.34] versus 0.46 [± 1.01], p<0.001) compared to individuals without diabetes.  

5.3.2. OSTEOPOROSIS DIAGNOSIS AFTER MOF 

After the first MOF after the index, individuals with type 2 diabetes were less likely 

to receive a diagnosis of osteoporosis (14.54% versus 17.67%, RR 0.82 [0.80; 0.85]). 

Despite a higher proportion among subjects with hip fractures as the first MOF, 
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individuals with type 2 diabetes still had a significantly lower proportion of redeemed 

anti-osteoporotic therapy compared to control subjects (19.64% versus 23.00%, RR 

0.85 [0.81; 0.90]).  

Likewise, osteoporosis diagnoses after the first MOF in those with treatment after 

MOF were lower among individuals with type 2 diabetes (46.86% versus 49.19%, RR 

0.95 [0.92; 0.98]).  

5.3.3. ANTI-OSTEOPOROTIC TREATMENT AFTER MOF 

Treatment with anti-osteoporotic therapy after the first MOF was lower among 

individuals with type 2 diabetes compared to control subjects (18.78% [18.31; 19.26] 

versus 24.26% [23.99; 24.53], RR 0.77 [0.75; 0.80]). This finding was observed 

among all ages, and independent of MOF type and index year. Bisphosphonates were 

the most frequent treatment choice, alendronate accounting for approximately 90% in 

both subjects with and without type 2 diabetes, followed by denosumab. However, as 

indicated by the index year, denosumab treatment increased after it became available 

in 2010 and became the second most frequent choice of treatment in both groups.  

5.3.3.1 Evaluation of treatment-naïve subjects  

Only subjects without a history of anti-osteoporotic treatment before the first MOF 

after the index, i.e., treatment naïve subjects, were included in the evaluation of time 

to anti-osteoporotic after the first MOF.  

The proportion of redeemed anti-osteoporotic treatment after the first MOF was lower 

among subjects with type 2 diabetes (n=3,345, 13.79%) compared to control subjects 

(n=14,874, 17.37%). The unadjusted and multiple adjusted HRs were 0.82 (0.79; 

0.86) and 0.80 (0.77; 0.88), respectively (Table 5.1). The results were visualized by 

1-Kaplan-Meier cumulative incidence curves and presented in Figure 5.1. The results 

did not change in the competing risk analysis. 

The results were not changed markedly by any of the four sensitivity analyses (Table 

5.1). The E-value was 1.61 for the primary point outcome (HR 0.80) and 1.53 for the 

confidence interval (0.77; 0.88). Consequently, if the observed HR should be 

explained away to the null, a potential unmeasured confounder should be associated 

with both the type 2 diabetes and anti-osteoporotic treatment by HR of 1.61.  

The proportions of treatment-naïve subjects with a diagnosis of osteoporosis and anti-

osteoporotic treatment (after the MOF) were 17.28% and 16.58%, respectively. Of 

those diagnosed with osteoporosis after the MOF, only 60.45% received anti-

osteoporotic treatment, and the proportion was lower among subjects with type 2 

diabetes (55.41%) compared to controls (61.66%).  

 

  



Type 2 diabetes and bone health 

62
 

Table 5.1, Analyses of time to treatment. 
Hazard risk ratios of anti-osteoporotic treatment after first MOF after index among treatment-naïve 
subjects and sensitivity analyses. 

   Hazard risk ratios (HR) and 95% CI 

Numbers and % 
Any treatment, 

n (%) 
Crude Adjusted 1# Adjusted 2ф 

All treatment-naïve subjects, n=109,911    

Control, n=85,650 14,874 (17.37) Reference Reference Reference 

T2D, n=24,261 3,345 (13.79) 0.82 (0.79; 0.86) 0.84 (0.81; 0.97) 0.80 (0.77; 0.88) 

Sensitivity analysis 1: Female subjects, n=70,725   

Control, n=55,342 (64.61) 11,715 (21.17) Reference Reference Reference 

T2D, n=15,383 (63.41) 2,555 (16.61) 0.81 (0.78; 0.85) 0.81 (0.78; 0.85) 0.82 (0.78; 0.85) 

Sensitivity analysis 2: Hip and Spine as first MOF, n=44,244   

Control, n=33,780 (39,44) 7,123 (21.09) Reference Reference Reference 

T2D, n=10,464 (43.13) 1,916 (18.31) 0.88 (0.84; 0.93) 0.86 (0.82; 0.90) 0.84 (0.80; 0.89) 

Sensitivity analysis 3: Subjects alive after 1 year, n=97,592   

Control, n=76,658 (89.50) 14,540 (18.97) Reference Reference Reference 

T2D, n=20,934 (86.29) 3,209 (15.33) 0.82 (0.79; 0.86) 0.83 (0.81; 0.87) 0.80 (0.77; 0.83) 

Any anti-osteoporotic treatment after the first MOF after the index date in treatment-naïve subjects. 

Adjusted HRs (95% CIs) with control subjects as comparators (reference). Sensitivity analysis 1, only 

including female subjects. Sensitivity analysis 2, only including subjects with hip and spine as first MOF. 

Sensitivity analysis 3, only including subjects alive 1 year after the first MFO. Sensitivity analysis 4, 

analysis of treatment within the first year after the first MOF among subjects without a history of anti-

osteoporotic treatment or a MOF before the index date.  # Adjusted for sex (omitted in no. 1) and age. Ф 

Multiple adjustments for sex (omitted in no. 1), age at MOF, type of MOF (omitted in no. 2), history of any 

MOF (omitted in no. 4), history of other fractures, history of osteoporosis diagnosis, use of 

anxiolytics/opiods, dyslipidemia, smoking, alcohol, obesity, glucocorticoid use, hypertension, rheumatoid 

arthritis, CCI category, income and marital status. T2D; Type 2 Diabetes 
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Figure 5.1, Time to first treatment after the first MOF. 

 

 

The study evaluated differences in covariates at the date of MOF between subjects 

who received anti-osteoporotic treatment after the first MOF following the index date 

and those who did not. Subjects who received anti-osteoporotic treatment were 

observed to be younger at the time of MOF in comparison to those who did not receive 

treatment (74.98 (±9.04) versus 75.63 (±10.68) years, p<0.001). Those who received 

treatment were more likely to be females (78.32% [77.72; 78.92] versus 61.57% 

[61.25; 61.89]). Subjects who experienced a spine fracture as the first MOF (28.00% 

[27.17; 28.84]) were most likely to be treated, followed by hip (17.87% [17.46; 

18.28]), forearm (15.10% [14.75; 15.45]) and humerus (12.29% [11.89; 12.69]). 

Moreover, a higher proportion of treated subjects had a history of glucocorticoid use, 

anxiolytic use, and smoking, however, those who received treatment were less likely 

to have a history of alcohol abuse, dyslipidemia, hypertension, and obesity (p≤0.001 

for all). Moreover, those who received anti-osteoporotic treatment were less comorbid 

compared to those who did not receive treatment (mean CCI 1.04 [1.02; 1.06] versus 

1.25 [1.24; 1.26]). 

Differences in comorbidities were evaluated and defined by the diagnoses codes and 

categories within the comorbidity index (CCI). Individuals who received anti-

osteoporotic medication after the first MOF were less likely to have late diabetes-

related complications (CCI nr. 13) compared to those who did not receive treatment 

(3.87% versus 5.17%, RR 0.75 [0.69; 0.81]). Similarly, the proportions of 

nephrological- (2.02% versus 3.89%, RR 0.52 [0.47; 0.58]), cardiovascular- (22.08% 
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versus 25.35%, RR 0.87 [0.85; 0.90]) and cancer-related diseases (14.77% versus 

17.32%, RR 0.85 [0.82; 0.89]) were lower among those who were treated with anti-

osteoporotic medications than untreated subjects. Both type 2 diabetes and control 

subjects who received anti-osteoporotic treatment showed lower comorbidity levels.  

5.3.4. MORTALITY AFTER MOF 

In general, a higher proportion of individuals with type 2 diabetes died during the 

study period compared to controls (45.80% versus 39.11%).  

The unadjusted and multiple adjusted cox proportional HRs for mortality (for subjects 

with type 2 diabetes compared to controls) after the first MOF after the index date 

were 1.27 (1.24; 1.30) and 1.18 (1.15; 1.20), respectively. The 1-Kaplan-Meier 

incidence curve is illustrated by Figure 5.2. Moreover, the proportion of deaths among 

those who did not receive anti-osteoporotic treatment after the MOF was higher 

among type 2 diabetes individuals than control subjects (46.11% [45.45; 46.78] versus 

39.86 [39.50; 40.21]).  

 

Figure 5.2, Mortality after the first MOF. 
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5.4. CONCLUSION  

The aims of this thesis, Chapter 5, were to assess diagnostics, anti-osteoporotic 

treatments, and mortality after the first major osteoporotic fracture in type 2 diabetes 

compared to subjects without diabetes. These findings suggest rejecting the null 

hypothesis that a type 2 diabetes diagnosis does not impact the diagnosis or initiation 

of treatment against osteoporosis, or mortality after a MOF. 

Individuals with type 2 diabetes had a lower chance of receiving an osteoporosis 

diagnosis and anti-osteoporotic medication after the first MOF compared to control 

subjects. Currently, the main treatment strategy for osteoporosis is either by 

bisphosphonates or denosumab. The results from this thesis, Chapter 4, suggested that 

individuals with type 2 diabetes were more likely to have a history of previous 

fractures and MOFs compared to individuals without diabetes. Yet, the results from 

the current Chapter 5 suggest that there is no difference in the likelihood of receiving 

an osteoporosis diagnosis before the index date. Nonetheless, subjects with type 2 

diabetes were not treated with anti-osteoporotic medications to the same extent as 

control subjects before the diabetes diagnosis.  

Furthermore, individuals with type 2 diabetes were less likely to obtain an 

osteoporosis diagnosis after the first MOF after the index date compared to subjects 

without diabetes. This issue became even more concerning as individuals with type 2 

diabetes had a greater likelihood of experiencing a hip fracture as their first MOF (as 

presented in this thesis, Chapter 4).  

The risk of fractures and identification of osteoporosis are underestimated with current 

diagnostic methods, and the bone quality at the hip is not detectable by newer 

techniques. However, hip fracture is associated with higher mortality in subjects with 

type 2 diabetes. Evaluation of bone health and osteoporosis in subjects with type 2 

diabetes is challenging. However, attention is needed as osteoporosis diagnosis 

followed by adequate anti-osteoporotic treatment may prevent new fractures and 

improve life quality and expectancy in this population. Yet, it seems that individuals 

with type 2 diabetes are less likely to obtain a diagnosis of osteoporosis and 

redemption of anti-osteoporotic treatment after a major fracture related to 

osteoporosis. Furthermore, individuals with type 2 diabetes are more likely to die after 

an osteoporotic-related fracture compared to individuals without diabetes.  
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CHAPTER 6. THE EFFICACY OF ANTI-

OSTEOPOROTIC TREATMENT IN 

SUBJECTS WITH TYPE 2 DIABETES 

6.1. STUDY OBJECTIVE 

Anti-osteoporotic treatment is an essential part of fracture prevention. It seems, that 

alendronate and denosumab have overall similar beneficial impacts on the BMD and 

protective effects on incident fractures in subjects with type 2 diabetes when evaluated 

separately (147,148,187). However, the effect on fracture risk has not yet been 

compared head-to-head in subjects with type 2 diabetes.  

The aim of this thesis, Chapter 6 is to examine the efficiency of the anti-osteoporotic 

treatments on osteoporotic fracture risk in subjects with type 2 diabetes. 

The null hypothesis is that the risk of a new major osteoporotic fracture in subjects 

with type 2 diabetes does not differ between initiators of denosumab and alendronate. 

The following chapter (including tables and figures) is based on the manuscript: 

The Efficacy of Alendronate Versus Denosumab on Major Osteoporotic Fracture 

Risk in Elderly Patients with Diabetes Mellitus: A Danish Retrospective Cohort 

Study. Published, doi:10.3389/fendo.2021.826997 (2). 

6.2. METHODOLOGY  

6.2.1. STUDY DESIGN AND SETTING  

The study was designed as a retrospective cohort study and Appendix E1 presents the 

study timeline. All patients with diabetes were identified between 2000 and 2018. The 

period was chosen to ensure that all individuals with pre-existing diabetes were 

identified and to ensure a proper assessment of diabetes duration before exposure.  

The index date was set at exposure initiation of either alendronate or denosumab. As 

Denosumab became available as a treatment in Denmark in 2010, data on exposure 

were collected between 2011-2018. The study time was set from the exposure date 

until the outcome or censoring by death, emigration, or end of the study period 

(December 31, 2018), whichever came first. 

6.2.2. STUDY POPULATION  

A flow diagram of the selection process can be found in Appendix E2. Only subjects 

with diabetes, alive and Danish citizens with no emigration history on January 1, 2011, 

were included in the study. Individuals with ages below 50 at the index and those who 

had classified diabetes before January 1, 2000, were excluded. Moreover, subjects 

with any redemption of alendronate, denosumab, or other anti-osteoporotic therapy 

(Appendix C1) before the index date were excluded. Consequently, the final cohort 
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was delimited to adults with new-onset diabetes between January 1, 2000, and 

December 31, 2018, and with the initiation of an anti-osteoporotic drug of either 

alendronate or denosumab at age 50 years or older and after the diabetes diagnosis.  

6.2.3. EXPOSURE AND OUTCOME  

6.2.3.1 Exposure; Alendronate or denosumab initiation 

Exposure was defined as the first dispense of either alendronate or denosumab at age 

50 years or older, after diabetes diagnosis, and after January 1, 2011. The ATC codes 

used were “M05BA04” and “M05BX04”, respectively. The index date was set as the 

first drug redemption of exposure during the study period.  

Equivalent to the intention-to-treat approach used in RCTs, subjects were considered 

exposed to the initiated drug on the index date. A crude treatment duration was 

calculated by adding the number of daily doses at the last dispensation date to this 

date and then subtracting the date of the first drug dispensation. The cumulative 

treatment dose (DDDs), compliance (MPR), and effective use were calculated and 

evaluated (as described in Section 3.3).  

6.2.3.2 Outcome; MOF 

Outcome information (MOF) was obtained by identification of all diagnoses related 

to fractures located at the spine, hip, humerus, or forearm (76).  

The primary outcome was set as the first identified MOF, either by primary or 

secondary diagnoses using ICD-10 codes (Appendix C2) after the index date during 

the study period. MOFs were further categorized into the specific type, i.e., fracture 

of the spine, hip, humerus, or forearm.  

6.2.4. STATISTICAL ANALYSIS 

The exposure-specific cumulative incidence curves for any first MOF were plotted.  

The analysis of time to MOF after treatment was assessed using a competing risk 

regression analysis, which was fitted using Fine and Gray’s proportional sub-

distribution hazard models (186) considering death as a competitive event and 

alendronate exposure set as the comparator. Because an interaction was identified 

between age and a history of fracture, data were stratified by fracture history, age (< 

and ≥ 75 years), and sex, and a subgroup analysis was performed.  

6.3. RESULTS  

6.3.1. BASELINE CHARACTERISTICS 

Table 6.1 presents baseline characteristics. The mean age was 73.62 (±9.27) years and 

98% were suffering from type 2 diabetes with a median diabetes duration at baseline 

of 5.45 years (2.41; 9.19).  

Denosumab initiators were older with mean ages 75.60 (±9.72) versus 73.51 (±9.23) 

years (p<0.001), were more frequently women (81% versus 68%, RR 1.18 [1.13; 

1.24]), and were more comorbid (mean CCI 2.26 [2.07; 2.44] versus 1.78 [1.74; 1.82]) 

compared to alendronate initiators. 
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Moreover, individuals exposed to denosumab had a higher proportion of previous 

fractures (64% versus 46%, RR 1.38 [1.28; 1.48]), peptic ulcers (16% versus 7%, RR 

2.14 [1.72; 2.66]), and renal impairment (11% versus 6%, RR 1.93 [1.47; 2.53]).  

The highest proportion of hyperthyroidism (5.10% versus 3.08%, RR 1.66 [1.11; 

2.48]), insulin use (22.65% versus 18.69%, RR 1.21 [95% CI 1.02; 1.44]), opioid use 

(84.29% versus 76.83%, RR 1.10 [1.05; 1.14]) and anxiolytic use (92.86% versus 

88.26%, RR 1.05 [1.03; 1.08]) were found among denosumab initiators compared to 

the alendronate initiators.  

 

Table 6.1, Baseline characteristics. 

 All subjects 

n = 8,745 

Alendronate 

n = 8,255 

Denosumab  

n = 490 

Age (years), mean ± SD 73.62 (9.27) 73.51 (9.23) 75.60 (9.72) 

Age category (years), n (%)    

50-59 755 (9) 720 (9) 35 (7) 

60-69 2,196 (25) 2,100 (25) 96 (20) 

70-79 3,481 (40) 3,293 (40) 188 (38) 

≥ 80 2,313 (26) 2,142 (26) 171 (35) 

Sex, n (%)    

Female 6,043 (69) 5,647 (68) 396 (81) 

Male 2,702 (31) 2,608 (32) 94 (19) 

Type 2 diabetes, n (%) 8,589 (98) 8,114 (98) 475 (97) 

Diabetes duration in years,  

median (IQR) 
5.45 (2.41-9.19) 5.43 (2.41-9.18) 5.57 (2.34-9.52) 

History of any fracture, n 

(%) 
4,141 (47) 3,828 (46) 313 (64) 

CCI, mean ± SD 1.81 (1.89) 1.78 (1.88) 2.26 (2.07) 

CCI categories, n (%)    

0 2,609 (30) 2,491 (30) 118 (24) 

1 1,963 (22) 1,879 (23) 84 (17) 

≥2 4,173 (48) 3,885 (47) 288 (59) 

Peptic ulcer, n (%) 507 (6) 455 (6) 52 (11) 

Renal impairment, n (%) 693 (8) 615 (7) 78 (16) 

Income, € in thousands,  
median (IQR) 

26.13 (19.85-32.54) 26.11 (19.85-32.58) 26.44 (19.92-31.53) 

1st Quintile, n (%) 1,749 (20) 1,645 (20) 104 (21) 

2nd Quintile, n (%) 1,749 (20) 1,677 (20) 72 (15) 

3rd Quintile, n (%) 1,749 (20) 1,637 (20) 112 (23) 

4th Quintile, n (%) 1,749 (20) 1,637 (20) 112 (23) 

5th Qiuntile, n (%) 1,749 (20) 1,659 (20) 90 (18) 

Marital status, n (%)    

Married 4,241 (49) 4,015 (49) 226 (56) 

Divorced 1,358 (16) 1,280 (16) 78 (16) 

Unmarried 606 (6.93) 574 (7) 32 (7) 

Widowed 2,534 (29) 2,380 (29) 154 (31) 

Unknown 6 (0) 6 (0) 0 (0) 

Heavy Smoking, n (%) 3,116 (36) 2,927 (35) 189 (39) 
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Alcohol abuse, n (%) 747 (9) 708 (9) 39 (8) 

Obesity, n (%) 1,543 (18) 1,457 (18) 86 (18) 

Pancreatitis, n (%) 298 (3) 283 (3) 15 (3) 

Hyperthyroidism, n (%) 279 (3) 254 (3) 25 (5) 

Hypothyroidism, n (%) 629 (7) 589 (7) 40 (8) 

Glucocorticoid use, n (%) 5,027 (57) 4,757 (58) 270 (55) 

Statin use, n (%) 6,791 (78) 6,424 (78) 367 (75) 

Insulin use, n (%) 1,654 (19) 1,543 (19) 111 (23) 

Hypoglycemia, % ± SD 193 (2) 177 (2) 16 (3) 

Hypertension, n (%) 7,996 (91) 7,543 (91) 453 (92) 

Opioid use, n (%) 6,755 (77) 6,342 (77) 413 (84) 

Anxiolytics, n (%) 7,741 (89) 7,286 (88) 455 (93) 

Initiation year, n (%)    

2011 1,098 (13) 1,018 (12) 80 (16) 

2012 1,052 (12) 989 (12) 63 (13) 

2013 1,076 (12) 1,018 (12) 58 (12) 

2014 1,100 (13) 1,044 (13) 56 (11) 

2015 1,072 (13) 1,021 (12) 51 (10) 

2016 1,113 (13) 1,050 (13) 63 (13) 

2017 1,155 (13) 1,099 (13) 56 (11) 

2018 1,079 (12) 1,016 (12) 63 (13) 

All characteristics were evaluated at the index date. Data are presented as numbers (n, %), mean with ±SD, 

or median with IQR. 

6.3.2. RISK OF INCIDENT MOF 

The median follow-up time was 2.67 (1.17; 4.62) and 2.36 (0.95; 4.53) years among 

the alendronate and denosumab initiators, respectively. A higher proportion of deaths 

were identified in the denosumab group (34% versus 27%, RR 1.29 [1.14; 1.47]). The 

median treatment duration expressed in days by cumulative DDDs of alendronate and 

denosumab was 560 (182; 1,218) and 727 days (363; 1,455), respectively.  

The risk of MOFs during the study period is presented in Table 6.2. An incident MOF 

was experienced by 49% (n=238) and 39% (n=3,256) of denosumab and alendronate 

initiators, respectively. The MOF incidences per 1000 person-years were 168.54 

(148.43; 191.37) and 130.64 (95% CI 126.22; 135.21) for denosumab and 

alendronate, respectively, with an incidence rate ratio (IRR) of 1.29 (1.13; 1.47). 

Consequently, the crude risk of any MOF was higher among initiators of denosumab 

during the study period, HR 1.26 (1.10; 1.44) with the alendronate initiator group as 

the comparator. The 1-Kaplan-Meier failure curve is presented by Figure 6.1. The risk 

was diminished and partly reversed by the multiple-adjusted model (HR 0.89 [95% 

CI 0.89; 1.02]). The most prevalent MOF type was hip fractures in both exposure 

groups, followed by fractures of the forearm, spine, and humerus (Table 6.2).  

  



Chapter 6. The efficacy of anti-osteoporotic treatment in subjects with type 2 diabetes 

71 

Table 6.2, Risk of MOF and stratifications. 

   Hazard ratios (HR) and 95% CI 

 Exposure MOF, n (%) Crude Adjusted 1# Adjusted 3Ф 

Overall 
Denosumab 238 (49) 1.26 (1.101.44) 1.17 (1.03-1.34) 0.89 (0.78-1.02) 

Alendronate 3,256 (39) 1 (reference) 1 (reference) 1 (reference) 

Age category     

< 75 years 
Denosumab 88 (37) 1.18 (0.95-1.47) 1.14 (0.92-1.42) 0.80 (0.64-1.00) 

Alendronate 1,504 (46) 1 (reference) 1 (reference) 1 (reference) 

≥ 75 years 
Denosumab 150 (63) 1.23 (1.04-1.46) 1.20 (1.02-1.42) 1.97 (0.82-1.16) 

Alendronate 1,752 (54) 1 (reference) 1 (reference) 1 (reference) 

Sex     

Female 
Denosumab 203 (85) 1.19 (1.03-1.38) 1.17 (1.01-1.35) 0.90 (0.77-1.04) 

Alendronate 2,416 (74) 1 (reference) 1 (reference) 1 (reference) 

Male 
Denosumab 35 (15) 1.29 (0.91-1.82) 1.20 (0.85-1.26) 0.86 (0.63-1.26) 

Alendronate 840 (26) 1 (reference) 1 (reference) 1 (reference) 

History of any fracture    

Yes 
Denosumab 218 (92) 0.90 (0.78-1.05) 0.89 (0.77-1.03) 0.87 (0.75-1.01) 

Alendronate 2,863 (88) 1 (reference) 1 (reference) 1 (reference) 

No 
Denosumab 20 (8) 1.23 (0.78-1.94) 1.12 (0.72-1.75) 1.13 (0.72-1.77) 

Alendronate 393 (12) 1 (reference) 1 (reference) 1 (reference) 

Type of the first MOF     

Spine 
Denosumab 45 (19) 1.13 (0.84-1.53) 1.14 (0.84-1.53) 0.82 (0.59-1.15) 

Alendronate 684 (21) 1 (reference) 1 (reference) 1 (reference) 

Hip 
Denosumab 98 (41) 1.31 (1.06-1.62) 1.20 (0.97-1.48) 0.93 (0.75-1.16) 

Alendronate 1,289 (40) 1 (reference) 1 (reference) 1 (reference) 

Humerus 
Denosumab 33 (14) 1.31 (0.92-1.87) 1.20 (0.97-1.48) 0.91 (0.63-1.29) 

Alendronate 434 (13) 1 (reference) 1 (reference) 1 (reference) 

Forearm 
Denosumab 62 (26) 1.25 (0.97-1.62) 1.13 (0.87-1.46) 0.87 (0.66-1.14) 

Alendronate 849 (26) 1 (reference) 1 (reference) 1 (reference) 

MOF, n (%) represents numbers and % of MOFs in each category by exposure. Adjusted HRs (95% CIs) 

with alendronate exposure as the reference with the exclusion of stratified categories in adjusted analyses. 

# Adjusted for sex and age. Ф Multiple adjustments for sex, age, history of fractures, diabetes duration, 
insulin, hypoglycemia, anxiolytics, statin, opioid, smoking, alcohol, glucocorticoid, pancreatitis, hypo- and 

hyperthyroidism, peptic ulcer, renal impairment, CCI, income and marital status. 



Type 2 diabetes and bone health 

72
 

Figure 6.1, Kaplan-Meier failure curve of incident MOF. 

 

Discontinuation of the original treatment was observed in 4,078 (47%) subjects. In 

general, the baseline characteristics did not differ between the original cohort and 

these subjects (Appendix E3). Of those who discontinued treatment, 3,484 subjects 

discontinued without a prescription of other anti-osteoporotic drugs, 149 (30%) 

denosumab initiators, and 3,284 (42%) alendronate initiators. A total of 445 subjects 

replaced the original treatment with another anti-osteoporotic treatment before the end 

of follow-up: 274 switched from alendronate to denosumab, 7 switched from 

denosumab to alendronate and 165 switched to a third anti-osteoporotic therapy (all 

alendronate initiators).  

6.4. CONCLUSION 

The aim of this thesis, Chapter 6 was to examine the efficiency of anti-osteoporotic 

treatments on osteoporotic fracture risk in subjects with type 2 diabetes. This was 

assessed by evaluation of the risk of an incident MOF after initiation of either 

denosumab or alendronate among subjects. The results suggest accepting the null 

hypothesis of no difference in the risk of a new MOF in subjects with type 2 diabetes 

between initiators of denosumab and alendronate.  

A hip fracture was the most frequent MOF type in diabetes patients after treatment 

initiation with both the alendronate and denosumab with similar risks between 

exposures. Nevertheless, the estimates moved towards a protective effect of 

denosumab in the multiple adjusted analysis.  
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As discussed previously, BMD is often normal and inappropriately high in patients 

with type 2 diabetes and, to date, is the only available method for diagnosing 

osteoporosis in the clinical setting. Consequently, a proper response to anti-

osteoporotic therapy is restricted to the assessment of fracture risk when the patient 

suffers from diabetes. Yet, fracture assessment most often requires long-term follow-

up making it hard to evaluate this endpoint in clinical trials.  

The presented results may indeed point towards an improvement of bone quality 

(based on fracture risk) in subjects with type 2 diabetes exposed to denosumab 

compared to alendronate, though the estimates did not reach statistical significance. 

The risk was not related to sex, age, or a previous fracture and did not differ among 

switchers or those with discontinuation. Moreover, despite a faster clearance of 

alendronate, the change in the risk of a new MOF in denosumab users did not differ 

from alendronate among those who discontinued treatment without replacement, and 

neither did the results support any effect based on effective use. 

To date, no specific treatment recommendations for osteoporosis in the presence of 

diabetes exist. However, the hope is that the current findings encourage attention to 

the treatment of osteoporosis and fracture prevention in diabetes. As BMD is an 

insufficient measure of fracture risk in this population, further data are needed to 

elucidate whether the bone-specific efficiency of anti-osteoporotic therapies differs in 

subjects with diabetes. 
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CHAPTER 7. ALENDRONATE AND THE 

PROSPECT OF TYPE 2 DIABETES  

7.1. STUDY OBJECTIVE 

Structure, protection, and mechanical strength are buzzwords when considering the 

function of bone tissue. Temporarily, bone tissue also produces proteins with 

endocrine actions affecting glucose metabolism. Bone remodeling is regulated and 

modified by anti-osteoporotic therapies and thus, it seems plausible that these drugs 

may have the potential to impact on other metabolically active tissues as well.  

The aim of this thesis, Chapter 7 is to explore the proposed link between bone- and 

glucose metabolism by examining a potential relationship between alendronate and 

type 2 diabetes.  

The null hypothesis is that the likelihood of developing type 2 diabetes is not altered 

by alendronate administration. 

The following chapter (including tables and figures) is based on the manuscript: 

Alendronate Use and Risk of Type 2 Diabetes: A Nationwide Danish Nested Case-

Control Study. Published, doi:10.3389/fendo.2021.771426 (3). 

7.2. METHODOLOGY  

7.2.1. STUDY DESIGN AND SETTING 

The following study is designed as a population-based nested case-control study. A 

study timeline is presented in Appendix F1. 

Subjects with type 2 diabetes were defined as cases, and controls were subjects 

without a history of diabetes. Alendronate use before the index date (type 2 diabetes 

or a dummy date for control subjects) was set as exposure. The time of data collection 

was set between January 1, 1998, and December 31, 2018. Firstly, information on the 

outcome (type 2 diabetes diagnosis) was assessed from January 1, 2008, until 

December 31, 2018. Afterward, exposure (alendronate use) was assessed from 

January 1, 1998, defined as the first drug redemption before the outcome or end of the 

study period (December 31, 2018). As data availability included approximately two 

decades (1996-2018), the year 1998 and 2008 was chosen to ensure proper data 

validity by 1998 and one decade for exposure (1998-2008) as well as one decade for 

outcome occurrence (2008-1998). 

7.2.2. STUDY POPULATION  

The study population selection process is illustrated in Appendix F2.  

To identify an eligible cohort, all subjects with death and emigration before January 

1, 1998, were excluded. Then, case subjects, i.e., subjects with diabetes, were 

identified and the outcome/index date was defined and set at the date of diabetes 
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classification. Only cases with new onset classified type 2 diabetes at age ≥50 after 

January 1, 2008, were included.  

Then, for each case subject, 3 randomly selected control subjects from the general 

population were matched by age and gender using incidence-density sampling. 

Control subjects had to be alive and living in Denmark at the index date to be included, 

and so, a “dummy” index date was set for each control subject with respect to death 

and emigration. 

7.2.3. OUTCOME AND EXPOSURE 

In the nature of the case-control design, the outcome (type 2 diabetes) was identified 

formerly to define the cohort. The classification of type 2 diabetes was described in 

Section 3.2. 

Alendronate exposure was identified as redeemed alendronate drug prescriptions by 

the ATC code “M05BA04”.  

7.2.4. STATISTICAL ANALYSES 

Outcome and exposure were evaluated as binary variables of type 2 diabetes (case/ 

control) and alendronate ever use (yes/no), respectively. Alendronate exposure was 

further grouped as categorical variables of effective use duration intervals (<6 months, 

0.5-1.9 years, 2-3.9 years, 4-5.9 years, 6-7.9 years, and ≥8 years) and compliance 

(MPR <0.5, 0.5-0.8 and >0.8) as described in Section 3.3.  

The odds ratios (OR) of type 2 diabetes were estimated by conditional logistic 

regression models of alendronate exposure as ever use, effective use, and compliant 

use with 95% CI.  

7.2.4.1 Sensitivity analyses 

A possible dose-response relationship between the longer effective duration of 

alendronate use on the risk of type 2 diabetes was evaluated by performing a trend test 

(conditional logic regression model) only among those who were exposed to 

alendronate. 

Moreover, sensitivity analyses were conducted excluding those with baseline 

characteristics such as heavy smoking, alcohol abuse, prior pancreatitis, 

glucocorticoid use, obesity, and people with age above 65.  

7.3. RESULTS 

7.3.1. BASELINE CHARACTERISTICS 

In total, 654,352 subjects were included (163,588 cases and 490,764 controls). Table 

7.1 presents baseline characteristics among case and control subjects with a balanced 

matching (as is also presented in the published manuscript (3)). 

Baseline characteristics revealed that individuals with type 2 diabetes were more 

likely to be heavy smokers, alcohol abusers, obese, and have a history of pancreatitis, 

hyperthyroidism, hypothyroidism, and use of glucocorticoids. Lastly, subjects with 

type 2 diabetes were more comorbid compared to controls. 
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Table 7.1, Baseline characteristics of cases and controls. 

 All subjects 

n = 654,352 

Type 2 diabetes 

n = 163,588 

Control subjects 

n = 490,764  

Age (years), mean ± SD 66.67 ± 10.00 66.67 ± 10.00 66.67 ± 10.00 

Age category (years), n (%)    

50-59 198,452 (30.33) 49,613 (30.33) 148,839 (30.33) 

60-69 231,028 (35.31) 57,757 (35.31) 173,271 (35.31) 

70-79 161,268 (24.65) 40,317 (24.65) 120,951 (24.65) 

≥ 80 63,604 (9.72) 15.901 (9.72) 47,703 (9.72) 

Sex, n (%)    

Female 293,736 (44.89) 73,434 (44.89) 220,302 (44.89) 

Male 360,616 (55.11) 90,154 (55.11) 270,462 (55.11) 

Heavy Smoking, n (%) 169,090 (25.84) 53,479 (32.69) 115,611 (23.56) 

Alcohol abuse, n (%) 29,460 (4.50) 10,476 (6.40) 18,984 (3.87) 

Obesity, n (%) 57,612 (8.80) 28,038 (17.14) 29,574 (6.03) 

Pancreatitis, n (%) 4,408 (0.67) 2,640 (1.61) 1,768 (0.36) 

Hyperthyroidism, n (%) 15,368 (2.35) 4,841 (2.96) 10,527 (2.15) 

Hypothyroidism, n (%) 31,742 (4.85) 9,882 (6.04) 21,860 (4.45) 

Glucocorticoid use, n (%) 175,898 (26.88) 52,332 (31.99) 123,566 (25.17) 

Hypertension, n (%) 377,402 (57.68) 125,032 (76.43) 252,370 (51.42) 

CCI, mean ± SD 0.51 ± 1.18 0.88 ± 1.53 0.38 ± 1.00 

CCI categories, n (%)    

0-0.99 490,586 (74.97) 96,372 (58.91) 395,214 (80.33) 

1-1.99 75,546 (11.55) 30,758 (18.80) 44,788 (9.13) 

≥ 2 88,220 (13.48) 36,458 (22.29) 51,762 (10.55) 

Income, € in thousands, median 

(IQR) 

30,9 (22,1-47,9) 28,6 (21,4-42,8) 32,1 (22,4-49,5) 

Income, € in thousands 
 

   

1st Quintile, median (IQR) 16,4 (14,1-18,3) 16,3 (14,0-18,2) 16,4 (14,2-18,3) 

2nd Quintile, median (IQR) 23,9 (22,2-25,4) 24,0 (22,2-25,5) 23,9 (22,1-25,4) 

3rd Quintile, median (IQR) 30,9 (28,7-33,9) 31,0 (28,6-33,6) 31,0 (28,8-34,0) 

4th Quintile, median (IQR) 43,9 (40,4-47,9) 44,0 (40,2-48,0) 44,0 (40,4-47,9) 

5th Quintile, median (IQR) 66,2 (58,2-83,1) 64,8 (57,6-80,3) 66,4 (58,3-83,8) 

Marital status, n (%)    

Married 400,477 (61.20) 93,176 (57.96) 307,301 (62.62) 

Divorced 65,984 (10.08) 17,781 (10.87) 48,203 (9.82) 

Unmarried 91,784 (14.03) 25,687 (15.70) 66,097 (13.47) 

Widowed 93,172 (14.24) 25,209 (15.41) 67,963 (13.85) 

Unknown 2,935 (0.45) 1,735 (1.06) 1,200 (0.24) 

All characteristics were evaluated at the index date. Data are presented as numbers (n, %), mean with ±SD, 

or median with IQR 
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7.3.2. CHARACTERISTICS OF ALENDRONATE USERS 

Characteristics of subjects exposed and unexposed to alendronate are presented in 

Appendix F3. In total, 31,976 alendronate users were identified with a median 

exposure time until the index of 2.55 years (0.75; 5.26). Of these, 25,169 were control 

subjects and 6,807 were case subjects, corresponding to 5.13% and 4.16%, 

respectively. Median exposure time was 2.31 years (0.68; 4.98) for case subjects and 

2.61 years (0.78; 5.32) for control subjects. In total, 20,786 subjects (65.01%) 

remained exposed to alendronate at the index date with a lower proportion among case 

subjects (60.14%) than control subjects (66.32%). 

Alendronate users were more likely to be females. Nonetheless, female case subjects 

were less likely to use alendronate than female control subjects (78.60% [77.60; 

79.56] vs 83.15% [82.68; 83.61], respectively). The highest proportion of alendronate 

use was found in the subgroup of age 70-79 years (39.25%) in both cases (38.64%) 

and controls (39.42%). On the other hand, the mean age of male alendronate users 

was 67.11 (66.86; 67.35) years, while female users had a mean age of 70.21 (70.09; 

70.32) years. 

7.3.3. THE ODDS OF TYPE 2 DIABETES 

Subjects with type 2 diabetes were less likely than matched controls to have ever used 

alendronate (multiple adjusted OR 0.64 (0.62; 0.66) as presented in Table 7.2.  

7.3.3.1 Dose and compliance dependencies 

Table 7.2 displays the crude and adjusted ORs for effective use (with <6 months as 

reference) and compliant use (with MPR<0.5 as reference) and correspondingly 

graphically illustrated by the blobbogram in Figure 7.1.  

Overall, longer effective use was associated with decreased ORs for type 2 diabetes. 

The lowest OR for type 2 diabetes was found in those with 4-6 years of effective 

alendronate use. The trend test detected a dose-response relationship between longer 

effective use (in years) and lower OR for type 2 diabetes (p<0.007). Likewise, a more 

pronounced association was observed among those with high compliance (MPR>0.8, 

p=0.052). Additionally, the OR for type 2 diabetes was found lower among subjects 

with alendronate exposure for less than 6 months compared to those who had never 

used alendronate (adjusted OR: 0.70 [0.66-0.74]). 

7.3.3.2 Sensitivity analyses 

After the exclusion of obese subjects, alcohol users, pancreatitis, steroid users, or 

heavy smokers from the analysis, the OR for 2 diabetes remained lower among ever 

users of alendronate. When the analysis was restricted to non-smokers, the multiple 

adjusted OR decreased further (OR: 0.59; [0.57; 0.62]). Similarly, when restricting 

the analysis to those with ages below 65 years at the index date, the multiple adjusted 

OR remained low (OR: 0.56 [0.52; 0.61]).  

 

  



Chapter 7. Alendronate and the prospect of type 2 diabetes 

79 

Table 7.2, ORs for type 2 diabetes: ever, effective, and compliant use. 

 Cases, n (%) 
n = 163,588 (100) 

Controls, n (%) 
n = 490,764 (100) 

Crude OR  

(95% CI) 
Adjusted OR¥ 

(95% CI)  

Ever users 6,807 (4.16) 25,169 (5.13) 0.79 (0.77-0.81) 0.64 (0.62-0.66) 

Never-users 156,781 (95.84) 465,595 (94.87) 1.00 (ref.) 1.00 (ref.) 

Effective use of DDD     

< 6 months 1,657 (1.01) 5,563 (1.09) 1.00 (ref.) 1.00 (ref.) 

0.5-1.9 

years  
1,945 (1.19) 6,751 (1.38) 0.93 (0.87-1.01) 0.94 (0.87-1.02) 

2-3.9 years 1,422 (0.87) 5,605 (1.14) 0.82 (0.76-0.89) 0.87 (0.80-0.95) 

4-5.9 years 827 (0.51) 3,656 (0.74) 0.73 (0.66-0.80) 0.79 (0.72-0.88) 

6-7.9 years 516 (0.32) 2,003 (0.41) 0.83 (0.74-0.93) 0.89 (0.79-1.00) 

≥8 years 440 (0.27) 1,791 (0.36) 0.78 (0.70-0.88) 0.84 (0.74-0.95) 

Compliant use grouped by MPR    

< 0.5 564 (8.29) 1,750 (6.95) 1.00 (ref.) 1.00 (ref.) 

0.5-0.8 1,090 (16.01) 3,835 (15.24) 0.88 (0.79-0.99) 0.93 (0.82-1.05) 

> 0.8 5,153 (75.70) 19,584 (77.81) 0.82 (0.74-0.90) 0.90 (0.80-1.00) 

Conditional logistic regression analysis of odds ratios (ORs) and 95% CI for development of type 2 diabetes 

when exposed to alendronate. ¥Adjusted for smoking, alcohol, obesity, pancreatitis, hypothyroidism, 

hyperthyroidism, use of glucocorticoids, CCI, income, and marital status. Estimates in bold represent 

p<0.05. 
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Figure 7.1, Multiple adjusted ORs for type 2 diabetes. 
Illustrated by a blobbogram around 1 presenting no difference. 

 

 

7.4. CONCLUSION 

The aim of this thesis, Chapter 7 was to explore the proposed link between bone- and 

glucose metabolism by examining a potential relationship between alendronate and 

type 2 diabetes. 

This chapter presented results from a nested case-control study suggesting that 

individuals with type 2 diabetes are less likely than matched control subjects to have 

ever used alendronate. These findings suggest rejecting the null hypothesis that the 

likelihood of developing type 2 diabetes is not altered by alendronate administration.  

The odds of being exposed to alendronate were greater among control subjects (0.05) 

than among type 2 diabetes subjects (0.04). The greatest difference in odds was 

detected in the multiple adjusted analysis of ever use of alendronate. A modest 
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interpretation of the results is that those with previous alendronate use were 

approximately 36% less likely to develop type 2 diabetes and thus, that alendronate 

use could be a protective agent against the development of type 2 diabetes. The 

findings also suggested a dose-dependent association between longer effective use of 

alendronate among those who did not develop type 2 diabetes. Moreover, the 

probability of type 2 diabetes was lower among subjects with less than 6 months of 

alendronate exposure compared to never users. Taken together, it may suggest a 

prompt impact on glucose metabolism that becomes more prominent in the long term.  

One of the sensitivity analyses suggested a lower probability of type 2 diabetes when 

the analysis was restricted to non-smokers (excluding “heavy smokers”). Smoking is 

a risk factor for both osteoporosis and type 2 diabetes and recently, a potential 

interaction between smoking and alendronate action has been addressed (188), 

although this warrants further research. 

The presented results support a possible interaction between glucose metabolism and 

anti-resorptive agents. The findings are consistent with several previous and 

comparable studies from different populations (152–154) suggesting, that subjects 

with osteoporosis at risk of type 2 diabetes could benefit from alendronate 

administration. Yet, it is still uncertain if other anti-resorptive therapies, e.g., 

denosumab, show similar tendencies. Nevertheless, high-quality clinical trials are 

scarce but needed to clarify the potential impact on glucose metabolism as well as the 

underlying mechanisms.  
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CHAPTER 8. DISCUSSION 

8.1. BONE-SPECIFIC INTERVENTIONS IN TYPE 2 

DIABETES MANAGEMENT  

Management of type 2 diabetes and its impact on bone was introduced in the 

introduction, section 2.4.3, concluding that type 2 diabetes is not yet acknowledged 

as in independent risk factor for fractures and evaluation of the skeletal health is not 

a part of diabetes management. A consensus report from 2022 by the European 

Association for the Study of Diabetes (EASD) and ADA stated that (189):  

“Progressive metabolic benefits were seen with greater degrees of weight loss … with 

an overall suggestion that ≥10% weight loss may be required to see benefits for 

cardiovascular disease events and mortality rate …” 

However, the report also acknowledges the findings from the Look AHEAD trial: 

“This should be balanced against potential negative effects on body composition, 

bone density, and frailty fractures.” 

ADA updated the “Standard of Care in Diabetes” in January 2023 and neither bone 

health, fracture risk, nor BMD are mentioned when assessing comorbidities, lifestyle 

interventions, and pharmacological approaches in subjects with type 2 diabetes 

(65,138,139).  

Recommendations of physical activity for the general population of older adults are 

150 minutes of moderate-intensity exercise a week including balance and muscle-

strength activity (190). Both physical activity and weight loss (in particular), are 

prominent interventions and leading parts of both prevention and management of type 

2 diabetes. The 2023 ADA recommendation concerning diet includes the following 

statement on type 2 diabetes prevention (131): 

“…encouraged to achieve the ≥7% weight loss during the first 6 months …”. 

Moreover, in diagnosed type 2 diabetes patients, “more intensive weight loss goals 

(i.e., 15%) may be appropriate to maximize benefit”(191).  

However, weight loss is associated with bone loss, and bone loss might not be detected 

in a population with adynamic bones, and a normal or higher BMD, as observed in 

subjects with type 2 diabetes. It is possible, that weight-bearing aerobic and resistance 

exercises abolish the diet-induced bone loss – also in subjects with type 2 diabetes. 

The ADA recommendation concerning exercise in subjects with type 2 diabetes states 

(191):  

“…at least 150 min of moderate-intensity physical activity per week, similar in 

intensity to brisk walking … A maximum of 75 min of strength training could be 

applied toward the total 150 min/week physical activity goal”. 

Yet, this recommendation introduces resistance exercise as an “option” with a time 

restriction more than a need. Consequently, these benefits are not highlighted in the 

recommendations for individuals at risk of or with diagnosed type 2 diabetes. 
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However, the following recommendation for exercise is stated (to improve glycemic 

control): 

“… strong evidence for the HbA1C-lowering value of resistance training in older 

adults with type 2 diabetes and for an additive benefit of combined aerobic and 

resistance exercise … should be encouraged to do at least two weekly sessions of 

resistance exercise (exercise with free weights or weight machines) …” 

This recommendation could indeed be beneficial for bone health as well. However, 

the recommendation is founded on the “HbA1C-lowering value” which is an easily 

accessible and repeatable measurement for both patients and healthcare providers with 

a high chance of a response within a few months. Adequate measurements of bone 

quality are demanding, insufficient, or even inaccessible in these patients, and 

intervention effects are most often imperceptible in the short run.  

Lastly, some glucose-lowering drugs may have bone-beneficial effects, e.g., GLP-1 

receptor agonists, and may as well prevent the loss of bone mass during weight loss. 

Currently, the utility of GLP-1 receptor agonists is no longer restricted to subjects 

with diagnosed type 2 diabetes and the prescription of GLP-1 receptor agonists (and 

SGLT-2 inhibitors) displays an almost exponential increase as illustrated by Figure 

2.4 in this thesis, Chapter 2. Thus, it seems appropriate to evaluate the drug-specific 

effects on bone quality. However, the aforementioned guidelines for the management 

of type 2 diabetes in Europe and The United States of America are not (yet) optimized 

for bone health and fracture prevention. 

8.1. FRACTURE TYPES AND OSTEOPOROSIS IN TYPE 2 

DIABETES 

This thesis, Chapter 4 reported a higher risk of hip and humerus as the first 

osteoporosis-related fractures in subjects with type 2 diabetes compared to subjects 

without diabetes. Moreover, Chapter 5 revealed that subjects with type 2 diabetes 

were less likely to be diagnosed with and treated for osteoporosis after the first 

osteoporosis-related fracture.  

8.1.1. FRACTURE TYPE 

Most research in this area has focused on incidence rates of fractures, rather than the 

type of the first fracture in individuals with diabetes. One study followed 5,285 

women with type 2 diabetes through annual questionnaires for 5 years (192). They 

reported the most frequent localization of fractures in women with type 2 diabetes to 

be the lower leg and lower arm followed by the foot, upper arm, hip, and spine (192). 

Except for lower arm fractures, the rates of fracture risk rates were reported to be 

different among individuals with diabetes compared to those without diabetes for all 

other types of fractures (192).  

In a Danish historical follow-up study of 6,285 women (including 229 with type 2 

diabetes), it was found that those with type 2 diabetes had a 56% higher risk of a MOF 

over 6 years, compared to those without diabetes (80). Yet, the risk differed according 

to the fracture site (hip, upper arm, lower arm, spine) and only the risk of hip fractures 

was reported higher (80). Additionally, a recent cohort study examined the incidence 
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rates of fractures among subjects with newly diagnosed type 2 diabetes (193). They 

reported a lower IR of MOFs among newly treated type 2 diabetes patients compared 

with control subjects and suggested that BMI may have a protective effect on fracture 

risk. Furthermore, the forearm fracture IRR was lower (0.81 [0.75; 0.86]) and the risk 

rates of hip and humerus fractures were reported higher (IRR 1.44 [1.33; 1.55) and 

1.11 [1.03; 1.20], respectively). These findings agree with the presented findings in 

this thesis, Chapter 4. Thus, it is worth considering whether these differences could 

be indicative of early site-specific changes in bone structure among individuals with 

type 2 diabetes. 

A meta-analysis reported elevated BMD at the femoral neck, hip, and spine but no 

differences at the forearm in subjects with type 2 diabetes (194). Accordingly, and 

previously discussed, the higher risk of fractures in individuals with type 2 diabetes is 

not adequately predicted by BMD. Despite having a 20-30% increased risk of 

fractures, individuals with type 2 diabetes are more likely to have a normal T-score 

compared to those without diabetes (195–197). In addition to the reported finding of 

a higher probability of hip fractures as the first MOF, methods to detect and evaluate 

hip bone quality in subjects with type 2 diabetes are needed.  

8.1.2. OSTEOPOROSIS DIAGNOSIS AND TREATMENT 

The perceptions of diabetes-related complications are in general high among affected 

individuals, and most often higher among subjects with type 1 diabetes compared to 

type 2 diabetes (198). The fact that bone quality is affected in subjects with diabetes 

is well-recognized among scientists across the world. However, the awareness of a 

higher fracture risk seems to remain limited among individuals living with diabetes. 

A survey from Ireland in 2018 reported that 83% of individuals with diagnosed type 

2 diabetes recognized retinopathy as a complication of diabetes, yet only 23% 

identified fractures as a diabetes-related complication (198). Moreover, the frequency 

of participants with no concerns about developing diabetes-related complications was 

higher than subjects having concerns about osteoporosis and fractures (198). These 

findings were followed by a Canadian study 2 years later confirming that the minority 

of subjects with type 2 diabetes (22%) believe that diabetes increases the risk of 

fractures (199). Thus, it seems that the low level of concern is most likely a result of 

unawareness of this specific complication. Despite growing evidence of increased 

fracture risk related to diabetes, it seems that subjects living with type 2 diabetes are 

not sufficiently informed about skeletal complications.  

Forearm and humerus fractures among the elderly population are often low-impact 

fractures, and current Danish guidelines clearly state that a DXA evaluation should be 

performed in such cases. Low-impact spine and hip fractures are directly linked to the 

osteoporotic diagnosis and initiation of anti-osteoporotic treatment in Denmark. 

Though the proportion of subjects treated with anti-osteoporotic drugs was 

appropriately higher after spine and hip fractures, subjects with type 2 diabetes were 

still approximately 20% less likely to be diagnosed with and treated for osteoporosis 

after the first MOF compared to subjects without diabetes (reported in this thesis, 

Chapter 5). Poor compliance among individuals with type 2 diabetes may also 

contribute and result in lower redemption of drug prescriptions as well as a no-show 

to hospital evaluations, both of which cannot be distinguished in these results. 
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Interestingly, individuals who received a prescription for anti-osteoporotic therapy 

following the first MOF had lower comorbidity and income levels compared to those 

who did not receive any such treatment. This pattern was observed in both individuals 

with type 2 diabetes and those without diabetes. Another possible explanation is the 

insufficiency of the DXA evaluation to detect low bone quality and predict fracture 

risk in subjects with type 2 diabetes. Furthermore, some hospitals offer treatment with 

zoledronic acid as a post-hip-fracture treatment for 1-3 years which is not included in 

this analysis and may underestimate the proportion of treated subjects as well as the 

time to treatment. 

Previous studies found that individuals with type 2 diabetes have a higher risk of 

mortality risk after experiencing a MOF (89,200,201) and this is confirmed by the 

presented result of a higher mortality after the first MOF in subjects with type 2 

diabetes. This underlines the importance of early detection and treatment of 

osteoporosis in these people. Indeed, these results highlight the essential part of bone 

health when managing type 2 diabetes in the elderly population. However, 

collectively, these findings are concerning, especially combined with the 

documentation of fracture-risk unawareness in subjects living with diabetes. Thus, it 

seems that the lack of perception regarding the relationship between diabetes and low 

bone quality is not restricted to patients but also involves the healthcare providers 

responsible for managing and treating subjects with diabetes.  

The presented results in this thesis, Chapter 5 indicate that treatment rates after a 

fracture were generally higher in females but decreased after the age of 70. Treatment 

rates were highest for spine fractures but decreased over time. Between 1997 and 

2017, both individuals with and without type 2 diabetes experienced a decrease in hip 

and humerus fracture incidence rates, as reported in a recent Danish cohort study (82). 

While individuals with type 2 diabetes had a higher incidence of humerus and hip 

fractures, the rates differed significantly from subjects without diabetes. Yet, the 

clinical vertebral fracture incidence increased in the same period and significantly 

more in subjects with type 2 diabetes compared to controls (82). This corresponds to 

the results discussed above and the results from this thesis, Chapter 4, reporting that 

vertebral fractures were more often the first fractures in subjects with type 2 diabetes 

compared to controls among those with an index date in the last decade of the study 

period. 

All considered, awareness of fractures as a diabetes-related complication and 

prevention strategies to reduce the burden of fractures are currently lacking. 

Individuals with, and at risk of, type 2 diabetes are more prone to osteoporosis-related 

fractures despite normal BMD measurements and have higher mortality. Yet, they are 

less likely to 1) have insight into fractures as a diabetes-related complication, 2) 

receive adequate guidance and management to optimize bone health, 3) be diagnosed 

with, and 4) be treated for osteoporosis to prevent fractures.  

Naturally, these facts emphasize the need for further research and increased attention 

to bone health in this population. Individualized treatment strategies concerning 

several organ systems, including bone, are a humble hope for the future management 

of the elderly with or at risk of type 2 diabetes. 
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8.2. ANTI-OSTEOPOROTIC TREATMENT EFFICACIES IN 

TYPE 2 DIABETES 

This thesis, Chapter 6 described and presented a similar effect of alendronate and 

denosumab on the risk of an incident osteoporosis-related fracture in subjects with 

diabetes. 

Bone metabolism is observed adynamic in individuals with diabetes, however, 

antiresorptive therapies appear to retain their potential to prevent fractures despite a 

further reduction of bone turnover (202,203). Nine studies were identified and 

included in a systematic review from 2018, which reported no differences in BMD or 

fracture risk between the different anti-osteoporotic medications in subjects with 

diabetes, however, they did not identify any eligible studies to evaluate denosumab 

(204). Current knowledge is limited to post hoc analyses of large RCTs. In one of 

those, alendronate treatment for three years increased BMD at all sites compared to 

placebo, and the increase was comparable in subjects without diabetes (155). Similar 

observations were achieved in a post hoc analysis of denosumab treatment (148). 

Moreover, a reduced risk of new vertebral fractures was reported, yet the study also 

described a higher incidence of nonvertebral fractures (predominantly forearm and 

ribs) in subjects with diabetes (148). However, according to the presented results, 

there was no evidence of a higher risk of forearm fractures among individuals who 

initiated denosumab compared to those who initiated alendronate. 

A larger gain in BMD has been suggested after denosumab use compared to 

alendronate with no difference in safety and adverse events (205,206). Furthermore, 

similar fracture risks are suggested between users of alendronate and denosumab 

(207). However, none of these studies included analyses on subjects with diabetes, 

and thus far, no studies investigating the effects on subjects with diabetes were 

identified.  

The effects on bone indices after the transition from alendronate to denosumab have 

been explored previously. An observational study examined a switch from 

bisphosphonates to denosumab and did not report any improvement in BMD after 6 

months of denosumab treatment in subjects with type 2 diabetes with prior 

bisphosphonate use (208). In an RCT comparing women with suboptimal adherence 

to alendronate therapy, switching to denosumab resulted in a greater increase in BMD 

and a reduction in bone turnover after 12 months compared to switching to risedronate 

(209). Another RCT examined the discontinuation of alendronate and did not find any 

impact on the 5-year fracture risk in those without treatment or replacement (210). 

Alendronate has a long half-life and a potential benefit from a switch may, in part, 

express an additive and/or long-term effect. Neither did the sensitivity analyses 

presented in this thesis, Chapter 6 support a change in the fracture risk after censoring 

those with a switch in treatment nor discontinuation. In addition, the results did not 

change after stratification by effective use nor exclusion of those with low adherence 

to the initiated therapy. Lastly, no difference was observed in the risk of any MOF 

after relocating those with a switch to denosumab within 6 months of alendronate 

treatment.  
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Denosumab is suggested to enhance muscle mass and strength (211), which improves 

postural control and thus, potentially reduces the risk of fractures from falling. Still, 

the observed increased incidence of rib and forearm fractures in those exposed to 

denosumab could indicate a higher rate of falling (148). Contrarily, several studies, 

including this thesis, Chapter 7 suggest that alendronate may have the ability to reduce 

insulin requirement, improve insulin sensitivity in prediabetes, and protect against 

future development of type 2 diabetes (152–154,156,212). These potential 

qualifications could also decrease the risk of late diabetes complications and, thereby, 

fracture risk (86).  

Alendronate initiation is in general related to a few adverse events (47), however, 

these events are rarely reported in those initiated with denosumab (52). This fact could 

potentially result in confounding by indication as treatment indications differ between 

subjects, and a switch in treatment from alendronate to denosumab was observed in 

some subjects. However, it would generally be expected that most changes in 

treatment due to adverse events will occur within six months after alendronate 

initiation. In addition, as alendronate is an established treatment and denosumab is a 

newer agent, the possibility of residual confounding cannot be dismissed. A matching 

analysis, for example by propensity scores, could potentially reduce residual 

confounding and confounding by indication. This approach would tend to balance 

baseline characteristics of denosumab and alendronate initiators and mimic a 

randomized trial. Factors to include in the analysis of a propensity score would be 

evaluated using a DAG as illustrated by Appendix B2 and a logistic regression model 

to predict the probability of being allocated to one or the other intervention group.  

The newer agent romosozumab was approved in 2020 for the treatment of 

postmenopausal osteoporosis in Denmark. Administration and initiation are currently 

restricted to the hospitals and to women with a fracture located to the pelvis, hip, 

humerus, forearm, or spine within the last 3 years. Romosozumab is a monoclonal 

antibody that acts against the sclerostin pathway resulting in both enhanced bone 

formation and reduced bone resorption (121). A higher BMD gain and fracture 

reduction were recently reported after romosozumab administration for 1 year 

followed by alendronate treatment compared to alendronate treatment alone (213). 

Romosozumab has not been and was not evaluated in subjects with diabetes in this 

thesis as presented data were restricted to December 2018. However, as this agent 

targets both formation and resorption, an evaluation of fracture risk reduction in 

subjects with diabetes would be interesting.  

All considered, treatment of osteoporosis and fracture prevention in subjects with type 

2 diabetes are insufficient. However, current research suggests that both alendronate 

and denosumab are effective in fracture risk reduction in subjects with type 2 diabetes 

when evaluated separately. Additionally, the presented results from this thesis, 

Chapter 6 implies an equal beneficial treatment effect on a new osteoporosis-related 

fracture between users of denosumab compared to alendronate. However, human 

RCTs with a predefined endpoint are needed to clarify the effects of different anti-

osteoporotic drugs on bone quality in subjects with type 2 diabetes. 
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8.3. ANTI-OSTEOPOROTIC THERAPIES AND GLUCOSE 

METABOLISM 

The results presented in this thesis, Chapter 7 suggested a decreased probability of 

developing type 2 diabetes among users of alendronate.  

It has been reported that individuals with type 2 diabetes and poor glycemic control 

have a higher risk of fractures (74) and particularly in subjects with diagnosed 

osteoporosis (214). Thus, it would be clinically relevant to identify prevention 

strategies to improve glycemic control or even avert type 2 diabetes in subjects with 

osteoporosis. 

A few previous studies have investigated the effects of anti-osteoporotic therapies on 

diabetes status. They are gathered in a recent meta-analysis suggesting a decreased 

risk of type 2 diabetes among users of bisphosphonates (215). Post-hoc analyses of 

three RCTs, which had a follow-up period of three to four years, revealed no 

significant alterations in the incidence of diabetes following treatment with 

alendronate, zoledronic acid, or denosumab (155). However, the administration of 

alendronate was only 5 mg daily for 2 years and then increased to 10 mg daily for 

further 2 years. According to the dose-dependent findings presented in this thesis, 

Chapter 7 it is possible that 5 mg represents an inadequate dose to detect an effect on 

fasting blood glucose and type 2 diabetes incidence.  

Only one human RCT has evaluated the association between alendronate use and 

glucose metabolism. The trial included 60 postmenopausal women between the ages 

of 45 and 60 years who were randomly assigned to either 70 mg alendronate per week 

or placebo treatment for a duration of 12 weeks (156). They reported a reduction in 

HbA1c and fasting glucose among participants who were exposed to alendronate 

(156). The trial suggests an improvement of HbA1c as well as fasting blood glucose 

after 12 weeks of alendronate use (156). The results from the 12-week intervention 

trial suggest that a potential protective effect may already be observed after three to 

six months of alendronate exposure, as was suggested in this thesis, Chapter 7. 

However, assessing the registration of the trial reveals an unfortunately high number 

of predefined “primary” outcomes (approximately 9) (216). Moreover, the standard 

errors in the presented results were implausible large (156) and so, further human 

trials with a clear predefined outcome are needed to confirm the potential impact of 

alendronate on glucose metabolism.  

The study design presented in this thesis, Chapter 7 was nested case-control with every 

case randomly matched to 3 control subjects by incidence-density sampling on age 

and gender. The matching was chosen to increase bias elimination and ensure uniform 

risk and exposure time. Individuals who were exposed to alendronate were expected 

and found to be relatively unhealthy in comparison to those who were not prescribed 

alendronate therapy. Contrariwise, it is possible that subjects with osteoporosis and 

long exposure time are healthier and have a higher tolerance for alendronate as well 

as lower BMI and consequently sustained low BMD (217). These factors could indeed 

result in a decreased risk of type 2 diabetes and induce a healthy survivor bias as seen 

in many previous cohort studies. The case-control setup was chosen to reduce that last 

bias. Vitamin D supplementation is another factor or effect mediator with a potential 



Type 2 diabetes and bone health 

90
 

direct or indirect impact on type 2 diabetes (218). As presented in Section 2.1.6.1, 

calcium and vitamin D supplementation is recommended in subjects with or at risk of 

osteoporosis. Consequently, subjects treated with anti-osteoporotic drugs are most 

likely also exposed to vitamin D. Additionally, inadequate levels of calcium and 

Vitamin D may increase the time to treatment initiation. The registers do not contain 

data on over-the-counter medicine and unfortunately, evaluation of a possible effect 

of vitamin D is not possible. A study design with a similar comparator, e.g., 

denosumab, could potentially minimize a theoretical vitamin D-induced effect on type 

2 diabetes.  

The national Danish guidelines recommend re-evaluating BMD and considering 

discontinuing alendronate treatment after 5 years concerning incident fractures during 

treatment (25). In the presented results, individuals who were exposed to alendronate 

for an extended period tended to have a higher level of comorbidity. It is likely, that 

subjects with osteoporosis and at low risk of developing diabetes have a higher 

likelihood of discontinuing alendronate after 5 years compared to individuals with a 

high risk of type 2 diabetes (higher morbidity) because of reduced fracture risk during 

treatment. This could explain the marginal likelihood increase among those exposed 

to alendronate for a longer period. Still, the odds of type 2 diabetes were indeed lower 

among individuals who continued alendronate therapy. This fact signifies a potential 

sustained protection and long-term effect that corresponds to the long half-life of 

alendronate (219). How alendronate impact on glucose metabolism is yet to be 

clarified. In vitro studies have suggested a decrease in adipogenesis and activation of 

lipolysis (157,220), conditions suggested altered in subjects with impaired insulin 

sensitivity and at risk of type 2 diabetes. 

An association between type 2 diabetes and high sclerostin levels has been reported 

(117–119), and thus, it would be of high interest to evaluate romosozumab treatment 

in subjects with type 2 diabetes. As the incidence of cardiovascular events was 

marginally higher among those treated with romosozumab compared to alendronate 

alone, cardiovascular risk assessment is recommended before initiation. Naturally, 

this includes caution if the patient suffers from diabetes. However, the evidence of the 

harmful effect of sclerostin inhibition on cardiovascular safety is conflicting and no 

mechanism has been proposed (221,222). Moreover, sclerostin is suggested to 

facilitate the inhibition of bone formation by AGEs (108) and is reported positively 

correlated with insulin resistance (117–119). Hence, a theoretical beneficial effect of 

sclerostin inhibition in subjects with type 2 diabetes could be hypothesized.  

All considered, anti-osteoporotic therapies may have the potential to modify other 

aspects of the human metabolism to reduce the risk of developing type 2 diabetes. 

Evidence of bone as an endocrine organ is emerging and agents with an effect on these 

osteokines may have the ability to impact on other organ systems involved in energy 

metabolism, e.g., liver, adipose tissue, and myocytes. However, human studies are 

scarce and further research is needed to clarify the interplay between bone and glucose 

metabolism.   
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CHAPTER 9. CONCLUSION  

The objective of this thesis was to evaluate the interface between type 2 diabetes and 

bone health including osteoporotic fractures, diagnostics, and treatment strategies in 

the Danish population.  

Overall, osteoporosis and type 2 diabetes are two metabolic disorders with high 

healthcare costs, increasing prevalence, and ambiguous diagnostics. It is challenging 

to identify individuals with type 2 diabetes at risk of fractures and type 2 diabetes has 

not yet been acknowledged as an independent factor contributing to increased risk of 

osteoporosis-related fractures. Additionally, current guidelines concerning type 2 

diabetes management do not consider low bone quality or fracture risk as significant 

diabetes-related complications. Consequently, prevention strategies concerning 

fractures in subjects with type 2 diabetes are increasingly important to acknowledge 

and optimize.  

The findings in this thesis (Chapters 4, 5, 6, and 7) are listed in short below. 

 

The null hypotheses were 

1. The location of the first major osteoporotic fracture after diabetes diagnosis 

does not differ between individuals with type 2 diabetes and without 

diabetes. 

2. A type 2 diabetes diagnosis does not impact the diagnosis or initiation of 

treatment against osteoporosis, or mortality after a MOF.  

3. The risk of a new major osteoporotic fracture in subjects with type 2 diabetes 

does not differ between initiators of denosumab and alendronate. 

4. The likelihood of developing type 2 diabetes is not altered by alendronate 

administration. 

 

The findings and results presented in this thesis suggest that 

1. Individuals with type 2 diabetes have an increased risk of hip fractures as the 

first osteoporotic-related fracture compared to individuals without diabetes. 

However, the specific first fracture site depends on sex, age at diabetes 

diagnosis, and time.  

2. Individuals with type 2 diabetes are less commonly diagnosed with and 

treated for osteoporosis, despite an osteoporosis-related fracture that is 

additionally followed by an increased mortality.  

3. The efficiency of the two most common choices of anti-osteoporotic 

therapies (alendronate and denosumab) is equal in the prevention of a new 

osteoporotic fracture in subjects with diabetes.  

4. And lastly, alendronate use seems to modify the chances of developing type 

2 diabetes, and thus, anti-osteoporotic therapies may impact directly or 

indirectly on glucose metabolism. 
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All considered, scientific knowledge and data on type 2 diabetes and bone health are 

accumulating. Osteoporosis and type 2 diabetes are two metabolic disorders with 

compelling individual and health care burdens. They often co-exist, and the existence 

of a two-way metabolic interaction is evident. Yet, patients and healthcare providers 

seem unaware of the significant relationship between diabetes of reduced bone 

quality. Consequently, the warranty of bone fragility and fractures being added to the 

list of known diabetes-related complications is emerging. Likewise, there is an 

urgency for type 2 diabetes to be recognized as an independent risk factor in the 

development of reduced bone quality and osteoporosis-related fractures.  
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CHAPTER 10. PERSPECTIVE 

Several issues concerning osteoporosis diagnosis, type 2 diabetes management, and 

fracture prevention have been discussed in the previous chapters. Importantly, no 

causal relationships have been documented in this thesis. However, in the following, 

questions, proposals, and hypotheses will be presented, and potential implementations 

in future research will be addressed.  

10.1. TYPE 2 DIABETES AS A RISK FACTOR  

Firstly, low bone quality and fractures are well-established complications of type 2 

diabetes, albeit type 2 diabetes per se is not yet recognized as an independent risk 

factor for fractures. Consequently, current guidelines do not consider bone health in 

the management of type 2 diabetes, resulting in inadequate knowledge of fracture risk 

among patients and healthcare providers. The burden of osteoporosis-related fractures 

is not restricted to loss of life quality, it extends to high healthcare costs related to 

comorbidities as well as increased mortality that escalates if the patient suffers from 

type 2 diabetes. As low bone quality is asymptomatic, and the remodeling of bone 

takes time, early guidance and information about skeletal health are paramount among 

individuals with increased risk of fractures, i.e., subjects with type 2 diabetes. To 

reduce the public burden of fractures it is essential to improve fracture risk awareness. 

The list of diabetes-related complications is long, but none should be overlooked. 

Current guidelines need to address bone health in the management of type 2 diabetes.  

In the clinical setting, all patients with type 2 diabetes are informed about, screened 

for, and preventively treated against micro- and macrovascular complications, e.g., 

retinopathy, nephropathy, neuropathy, and cardiovascular disease. However, bone 

health is not yet included in the evaluation of comorbidities. Individuals with type 2 

diabetes are less likely to be diagnosed with osteoporosis despite a fracture related to 

osteoporosis. Moreover, individuals with type 2 diabetes are less likely to be treated 

for osteoporosis despite a fracture related to osteoporosis. It is concerning. 

Optimization of diagnostics and treatment procedures is paramount to prevent further 

fractures. The DXA evaluation including BMD and T-score calculations is to date the 

only diagnostic tool to assess bone quality. As both the evaluation and fracture 

predictions are insufficient in subjects with type 2 diabetes, another threshold and/or 

other methods are necessary to evaluate the bone health and fracture risk in subjects 

with diabetes. Currently, a few secondary causes of osteoporosis are dichotomized as 

primary entry variables in the FRAX tool due to their additional impact on fracture 

risk independent of BMD, e.g., rheumatoid arthritis and glucocorticoid use. Type 2 

diabetes has not been incorporated in the FRAX tool as is the case for type 1 diabetes 

which is indirectly considered as a secondary cause of osteoporosis, i.e., assumed to 

increase the fracture probability via low BMD. If BMD is unknown, the fracture risk 

in a person with type 1 diabetes is assumed similar to a person with rheumatoid 

arthritis. As a result, the calculated fracture risk is only increased in type 1 diabetes 

when BMD is unknown or simply not included in the calculation (223). Therefore, 

the fracture probability is also found underestimated by the FRAX tool in subjects 
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with type 1 and type 2 diabetes (77,85), and in particular hip fractures (224). It is 

possible that the probability of fractures could be predicted more precisely if type 2 

diabetes was implemented in the algorithm as an independent risk factor. Several 

methods for improving FRAX performance for type 2 diabetes are proposed to be 

included in the model, including TBS and a 0.5 SD reduction in T-score (224). This 

corresponds to the 10-year hip fracture risk in type 2 diabetes being equivalent to those 

without diabetes at approximately 0.5 units lower T-score, as mentioned in the 

introduction, section 2.3.2 (85).  

If type 2 diabetes was acknowledged as an independent risk factor for low bone quality 

and fracture risk independently of BMD, healthcare providers would be forced to 

inform about and evaluate bone health in the management of type 2 diabetes. In that 

setting, a DXA evaluation among all diabetes patients aged 50 years including a 

modified intervention threshold using either the suggested improved FRAX score or 

a T-score of -2 could be considered.  

10.2. MANAGEMENT OF TYPE 2 DIABETES 

Weight loss and physical activity are two major intervention strategies in the 

management of type 2 diabetes. As both interventions are known to have a significant 

impact on bone quality, an evaluation of bone indices during these interventions is 

essential. However, the magnitude, rate, and origin of weight loss as well as the type 

of physical activity impact differently on bone. The current guidelines suggest a large 

weight loss of high rate, both of which are known to induce concomitant long-lasting 

bone loss. Indeed, weight bearing exercise is reported to preserve bone loss during 

weight loss, however, weight bearing exercise is not highlighted in the guidelines. 

Consequently, clinical trials are needed to examine the ideal combination of weight 

loss and type of exercise to preserve bone and yet, maintain the cardio-metabolic 

benefits and improvement of glycemic control. Improvement of insulin sensitivity by 

exercise may indeed have a beneficial effect on bone as well which could be 

investigated by including naïve type 2 diabetes patients randomly assigned to a non-

weight-bearing intervention compared to no exercise. This setup could be combined 

with several arms including glucose-lowering drugs in a factorial design. 

Individuals with type 2 diabetes are most often treated with more than one glucose-

lowering drug that may have the potential to impact bone indices. In general, and as 

previously mentioned, only glitazones are found consistently associated with 

increased fracture risk. Au contraire, GLP-1 receptor agonists may have the potential 

to preserve bone mass by increasing bone formation during weight loss. It would be 

of great interest to evaluate bone indices during weight loss by comparing overweight 

subjects with and without type 2 diabetes exposed to GLP-1 receptor agonists and/or 

bariatric surgery. If and how GLP-1 receptor agonists prevent bone loss during a major 

weight loss at a high rate in subjects with type 2 diabetes is a valuable question to 

address and could provide information on the mechanistic differences in the bones of 

subjects with type 2 diabetes.  
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10.3. MANAGEMENT OF OSTEOPOROSIS 

Individualized treatment strategies have been highlighted during the last decades 

focusing on the patient more than the morbidity. This becomes even more sufficient 

when the patient suffers from more than one disease. Type 2 diabetes and osteoporosis 

often co-exist, and several different anti-osteoporotic drugs have become available in 

the treatment of osteoporosis as illustrated in the Introduction, section 2.1.6.2 and by 

Figure 2.2. Thus, knowledge about how to optimize both anti-osteoporotic and anti-

diabetic therapy to enhance the chances of fracture risk reduction and glycemic control 

is essential. To date, the available anti-osteoporotic therapies are found equally 

protective against new fractures in subjects with type 2 diabetes. However, studies 

investigating the head-to-head discrepancies of anti-osteoporotic drugs in the 

subgroup of subjects with type 2 diabetes are sparse. As BMD evaluation in these 

patients has limited value in fracture risk prevention, the evaluation is restricted to 

fractures, an event that requires long-term follow-up. Consequently, newer techniques 

are needed to evaluate the effect of these drugs on bone quality in subjects with type 

2 diabetes. This could for example be HRpQCT, bone bio-biomarkers, or 

microindensation. However, all of these are restricted to the research setting and 

further evidence is needed for these modalities to be implemented in the clinical 

setting with thresholds for intervention.  

Anti-osteoporotic therapies also seem to affect glucose metabolism and may have the 

potential to reduce the risk of developing type 2 diabetes. As previously discussed, 

evidence is limited by register-based studies, post-hos analyses, and a low-quality 

RCT. Thus, it would be of great interest to evaluate the effect of alendronate on 

glucose metabolism. One suggestion could be to randomly assign subjects with type 

2 diabetes to alendronate or placebo together with vitamin D and calcium 

supplementation for 12-24 months. An analysis of insulin sensitivity could be 

performed as surrogate measures by an oral glucose tolerance test (OGTT) or fasting 

indices, though a hyperinsulinemic-euglycemic clamp (HEC) or insulin suppression 

test (IST) would be more elegant (225). Additionally, adipose and muscle tissue 

biopsies could provide valuable information on potential target tissue. Current 

evidence is restricted to the evaluation of bisphosphonates. Of course, it would be of 

great interest to evaluate and compare the newer agents as well, i.e., denosumab and 

romosozumab.  

Prospectively evaluations of the impact of weight loss, exercise, glucose-lowering 

drugs, and anti-osteoporotic therapies on bone indices (and energy metabolism) in 

subjects with type 2 diabetes are mandatory for individualized treatment strategies, 

bone health optimization, and fracture prevention in subjects with type 2 diabetes. 

Both basic metabolic research, acute intervention trials, and RCTs are warranted. 

10.4. EPILOGUE 

In terms of future research, the ideal objective would be to identify or develop a 

therapy (or therapies) with simultaneously beneficial effects on both bone health and 

type 2 diabetes disease management.  

 



Type 2 diabetes and bone health 

96
 

 



Literature list 

97 

LITERATURE LIST 

1.  Viggers R, Starup-Linde J, Vestergaard P. Discrepancies in type of first major 

osteoporotic fracture and anti-osteoporotic therapy in elderly people with type 

2 diabetes mellitus: A retrospective Danish cohort study. Bone (2023) 

171:116745. doi: 10.1016/J.BONE.2023.116745 

2.  Viggers R, Al-Mashhadi Z, Starup-Linde J, Vestergaard P. The Efficacy of 

Alendronate Versus Denosumab on Major Osteoporotic Fracture Risk in 

Elderly Patients With Diabetes Mellitus: A Danish Retrospective Cohort 

Study. Front Endocrinol (Lausanne) (2022) 12: doi: 

10.3389/FENDO.2021.826997 

3.  Viggers R, Al-Mashhadi Z, Starup-Linde J, Vestergaard P. Alendronate use 

and risk of type 2 diabetes: a nationwide Danish nested case-control study. 

Front Endocrinol (Lausanne) (2021) 0:1526. doi: 

10.3389/FENDO.2021.771426 

4.  International Diabetes Federation. IDF Diabetes Atlas, 8th ed. (2017). doi: 

http://dx.doi. org/10.1016/S0140-6736(16)31679-8. 

5.  International Osteoporosis Foundation. The global burden of osteoporosis: a 

factsheet. International Osteoporosis Foundation (2014) 

6.  Sundhedsdatastyrelsen. Udvalgte kroniske sygdomme og svære psykiske 

lidelser, RUKS. https://www.esundhed.dk/Registre/Udvalgte-kroniske-

sygdomme-og-svaere-psykiske-lidelser [Accessed December 16, 2022] 

7.  Consensus development conference: prophylaxis and treatment of 

osteoporosis. Am J Med (1991) 90:107–110. doi: 10.1016/0002-

9343(91)90512-v 

8.  Consensus development conference: diagnosis, prophylaxis, and treatment of 

osteoporosis. Am J Med (1993) 94:646–650. doi: 10.1016/0002-

9343(93)90218-E 

9.  World Health Organization. Assessment of fracture risk and its application to 

screening for postmenopausal osteoporosis. Report of a WHO Study Group. 

Geneva (1994). 1–129 p. 

10.  Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet (2019) 

393:364–376. doi: 10.1016/S0140-6736(18)32112-3 

11.  ASBMR. Primer on the Metabolic Bone Diseases and Disorders of Mineral 

Metabolism. Ninth Edi. Bilezikian JP, editor. Ames, USA: American Society 

for Bone and Mineral Research (2018). doi: ISBN: 978-1-119-26656-3 

12.  Schuit SCE, van der Klift M, Weel AEAM, de Laet CEDH, Burger H, Seeman 

E, Hofman A, Uitterlinden AG, van Leeuwen JPTM, Pols HAP. Fracture 

incidence and association with bone mineral density in elderly men and 

women: The Rotterdam Study. Bone (2004) 34:195–202. doi: 

10.1016/j.bone.2003.10.001 



Type 2 diabetes and bone health 

98
 

13.  Osterhoff G, Morgan EF, Shefelbine SJ, Karim L, McNamara LM, Augat P. 

Bone mechanical properties and changes with osteoporosis. Injury (2016) 47 

Suppl 2:S11–S20. doi: 10.1016/S0020-1383(16)47003-8 

14.  McCloskey E v., Odén A, Harvey NC, Leslie WD, Hans D, Johansson H, 

Barkmann R, Boutroy S, Brown J, Chapurlat R, et al. A Meta-Analysis of 

Trabecular Bone Score in Fracture Risk Prediction and Its Relationship to 

FRAX. Journal of Bone and Mineral Research (2016) 31:940–948. doi: 

10.1002/JBMR.2734 

15.  Bilezikian JPNA, TH and NMA. Primer on the Metabolic Bone Diseases and 

Disorders of Mineral Metabolism. 9th Edition. Wiley-Blackwell; 20180928 

(2018). 393–737 p. 

16.  Mikolajewicz N, Bishop N, Burghardt AJ, Folkestad L, Hall A, Kozloff KM, 

Lukey PT, Molloy-Bland M, Morin SN, Offiah AC, et al. HR-pQCT 

Measures of Bone Microarchitecture Predict Fracture: Systematic Review and 

Meta-Analysis. Journal of Bone and Mineral Research (2020) 35:446–459. 

doi: 10.1002/JBMR.3901 

17.  Rufus-Membere P, Holloway-Kew KL, Diez-Perez A, Kotowicz MA, Pasco 

JA. Associations Between Bone Impact Microindentation and Clinical Risk 

Factors for Fracture. Endocrinology (2019) 160:2143–2150. doi: 

10.1210/EN.2019-00415 

18.  Tyrovola JB, Odont XX. The “mechanostat Theory” of Frost and the 

OPG/RANKL/RANK System. J Cell Biochem (2015) doi: 10.1002/jcb.25265 

19.  Szulc P, Naylor K, Hoyle NR, Eastell R, Leary ET. Use of CTX-I and PINP 

as bone turnover markers: National Bone Health Alliance recommendations 

to standardize sample handling and patient preparation to reduce pre-

analytical variability. Osteoporosis International (2017) 28:2541–2556. doi: 

10.1007/s00198-017-4082-4 

20.  Hernlund E, Svedbom A, Ivergård M, Compston J, Cooper C, Stenmark J, 

McCloskey E v., Jönsson B, Kanis JA. Osteoporosis in the European Union: 

medical management, epidemiology and economic burden. A report prepared 

in collaboration with the International Osteoporosis Foundation (IOF) and the 

European Federation of Pharmaceutical Industry Associations (EFPIA). Arch 

Osteoporos (2013) 8: doi: 10.1007/S11657-013-0136-1 

21.  Epidemiology | International Osteoporosis Foundation. 

https://www.osteoporosis.foundation/health-professionals/about-

osteoporosis/epidemiology [Accessed June 21, 2021] 

22.  Kanis J. Assessment of osteoporosis at the primary health-care level. (2007). 

23.  Sundhedsstyrelsen. Osteoporose. København (2018). 1/87 p. doi: ISBN: 978-

87-7014-052-2 

24.  DST.dk. Statistics Denmark. https://www.statbank.dk [Accessed June 21, 

2021] 



Literature list 

99 

25.  Danish Endocrine Society. Danish Guideline for Post menopausal 

Osteoporosis. https://endocrinology.dk/nbv/calcium-og-

knoglemetabolisme/behandling-af-mandlig-osteoporose/ (2021) 

https://endocrinology.dk/nbv/calcium-og-knoglemetabolisme/behandling-af-

mandlig-osteoporose/ [Accessed December 15, 2022] 

26.  Danish Endocrine Society. Danish Guideline for Treatment of male 

osteoporosis. (2020) https://endocrinology.dk/nbv/calcium-og-

knoglemetabolisme/behandling-af-mandlig-osteoporose/ [Accessed 

December 15, 2022] 

27.  Kanis JA, Oden A, Johnell O, Jonsson B, de Laet C, Dawson A. The burden 

of osteoporotic fractures: a method for setting intervention thresholds. 

Osteoporos Int (2001) 12:417–427. doi: 10.1007/S001980170112 

28.  Stone KL, Seeley DG, Lui LY, Cauley JA, Ensrud K, Browner WS, Nevitt 

MC, Cummings SR. BMD at multiple sites and risk of fracture of multiple 

types: long-term results from the Study of Osteoporotic Fractures. J Bone 

Miner Res (2003) 18:1947–1954. doi: 10.1359/JBMR.2003.18.11.1947 

29.  Kanis JA, Johnell O, de Laet C, Jonsson B, Oden A, Ogelsby AK. 

International variations in hip fracture probabilities: implications for risk 

assessment. J Bone Miner Res (2002) 17:1237–1244. doi: 

10.1359/JBMR.2002.17.7.1237 

30.  Vestergaard P, Rejnmark L, Mosekilde L. Increased mortality in patients with 

a hip fracture-effect of pre-morbid conditions and post-fracture 

complications. Osteoporos Int (2007) 18:1583–1593. doi: 10.1007/S00198-

007-0403-3 

31.  Hansen L, Mathiesen AS, Vestergaard P, Ehlers LH, Petersen KD. A health 

economic analysis of osteoporotic fractures: who carries the burden? Arch 

Osteoporos (2013) 8: doi: 10.1007/S11657-013-0126-3 

32.  Lyles KW, Colón-Emeric CS, Magaziner JS, Adachi JD, Pieper CF, Mautalen 

C, Hyldstrup L, Recknor C, Nordsletten L, Moore KA, et al. Zoledronic acid 

and clinical fractures and mortality after hip fracture. N Engl J Med (2007) 

357:1799–1809. doi: 10.1056/NEJMOA074941 

33.  Vestergaard P, Rejnmark L, Mosekilde L. Osteoporosis is markedly 

underdiagnosed: a nationwide study from Denmark. Osteoporos Int (2005) 

16:134–141. doi: 10.1007/S00198-004-1680-8 

34.  Capture the Fracture® | International Osteoporosis Foundation. 

https://www.osteoporosis.foundation/capture-the-fracture [Accessed March 

20, 2023] 

35.  Kanis J. The FRAX tool. The University of Sheffield (2008) 

https://www.sheffield.ac.uk/FRAX/index.aspx [Accessed December 13, 

2022] 

36.  Kanis JA, Harvey N, Cooper C, Johansson H, Odén A, McCloskey E, The 

Advisory Board of the National Osteoporosis Guideline Group, Poole KE, 

Gittoes N, Hope S. A systematic review of intervention thresholds based on 



Type 2 diabetes and bone health 

100
 

FRAX : A report prepared for the National Osteoporosis Guideline Group and 

the International Osteoporosis Foundation. Arch Osteoporos (2016) 11: doi: 

10.1007/S11657-016-0278-Z 

37.  Tosteson ANA, Melton LJ, Dawson-Hughes B, Baim S, Favus MJ, Khosla S, 

Lindsay RL. Cost-effective osteoporosis treatment thresholds: the United 

States perspective. Osteoporos Int (2008) 19:437–447. doi: 10.1007/S00198-

007-0550-6 

38.  Goodpaster BH, Sparks LM. Metabolic Flexibility in Health and Disease. Cell 

Metab (2017) doi: 10.1016/j.cmet.2017.04.015 

39.  de Laet C, Kanis JA, Odén A, Johanson H, Johnell O, Delmas P, Eisman JA, 

Kroger H, Fujiwara S, Garnero P, et al. Body mass index as a predictor of 

fracture risk: a meta-analysis. Osteoporos Int (2005) 16:1330–1338. doi: 

10.1007/S00198-005-1863-Y 

40.  LeBoff MS, Greenspan SL, Insogna KL, Lewiecki EM, Saag KG, Singer AJ, 

Siris ES. The clinician’s guide to prevention and treatment of osteoporosis. 

Osteoporos Int (2022) 33:2049–2102. doi: 10.1007/S00198-021-05900-Y 

41.  Turcotte AF, O’Connor S, Morin SN, Gibbs JC, Willie BM, Jean S, Gagnon 

C. Association between obesity and risk of fracture, bone mineral density and 

bone quality in adults: A systematic review and meta-analysis. PLoS One 

(2021) 16: doi: 10.1371/JOURNAL.PONE.0252487 

42.  von Thun NL, Sukumar D, Heymsfield SB, Shapses SA. Does bone loss begin 

after weight loss ends? Results 2 years after weight loss or regain in 

postmenopausal women. Menopause (2014) 21:501–508. doi: 

10.1097/GME.0B013E3182A76FD5 

43.  Kammire DE, Walkup MP, Ambrosius WT, Lenchik L, Shapses SA, Nicklas 

BJ, Houston DK, Marsh AP, Rejeski WJ, Beavers KM. Effect of Weight 

Change Following Intentional Weight Loss on Bone Health in Older Adults 

with Obesity. Obesity (Silver Spring) (2019) 27:1839–1845. doi: 

10.1002/OBY.22604 

44.  Mesinovic J, Jansons P, Zengin A, de Courten B, Rodriguez AJ, Daly RM, 

Ebeling PR, Scott D. Exercise attenuates bone mineral density loss during 

diet-induced weight loss in adults with overweight and obesity: A systematic 

review and meta-analysis. J Sport Health Sci (2021) 10:550–559. doi: 

10.1016/J.JSHS.2021.05.001 

45.  Viggers R, Al-Mashhadi Z, Fuglsang-Nielsen R, Gregersen S, Starup-Linde 

J. The Impact of Exercise on Bone Health in Type 2 Diabetes Mellitus—a 

Systematic Review. Curr Osteoporos Rep (2020) doi: 10.1007/s11914-020-

00597-0 

46.  Shoback D, Rosen CJ, Black DM, Cheung AM, Murad MH, Eastell R. 

Pharmacological Management of Osteoporosis in Postmenopausal Women: 

An Endocrine Society Guideline Update. J Clin Endocrinol Metab (2020) 

105:587–594. doi: 10.1210/CLINEM/DGAA048 



Literature list 

101 

47.  Abrahamsen B. Adverse effects of bisphosphonates. Calcif Tissue Int (2010) 

86:421–435. doi: 10.1007/s00223-010-9364-1 

48.  Black DM, Thompson DE, Bauer DC, Ensrud K, Musliner T, Hochberg MC, 

Nevitt MC, Suryawanshi S, Cummings SR. Fracture risk reduction with 

alendronate in women with osteoporosis: the Fracture Intervention Trial. FIT 

Research Group. J Clin Endocrinol Metab (2000) 85:4118–4124. doi: 

10.1210/JCEM.85.11.6953 

49.  Black DM, Cummings SR, Karpf DB, Cauley JA, Thompson DE, Nevitt MC, 

Bauer DC, Genant HK, Haskell WL, Marcus R, et al. Randomised trial of 

effect of alendronate on risk of fracture in women with existing vertebral 

fractures. Lancet (1996) 348:1535–1541. doi: 10.1016/S0140-

6736(96)07088-2 

50.  Cummings SR, Black DM, Thompson DE, Applegate WB, Barrett-Connor E, 

Musliner TA, Palermo L, Prineas R, Rubin SM, Scott JC, et al. Effect of 

alendronate on risk of fracture in women with low bone density but without 

vertebral fractures: results from the Fracture Intervention Trial. JAMA (1998) 

280:2077–2082. doi: 10.1001/JAMA.280.24.2077 

51.  Alendronat “Aurobindo” - information til sundhedsfaglige - Medicin.dk. 

https://pro.medicin.dk/Medicin/Praeparater/8006#a140 [Accessed January 7, 

2023] 

52.  Cummings SR, Martin JS, McClung MR, Siris ES, Eastell R, Reid IR, Delmas 

P, Zoog HB, Austin M, Wang A, et al. Denosumab for Prevention of Fractures 

in Postmenopausal Women with Osteoporosis. New England Journal of 

Medicine (2009) 361:756–765. doi: 10.1056/NEJMoa0809493 

53.  Agency. EM. Prolia | European Medicines Agency. 

https://www.ema.europa.eu/en/medicines/human/EPAR/prolia [Accessed 

November 1, 2021] 

54.  Bone HG, Wagman RB, Brandi ML, Brown JP, Chapurlat R, Cummings SR, 

Czerwiński E, Fahrleitner-Pammer A, Kendler DL, Lippuner K, et al. 10 years 

of denosumab treatment in postmenopausal women with osteoporosis: results 

from the phase 3 randomised FREEDOM trial and open-label extension. 

Lancet Diabetes Endocrinol (2017) 5:513–523. doi: 10.1016/S2213-

8587(17)30138-9 

55.  Benjamin B, Benjamin MA, Swe M, Sugathan S. Review on the comparison 

of effectiveness between denosumab and bisphosphonates in post-

menopausal osteoporosis. Osteoporos Sarcopenia (2016) 2:77–81. doi: 

10.1016/j.afos.2016.03.003 

56.  Albert SG, Wood E. Meta-Analysis of Clinical Fracture Risk Reduction of 

Antiosteoporosis Drugs: Direct and Indirect Comparisons and Meta-

Regressions. Endocr Pract (2021) 27:1082–1092. doi: 

10.1016/J.EPRAC.2021.06.015 



Type 2 diabetes and bone health 

102
 

57.  Laios K, Karamanou M, Saridaki Z, Androutsos G. Aretaeus of Cappadocia 

and the first description of diabetes. Hormones 2012 11:1 (2012) 11:109–113. 

doi: 10.1007/BF03401545 

58.  ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 2. Classification and 

Diagnosis of Diabetes: Standards of Care in Diabetes—2023. Diabetes Care 

(2022) 46:S19–S40. doi: 10.2337/dc23-S002 

59.  Danish Endocrine Society. Danish Guideline for Type 2 Diabetes. 

https://endocrinology.dk/nbv/diabetes-melitus/behandling-og-kontrol-af-

type-2-diabetes/ (2022) https://endocrinology.dk/nbv/diabetes-

melitus/behandling-og-kontrol-af-type-2-diabetes/ [Accessed December 16, 

2022] 

60.  Danish Endocrine Society. Type 2 Diabetes - Danish international guideline. 

https://endocrinology.dk/nbv/diabetes-melitus/behandling-og-kontrol-af-

type-2-diabetes/ [Accessed December 1, 2022] 

61.  Jørgensen ME, Ellervik C, Ekholm O, Johansen NB, Carstensen B. Estimates 

of prediabetes and undiagnosed type 2 diabetes in Denmark: The end of an 

epidemic or a diagnostic artefact? Scand J Public Health (2020) 48:106–112. 

doi: 10.1177/1403494818799606 

62.  World Health Organization. The Global Health Observatory. (2019) 

https://www.who.int/data/gho [Accessed December 16, 2022] 

63.  Klein R. Hyperglycemia and microvascular and macrovascular disease in 

diabetes. Diabetes Care (1995) 18:258–268. doi: 

10.2337/DIACARE.18.2.258 

64.  Stratton IM, Adler AI, Neil HAW, Matthews DR, Manley SE, Cull CA, 

Hadden D, Turner RC, Holman RR. Association of glycaemia with 

macrovascular and microvascular complications of type 2 diabetes (UKPDS 

35): prospective observational study. BMJ (2000) 321:405–412. doi: 

10.1136/BMJ.321.7258.405 

65.  Elsayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 9. Pharmacologic 

Approaches to Glycemic Treatment: Standards of Care in Diabetes—2023. 

Diabetes Care (2023) 46:S140–S157. doi: 10.2337/DC23-S009 

66.  World Health organization. GHE: Life expectancy and healthy life 

expectancy. (2019) 

67.  Discorsi e Dimostrazioni Matematiche. (1648). doi: 10.1016/c2013-0-13317-

x 

68.  de Laet C, Kanis JA, Odén A, Johanson H, Johnell O, Delmas P, Eisman JA, 

Kroger H, Fujiwara S, Garnero P, et al. Body mass index as a predictor of 

fracture risk: a meta-analysis. Osteoporos Int (2005) 16:1330–1338. doi: 

10.1007/S00198-005-1863-Y 



Literature list 

103 

69.  Schwartz A v., Sellmeyer DE, Ensrud KE, Cauley JA, Tabor HK, Schreiner 

PJ, Jamal SA, Black DM, Cummings SR. Older Women with Diabetes Have 

an Increased Risk of Fracture: A Prospective Study. J Clin Endocrinol Metab 

(2001) 86:32–38. doi: 10.1210/JCEM.86.1.7139 

70.  Vestergaard P. Discrepancies in bone mineral density and fracture risk in 

patients with type 1 and type 2 diabetes - A meta-analysis. Osteoporosis 

International (2007) 18:427–444. doi: 10.1007/s00198-006-0253-4 

71.  Chen C, Chen Q, Nie B, Zhang H, Zhai H, Zhao L, Xia P, Lu Y, Wang N. 

Trends in Bone Mineral Density, Osteoporosis, and Osteopenia Among U.S. 

Adults With Prediabetes, 2005-2014. Diabetes Care (2020) 43:1008–1015. 

doi: 10.2337/DC19-1807 

72.  Liu X, Chen F, Liu L, Zhang Q. Prevalence of osteoporosis in patients with 

diabetes mellitus: a systematic review and meta-analysis of observational 

studies. BMC Endocr Disord (2023) 23:1. doi: 10.1186/S12902-022-01260-8 

73.  Napoli N, Pannacciulli N, Vittinghoff E, Crittenden D, Yun J, Wang A, 

Wagman R, Schwartz A v. Effect of denosumab on fasting glucose in women 

with diabetes or prediabetes from the FREEDOM trial. Diabetes Metab Res 

Rev (2018) 34: doi: 10.1002/dmrr.2991 

74.  Al-Mashhadi Z, Viggers R, Fuglsang-Nielsen R, Langdahl B, Vestergaard P, 

Gregersen S, Starup-Linde J. Bone Health in the Elderly with Type 2 Diabetes 

Mellitus–A Systematic Review. OBM Geriat (2020) 4:1–65. doi: 

10.21926/obm.geriatr.2002123 

75.  Krakauer JC, McKenna MJ, Buderer NF, Sudhaker Rao D, Whitehouse FW, 

Michael Parfitt A. Bone loss and bone turnover in diabetes. Diabetes (1995) 

doi: 10.2337/diab.44.7.775 

76.  Briot K, Paternotte S, Kolta S, Eastell R, Felsenberg D, Reid DM, Glüer C-C, 

Roux C. FRAX®: Prediction of Major Osteoporotic Fractures in Women 

from the General Population: The OPUS Study. PLoS One (2013) 8: doi: 

10.1371/JOURNAL.PONE.0083436 

77.  Giangregorio LM, Leslie WD, Lix LM, Johansson H, Oden A, McCloskey E, 

Kanis JA. FRAX underestimates fracture risk in patients with diabetes. 

Journal of Bone and Mineral Research (2012) doi: 10.1002/jbmr.556 

78.  Vilaca T, Schini M, Harnan S, Sutton A, Poku E, Allen IE, Cummings SR, 

Eastell R. The risk of hip and non-vertebral fractures in type 1 and type 2 

diabetes: A systematic review and meta-analysis update. Bone (2020) 137: 

doi: 10.1016/J.BONE.2020.115457 

79.  Forsén L, Meyer HE, Midthjell K, Edna TH. Diabetes mellitus and the 

incidence of hip fracture: Results from the Nord-Trondelag health survey. 

Diabetologia (1999) doi: 10.1007/s001250051248 

80.  Holm JP, Jensen T, Hyldstrup L, Jensen JEB. Fracture risk in women with 

type II diabetes. Results from a historical cohort with fracture follow-up. 

Endocrine (2018) 60:151–158. doi: 10.1007/S12020-018-1564-X 



Type 2 diabetes and bone health 

104
 

81.  Wallander M, Axelsson KF, Nilsson AG, Lundh D, Lorentzon M. Type 2 

Diabetes and Risk of Hip Fractures and Non-Skeletal Fall Injuries in the 

Elderly: A Study From the Fractures and Fall Injuries in the Elderly Cohort 

(FRAILCO). J Bone Miner Res (2017) 32:449–460. doi: 10.1002/jbmr.3002 

82.  Kvist AV, Nasser MI, Vestergaard P, Frost M, Burden AM. Site-Specific 

Fracture Incidence Rates Among Patients With Type 1 Diabetes, Type 2 

Diabetes or Without Diabetes in Denmark (1997-2017). Diabetes Care (2023) 

doi: 10.2337/DC22-1004 

83.  Napoli N, Schwartz A v., Schafer AL, Vittinghoff E, Cawthon PM, Parimi N, 

Orwoll E, Strotmeyer ES, Hoffman AR, Barrett-Connor E, et al. Vertebral 

Fracture Risk in Diabetic Elderly Men: The MrOS Study. Journal of Bone 

and Mineral Research (2018) 33:63–69. doi: 10.1002/jbmr.3287 

84.  Steno Diabetes Center Copenhagen. Diabetes demography, cardiometabolic 

risk factors, and acute- and chronic diabetes complications in a nationwide 

diabetes registry in Denmark. Copenhagen (2020). 

https://www.sdcc.dk/forskning/klinisk-forskning/forskningsgrupper/klinisk-

epidemiologisk-

forskning/Documents/Diabetes%20demography%20report.pdf [Accessed 

January 26, 2023] 

85.  Schwartz A V., Vittinghoff E, Bauer DC, Hillier TA, Strotmeyer ES, Ensrud 

KE, Donaldson MG, Cauley JA, Harris TB, Koster A, et al. Association of 

BMD and FRAX score with risk of fracture in older adults with type 2 

diabetes. JAMA - Journal of the American Medical Association (2011) doi: 

10.1001/jama.2011.715 

86.  Ferrari SL, Abrahamsen B, Napoli N, Akesson K, Chandran M, Eastell R, El-

Hajj Fuleihan G, Josse R, Kendler DL, Kraenzlin M, et al. Diagnosis and 

management of bone fragility in diabetes: an emerging challenge. 

Osteoporosis International (2018) doi: 10.1007/s00198-018-4650-2 

87.  Johnell O, Kanis JA, Odén A, Sernbo I, Redlund-Johnell I, Petterson C, de 

Laet C, Jönsson B. Mortality after osteoporotic fractures. Osteoporosis 

International (2004) 15:38–42. doi: 10.1007/S00198-003-1490-4 

88.  Nazrun AS, Tzar MN, Mokhtar SA, Mohamed IN. A systematic review of the 

outcomes of osteoporotic fracture patients after hospital discharge: Morbidity, 

subsequent fractures, and mortality. Ther Clin Risk Manag (2014) doi: 

10.2147/TCRM.S72456 

89.  Tebé C, Martínez-Laguna D, Carbonell-Abella C, Reyes C, Moreno V, Diez-

Perez A, Collins GS, Prieto-Alhambra D. The association between type 2 

diabetes mellitus, hip fracture, and post-hip fracture mortality: a multi-state 

cohort analysis. Osteoporos Int (2019) 30:2407–2415. doi: 10.1007/S00198-

019-05122-3 

90.  Motyl KJ, McCabe LR, Schwartz A v. Bone and glucose metabolism: a two-

way street. Arch Biochem Biophys (2010) 503:2–10. doi: 

10.1016/J.ABB.2010.07.030 



Literature list 

105 

91.  Leslie WD, Morin SN, Majumdar SR, Lix LM. Effects of obesity and diabetes 

on rate of bone density loss. Osteoporosis International (2018) 29:61–67. doi: 

10.1007/s00198-017-4223-9 

92.  Schwartz A v., Ewing SK, Porzig AM, McCulloch CE, Resnick HE, Hillier 

TA, Ensrud KE, Black DM, Nevitt MC, Cummings SR, et al. Diabetes and 

change in bone mineral density at the hip, calcaneus, spine, and radius in older 

women. Front Endocrinol (Lausanne) (2013) 4: doi: 

10.3389/FENDO.2013.00062 

93.  Hygum K, Starup-Linde J, Harsløf T, Vestergaard P, Langdahl BL. 

MECHANISMS IN ENDOCRINOLOGY: Diabetes mellitus, a state of low 

bone turnover – a systematic review and meta-analysis. Eur J Endocrinol 

(2017) 176:R137–R157. doi: 10.1530/EJE-16-0652 

94.  Walle M, Whittier DE, Frost M, Müller R, Collins CJ. Meta-analysis of 

Diabetes Mellitus-Associated Differences in Bone Structure Assessed by 

High-Resolution Peripheral Quantitative Computed Tomography. Curr 

Osteoporos Rep (2022) 20: doi: 10.1007/S11914-022-00755-6 

95.  Schoeb M, Hamdy NAT, Malgo F, Winter EM, Appelman-Dijkstra NM. 

Added Value of Impact Microindentation in the Evaluation of Bone Fragility: 

A Systematic Review of the Literature. Front Endocrinol (Lausanne) (2020) 

11: doi: 10.3389/FENDO.2020.00015 

96.  Oei L, Zillikens MC, Dehghan A, Buitendijk GHS, Castaño-Betancourt MC, 

Estrada K, Stolk L, Oei EHG, van Meurs JBJ, Janssen JAMJL, et al. High 

bone mineral density and fracture risk in type 2 diabetes as skeletal 

complications of inadequate glucose control: The Rotterdam study. Diabetes 

Care (2013) 36:1619–1628. doi: 10.2337/dc12-1188 

97.  Schneider ALC, Williams EK, Brancati FL, Blecker S, Coresh J, Selvin E. 

Diabetes and risk of fracture-related hospitalization: The atherosclerosis risk 

in communities study. Diabetes Care (2013) doi: 10.2337/dc12-1168 

98.  Conway BN, Long DM, Figaro MK, May ME. Glycemic control and fracture 

risk in elderly patients with diabetes. Diabetes Res Clin Pract (2016) 115:47–

53. doi: 10.1016/j.diabres.2016.03.009 

99.  Tonks KT, White CP, Center JR, Samocha-Bonet D, Greenfield JR. Bone 

turnover is suppressed in insulin resistance, independent of adiposity. Journal 

of Clinical Endocrinology and Metabolism (2017) doi: 10.1210/jc.2016-3282 

100.  Fuglsang-Nielsen R, Rakvaag E, Vestergaard P, Hartmann B, Holst JJ, 

Hermansen K, Gregersen S, Starup-Linde J. Consumption of nutrients and 

insulin resistance suppress markers of bone turnover in subjects with 

abdominal obesity. Bone (2020) 133: doi: 10.1016/j.bone.2020.115230 

101.  Westberg-Rasmussen S, Starup-Linde J, Hermansen K, Holst JJ, Hartmann 

B, Vestergaard P, Gregersen S. Differential impact of glucose administered 

intravenously or orally on bone turnover markers in healthy male subjects. 

Bone (2017) doi: 10.1016/j.bone.2017.01.027 



Type 2 diabetes and bone health 

106
 

102.  Chailurkit L, Chanprasertyothin S, Rajatanavin R, Ongphiphadhanakul B. 

Reduced attenuation of bone resorption after oral glucose in type 2 diabetes. 

Clin Endocrinol (Oxf) (2008) 68:858–862. doi: 10.1111/j.1365-

2265.2007.03159.x 

103.  Fulzele K, Riddle RC, DiGirolamo DJ, Cao X, Wan C, Chen D, Faugere MC, 

Aja S, Hussain MA, Brüning JC, et al. Insulin Receptor Signaling in 

Osteoblasts Regulates Postnatal Bone Acquisition and Body Composition. 

Cell (2010) doi: 10.1016/j.cell.2010.06.002 

104.  Stolk RP, van Daele PLA, Pols HAP, Burger H, Hofman A, Birkenhäger JC, 

Lamberts SWJ, Grobbee DE. Hyperinsulinemia and bone mineral density in 

an elderly population: The Rotterdam Study. Bone (1996) 18:545–549. doi: 

10.1016/8756-3282(96)00079-8 

105.  Flier JS, Underhill LH, Brownlee M, Cerami A, Vlassara H. Advanced 

glycosylation end products in tissue and the biochemical basis of diabetic 

complications. N Engl J Med (1988) 318:1315–1321. doi: 

10.1056/NEJM198805193182007 

106.  Saito M, Kida Y, Kato S, Marumo K. Diabetes, collagen, and bone quality. 

Curr Osteoporos Rep (2014) 12:181–188. doi: 10.1007/s11914-014-0202-7 

107.  Nowotny K, Jung T, Höhn A, Weber D, Grune T. Advanced glycation end 

products and oxidative stress in type 2 diabetes mellitus. Biomolecules (2015) 

5:194–222. doi: 10.3390/BIOM5010194 

108.  Tanaka KI, Yamaguchi T, Kanazawa I, Sugimoto T. Effects of high glucose 

and advanced glycation end products on the expressions of sclerostin and 

RANKL as well as apoptosis in osteocyte-like MLO-Y4-A2 cells. Biochem 

Biophys Res Commun (2015) 461:193–199. doi: 

10.1016/J.BBRC.2015.02.091 

109.  Schwartz A v., Garnero P, Hillier TA, Sellmeyer DE, Strotmeyer ES, 

Feingold KR, Resnick HE, Tylavsky FA, Black DM, Cummings SR, et al. 

Pentosidine and increased fracture risk in older adults with type 2 diabetes. J 

Clin Endocrinol Metab (2009) 94:2380–2386. doi: 10.1210/JC.2008-2498 

110.  Yamamoto M, Yamaguchi T, Yamauchi M, Yano S, Sugimoto T. Serum 

pentosidine levels are positively associated with the presence of vertebral 

fractures in postmenopausal women with type 2 diabetes. J Clin Endocrinol 

Metab (2008) 93:1013–1019. doi: 10.1210/JC.2007-1270 

111.  Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, Dacquin R, 

Mee PJ, McKee MD, Jung DY, et al. Endocrine regulation of energy 

metabolism by the skeleton. Cell (2007) 130:456–469. doi: 

10.1016/J.CELL.2007.05.047 

112.  Fernández-Real JM, Izquierdo M, Ortega F, Gorostiaga E, Gómez-Ambrosi 

J, Moreno-Navarrete JM, Frühbeck G, Martínez C, Idoate F, Salvador J, et al. 

The relationship of serum osteocalcin concentration to insulin secretion, 

sensitivity, and disposal with hypocaloric diet and resistance training. Journal 

of Clinical Endocrinology and Metabolism (2009) doi: 10.1210/jc.2008-0270 



Literature list 

107 

113.  Ferron M, McKee MD, Levine RL, Ducy P, Karsenty G. Intermittent 

injections of osteocalcin improve glucose metabolism and prevent type 2 

diabetes in mice. Bone (2012) 50:568–575. doi: 

10.1016/J.BONE.2011.04.017 

114.  Wei J, Karsenty G. An overview of the metabolic functions of osteocalcin. 

Rev Endocr Metab Disord (2015) 16:93. doi: 10.1007/S11154-014-9307-7 

115.  Liu C, Wo J, Zhao Q, Wang Y, Wang B, Zhao W. Association between Serum 

Total Osteocalcin Level and Type 2 Diabetes Mellitus: A Systematic Review 

and Meta-Analysis. Horm Metab Res (2015) 47:813–819. doi: 10.1055/S-

0035-1564134 

116.  Dirckx N, Moorer MC, Clemens TL, Riddle RC. THE ROLE OF 

OSTEOBLASTS IN ENERGY HOMEOSTASIS. Nat Rev Endocrinol (2019) 

15:651. doi: 10.1038/S41574-019-0246-Y 

117.  García-Martín A, Rozas-Moreno P, Reyes-García R, Morales-Santana S, 

García-Fontana B, García-Salcedo JA, Muñoz-Torres M. Circulating levels 

of sclerostin are increased in patients with type 2 diabetes mellitus. J Clin 

Endocrinol Metab (2012) 97:234–241. doi: 10.1210/JC.2011-2186 

118.  Gennari L, Merlotti D, Valenti R, Ceccarelli E, Ruvio M, Pietrini MG, 

Capodarca C, Franci MB, Campagna MS, Calabrò A, et al. Circulating 

sclerostin levels and bone turnover in type 1 and type 2 diabetes. J Clin 

Endocrinol Metab (2012) 97:1737–1744. doi: 10.1210/JC.2011-2958 

119.  Daniele G, Winnier D, Mari A, Bruder J, Fourcaudot M, Pengou Z, Tripathy 

D, Jenkinson C, Folli F. Sclerostin and Insulin Resistance in Prediabetes: 

Evidence of a Cross Talk Between Bone and Glucose Metabolism. Diabetes 

Care (2015) 38:1509–1517. doi: 10.2337/DC14-2989 

120.  Kim SP, Frey JL, Li Z, Kushwaha P, Zoch ML, Tomlinson RE, Da H, Aja S, 

Noh HL, Kim JK, et al. Sclerostin influences body composition by regulating 

catabolic and anabolic metabolism in adipocytes. Proc Natl Acad Sci U S A 

(2017) 114:E11238–E11247. doi: 10.1073/PNAS.1707876115/-

/DCSUPPLEMENTAL 

121.  Cosman F, Crittenden DB, Adachi JD, Binkley N, Czerwinski E, Ferrari S, 

Hofbauer LC, Lau E, Lewiecki EM, Miyauchi A, et al. Romosozumab 

Treatment in Postmenopausal Women with Osteoporosis. N Engl J Med 

(2016) 375:1532–1543. doi: 10.1056/NEJMOA1607948 

122.  Starup-Linde J, Viggers R, Handberg A. Osteoglycin and Bone—a 

Systematic Review. Curr Osteoporos Rep (2019) 17: doi: 10.1007/s11914-

019-00523-z 

123.  Tanaka K ichiro, Kanazawa I, Kaji H, Sugimoto T. Association of osteoglycin 

and FAM5C with bone turnover markers, bone mineral density, and vertebral 

fractures in postmenopausal women with type 2 diabetes mellitus. Bone 

(2017) doi: 10.1016/j.bone.2016.11.007 

124.  Lee NJ, Ali N, Zhang L, Qi Y, Clarke I, Enriquez RF, Brzozowska M, Lee 

IC, Rogers MJ, Laybutt DR, et al. Osteoglycin, a novel coordinator of bone 



Type 2 diabetes and bone health 

108
 

and glucose homeostasis. Mol Metab (2018) doi: 

10.1016/j.molmet.2018.05.004 

125.  Starup-Linde JK, Viggers R, Langdahl B, Gregersen S, Lykkeboe S, 

Handberg A, Vestergaard P. Associations of Circulating Osteoglycin With 

Bone Parameters and Metabolic Markers in Patients With Diabetes. Front 

Endocrinol (Lausanne) (2021) 12:241. doi: 10.3389/fendo.2021.649718 

126.  Ono T, Hayashi M, Sasaki F, Nakashima T. RANKL biology: bone 

metabolism, the immune system, and beyond. Inflammation and 

Regeneration 2020 40:1 (2020) 40:1–16. doi: 10.1186/S41232-019-0111-3 

127.  Kiechl S, Wittmann J, Giaccari A, Knoflach M, Willeit P, Bozec A, Moschen 

AR, Muscogiuri G, Sorice GP, Kireva T, et al. Blockade of receptor activator 

of nuclear factor-κB (RANKL) signaling improves hepatic insulin resistance 

and prevents development of diabetes mellitus. Nat Med (2013) 19:358–363. 

doi: 10.1038/NM.3084 

128.  Kondegowda NG, Fenutria R, Pollack IR, Orthofer M, Garcia-Ocaña A, 

Penninger JM, Vasavada RC. Osteoprotegerin and Denosumab Stimulate 

Human Beta Cell Proliferation through Inhibition of the Receptor Activator 

of NF-κB Ligand Pathway. Cell Metab (2015) 22:77–85. doi: 

10.1016/J.CMET.2015.05.021 

129.  Group TLAR. Cardiovascular Effects of Intensive Lifestyle Intervention in 

Type 2 Diabetes. https://doi-org.auh.aub.aau.dk/101056/NEJMoa1212914 

(2013) 369:145–154. doi: 10.1056/NEJMOA1212914 

130.  ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 8. Obesity and Weight 

Management for the Prevention and Treatment of Type 2 Diabetes: Standards 

of Care in Diabetes—2023. Diabetes Care (2022) 46:S128–S139. doi: 

10.2337/dc23-S008 

131.  ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 3. Prevention or Delay 

of Type 2 Diabetes and Associated Comorbidities: Standards of Care in 

Diabetes—2023. Diabetes Care (2022) 46:S41–S48. doi: 10.2337/dc23-S003 

132.  Wedick NM, Barrett-Connor E, Knoke JD, Wingard DL. The relationship 

between weight loss and all-cause mortality in older men and women with 

and without diabetes mellitus: The Rancho Bernardo study. J Am Geriatr Soc 

(2002) 50:1810–1815. doi: 10.1046/j.1532-5415.2002.50509.x 

133.  Liu X ming, Liu Y jian, Zhan J, He Q qiang. Overweight, obesity and risk of 

all-cause and cardiovascular mortality in patients with type 2 diabetes 

mellitus: a dose–response meta-analysis of prospective cohort studies. Eur J 

Epidemiol (2015) 30:35–45. doi: 10.1007/s10654-014-9973-5 

134.  RR W, RH N, JL B, JM C, MA E, JO H, KC J, WC K, K O, H S, et al. Weight 

Change During the Postintervention Follow-up of Look AHEAD. Diabetes 

Care (2022) 45:1306–1314. doi: 10.2337/DC21-1990 



Literature list 

109 

135.  Lipkin EW, Schwartz A v., Anderson AM, Davis C, Johnson KC, Gregg EW, 

Bray GA, Berkowitz R, Peters AL, Hodges A, et al. The look AHEAD trial: 

Bone loss at 4-year follow-up in type 2 diabetes. Diabetes Care (2014) doi: 

10.2337/dc14-0762 

136.  Association AD. 3. Comprehensive Medical Evaluation and Assessment of 

Comorbidities: Standards of Medical Care in Diabetes—2018. Diabetes Care 

(2018) 41:S28–S37. doi: 10.2337/DC18-S003 

137.  Elsayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Cusi K, Hilliard ME, Isaacs D, et al. 4. Comprehensive Medical 

Evaluation and Assessment of Comorbidities: Standards of Care in 

Diabetes—2023. Diabetes Care (2023) 46:S49–S67. doi: 10.2337/DC23-

S004 

138.  Elsayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 13. Older Adults: 

Standards of Care in Diabetes—2023. Diabetes Care (2023) 46:S216–S229. 

doi: 10.2337/DC23-S013 

139.  Elsayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 8. Obesity and Weight 

Management for the Prevention and Treatment of Type 2 Diabetes: Standards 

of Care in Diabetes—2023. Diabetes Care (2023) 46:S128–S139. doi: 

10.2337/DC23-S008 

140.  Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu C, 

D’Alessio DA, Davies MJ. 2019 Update to: Management of Hyperglycemia 

in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes 

Association (ADA) and the European Association for the Study of Diabetes 

(EASD). Diabetes Care (2020) 43:487–493. doi: 10.2337/DCI19-0066 

141.  Al-Mashhadi Z, Viggers R, Fuglsang-Nielsen R, de Vries F, van den Bergh 

JP, Harsløf T, Langdahl B, Gregersen S, Starup-Linde J. Glucose-Lowering 

Drugs and Fracture Risk—a Systematic Review. Curr Osteoporos Rep (2020) 

18:737–758. doi: 10.1007/s11914-020-00638-8 

142.  Singh G, Krauthamer M, Bjalme-Evans M. Wegovy (semaglutide): a new 

weight loss drug for chronic weight management. Journal of Investigative 

Medicine (2022) 70:5. doi: 10.1136/JIM-2021-001952 

143.  RASKIN P, STEVENSON MRM, BARILLA DE, PAK CYC. The 

hypercalciuria of diabetes mellitus: its amelioration with insulin. Clin 

Endocrinol (Oxf) (1978) 9:329–335. doi: 10.1111/J.1365-

2265.1978.TB02218.X 

144.  Lecka-Czernik B. Bone loss in diabetes: use of antidiabetic thiazolidinediones 

and secondary osteoporosis. Curr Osteoporos Rep (2010) 8:178–184. doi: 

10.1007/s11914-010-0027-y 

145.  Iepsen EW, Lundgren JR, Hartmann B, Pedersen O, Hansen T, Jørgensen NR, 

Jensen JEB, Holst JJ, Madsbad S, Torekov SS. GLP-1 Receptor Agonist 

Treatment Increases Bone Formation and Prevents Bone Loss in Weight-



Type 2 diabetes and bone health 

110
 

Reduced Obese Women. J Clin Endocrinol Metab (2015) 100:2909–2917. 

doi: 10.1210/JC.2015-1176 

146.  Hygum K, Harsløf T, Jørgensen NR, Rungby J, Pedersen SB, Langdahl BL. 

Bone resorption is unchanged by liraglutide in type 2 diabetes patients: A 

randomised controlled trial. Bone (2020) 132: doi: 

10.1016/J.BONE.2019.115197 

147.  Keegan THM, Schwartz A v., Bauer DC, Sellmeyer DE, Kelsey JL. Effect of 

alendronate on bone mineral density and biochemical markers of bone 

turnover in type 2 diabetic women: The fracture intervention trial. Diabetes 

Care (2004) 27:1547–1553. doi: 10.2337/diacare.27.7.1547 

148.  Ferrari S, Eastell R, Napoli N, Schwartz A, Hofbauer LC, Chines A, Wang A, 

Pannacciulli N, Cummings SR. Denosumab in postmenopausal women with 

osteoporosis and diabetes: Subgroup analysis of FREEDOM and FREEDOM 

extension. Bone (2020) 134:115268. doi: 10.1016/j.bone.2020.115268 

149.  Black DM, Geiger EJ, Eastell R, Vittinghoff E, Li BH, Ryan DS, Dell RM, 

Adams AL. Atypical Femur Fracture Risk versus Fragility Fracture 

Prevention with Bisphosphonates. N Engl J Med (2020) 383:743–753. doi: 

10.1056/NEJMOA1916525 

150.  Black DM, Condra K, Adams AL, Eastell R. Bisphosphonates and the risk of 

atypical femur fractures. Bone (2022) 156: doi: 

10.1016/J.BONE.2021.116297 

151.  Schafer AL, Sellmeyer DE, Schwartz A v., Rosen CJ, Vittinghoff E, Palermo 

L, Bilezikian JP, Shoback DM, Black DM. Change in Undercarboxylated 

Osteocalcin Is Associated with Changes in Body Weight, Fat Mass, and 

Adiponectin: Parathyroid Hormone (1-84) or Alendronate Therapy in 

Postmenopausal Women with Osteoporosis (the PaTH Study). J Clin 

Endocrinol Metab (2011) 96:E1982. doi: 10.1210/JC.2011-0587 

152.  Vestergaard P. Risk of newly diagnosed type 2 diabetes is reduced in users of 

alendronate. Calcif Tissue Int (2011) 89:265–270. doi: 10.1007/s00223-011-

9515-z 

153.  Chan DC, Yang R sen, Ho CH, Tsai YS, Wang JJ, Tsai KT. The Use of 

alendronate is associated with a decreased incidence of type 2 diabetes 

mellitus - A population-based cohort study in Taiwan. PLoS One (2015) 10: 

doi: 10.1371/journal.pone.0123279 

154.  Toulis KA, Nirantharakumar K, Ryan R, Marshall T, Hemming K. 

Bisphosphonates and Glucose Homeostasis: A Population-Based, 

Retrospective Cohort Study. J Clin Endocrinol Metab (2015) 100:1933–1940. 

doi: 10.1210/jc.2014-3481 

155.  Schwartz A v., Schafer AL, Grey A, Vittinghoff E, Palermo L, Lui LYL, 

Wallace RB, Cummings SR, Black DM, Bauer DC, et al. Effects of 

antiresorptive therapies on glucose metabolism: Results from the FIT, 

HORIZON-PFT, and FREEDOM trials. Journal of Bone and Mineral 

Research (2013) 28:1348–1354. doi: 10.1002/jbmr.1865 



Literature list 

111 

156.  Karimi Fard M, Aminorroaya A, Kachuei A, Salamat MR, Hadi Alijanvand 

M, Aminorroaya Yamini S, Karimifar M, Feizi A, Amini M. Alendronate 

improves fasting plasma glucose and insulin sensitivity, and decreases insulin 

resistance in prediabetic osteopenic postmenopausal women: A randomized 

triple-blind clinical trial. J Diabetes Investig (2019) 10:731–737. doi: 

10.1111/jdi.12944 

157.  Martini C, Sosa FN, Malvicini R, Pacienza N, Yannarelli G, del C.  Vila M. 

Alendronate inhibits triglyceride accumulation and oxidative stress in 

adipocytes and the inflammatory response of macrophages which are 

associated with adipose tissue dysfunction. Journal of Physiology and 

Biochemistry 2021 (2021)1–11. doi: 10.1007/S13105-021-00826-9 

158.  Hanley DA, Adachi JD, Bell A, Brown V. Denosumab: mechanism of action 

and clinical outcomes. Int J Clin Pract (2012) 66:1139. doi: 

10.1111/IJCP.12022 

159.  Kostenuik PJ, Nguyen HQ, McCabe J, Warmington KS, Kurahara C, Sun N, 

Chen C, Li L, Cattley RC, Van G, et al. Denosumab, a fully human 

monoclonal antibody to RANKL, inhibits bone resorption and increases BMD 

in knock-in mice that express chimeric (murine/human) RANKL. J Bone 

Miner Res (2009) 24:182–195. doi: 10.1359/JBMR.081112 

160.  Bekker PJ, Holloway DL, Rasmussen AS, Murphy R, Martin SW, Leese PT, 

Holmes GB, Dunstan CR, DePaoli AM. A single-dose placebo-controlled 

study of AMG 162, a fully human monoclonal antibody to RANKL, in 

postmenopausal women. J Bone Miner Res (2004) 19:1059–1066. doi: 

10.1359/JBMR.040305 

161.  Wallach Kildemoes H, Toft Sørensen H, Hallas J. The Danish National 

Prescription Registry. Scand J Public Health (2011) 39:38–41. doi: 

10.1177/1403494810394717 

162.  Pottegård A, Schmidt SAJ, Wallach-Kildemoes H, Sørensen HT, Hallas J, 

Schmidt M. Data Resource Profile: The Danish National Prescription 

Registry. Int J Epidemiol (2017) 46:798. doi: 10.1093/IJE/DYW213 

163.  Lynge E, Sandegaard JL, Rebolj M. The Danish national patient register. 

Scand J Public Health (2011) 39:30–33. doi: 10.1177/1403494811401482 

164.  Schmidt M, Schmidt SAJ, Sandegaard JL, Ehrenstein V, Pedersen L, 

Sørensen HT. The Danish National patient registry: A review of content, data 

quality, and research potential. Clin Epidemiol (2015) 7:449–490. doi: 

10.2147/CLEP.S91125 

165.  Pedersen CB. The Danish civil registration system. Scand J Public Health 

(2011) 39:22–25. doi: 10.1177/1403494810387965 

166.  Mosekilde L, Beck-Nielsen H, Sørensen OH, Nielsen SP, Charles P, 

Vestergaard P, Hermann AP, Gram J, Hansen TB, Abrahamsen B, et al. 

Hormonal replacement therapy reduces forearm fracture incidence in recent 

postmenopausal women - Results of the Danish Osteoporosis Prevention 

Study. Maturitas (2000) 36:181–193. doi: 10.1016/S0378-5122(00)00158-4 



Type 2 diabetes and bone health 

112
 

167.  Viggers R, Jensen MH, Laursen HVB, Drewes AM, Vestergaard P, Olesen 

SS. Glucose-Lowering Therapy in Patients With Postpancreatitis Diabetes 

Mellitus: A Nationwide Population-Based Cohort Study. Diabetes Care 

(2021) 44:2045–2052. doi: 10.2337/DC21-0333 

168.  Sediq R, van der Schans J, Dotinga A, Alingh RA, Wilffert B, Bos JHJ, 

Schuiling-Veninga CCM, Hak E. Concordance assessment of self-reported 

medication use in the netherlands three-generation lifelines cohort study with 

the pharmacy database iadb.Nl: The pharmlines initiative. Clin Epidemiol 

(2018) doi: 10.2147/CLEP.S163037 

169.  Allin S, Bayoumi AM, Law MR, Laporte A. Comparability of self-reported 

medication use and pharmacy claims data. Health Rep (2013) 

170.  Kähm K, Laxy M, Schneider U, Rogowski WH, Lhachimi SK, Holle R. 

Health Care Costs Associated With Incident Complications in Patients With 

Type 2 Diabetes in Germany. Diabetes Care (2018) 41:971–978. doi: 

10.2337/dc17-1763 

171.  Nyström T, Bodegard J, Nathanson D, Thuresson M, Norhammar A, Eriksson 

JW. Second line initiation of insulin compared with DPP-4 inhibitors after 

metformin monotherapy is associated with increased risk of all-cause 

mortality, cardiovascular events, and severe hypoglycemia. Diabetes Res Clin 

Pract (2017) 123:199–208. doi: 10.1016/j.diabres.2016.12.004 

172.  Persson S, Johansen P, Andersson E, Lindgren P, Thielke D, Thorsted BL, 

Jendle J, Steen Carlsson K. Days absent from work as a result of 

complications associated with type 2 diabetes: Evidence from 20 years of 

linked national registry data in Sweden. Diabetes Obes Metab (2020) 

22:1586–1597. doi: 10.1111/dom.14070 

173.  Kristensen JK, Sandbaek A, Lassen JF, Bro F, Lauritzen T. Use and validation 

of public data files for identification of the diabetic population in a Danish 

county. Dan Med Bull (2001) 48:33–7. 

http://www.ncbi.nlm.nih.gov/pubmed/11258150 [Accessed April 21, 2021] 

174.  Carstensen B, Kristensen JK, Marcussen MM, Borch-Johnsen K. The 

National Diabetes Register. Scand J Public Health (2011) 39:58–61. doi: 

10.1177/1403494811404278 

175.  Textor J, van der Zander B, Gilthorpe MS, Liśkiewicz M, Ellison GT. Robust 

causal inference using directed acyclic graphs: The R package “dagitty.” Int 

J Epidemiol (2016) 45:1887–1894. doi: 10.1093/IJE/DYW341 

176.  Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of 

classifying prognostic comorbidity in longitudinal studies: Development and 

validation. J Chronic Dis (1987) 40:373–383. doi: 10.1016/0021-

9681(87)90171-8 

177.  Thygesen SK, Christiansen CF, Christensen S, Lash TL, Sørensen HT. The 

predictive value of ICD-10 diagnostic coding used to assess Charlson 

comorbidity index conditions in the population-based Danish National 



Literature list 

113 

Registry of Patients. BMC Med Res Methodol (2011) 11: doi: 10.1186/1471-

2288-11-83 

178.  von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke 

JP. The strengthening the reporting of observational studies in epidemiology 

(STROBE) statement: Guidelines for reporting observational studies. 

International Journal of Surgery (2014) 12:1495–1499. doi: 

10.1016/j.ijsu.2014.07.013 

179.  Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu C, 

D’Alessio DA, Davies MJ. 2019 update to: Management of hyperglycaemia 

in type 2 diabetes, 2018. A consensus report by the American Diabetes 

Association (ADA) and the European Association for the Study of Diabetes 

(EASD). Diabetologia (2020) doi: 10.1007/s00125-019-05039-w 

180.  Rasmussen NH, Dal J. Falls and Fractures in Diabetes—More than Bone 

Fragility. Curr Osteoporos Rep (2019) doi: 10.1007/s11914-019-00513-1 

181.  Schwartz A v., Vittinghoff E, Sellmeyer DE, Feingold KR, de Rekeneire N, 

Strotmeyer ES, Shorr RI, Vinik AI, Odden MC, Park SW, et al. Diabetes-

related complications, glycemic control, and falls in older adults. Diabetes 

Care (2008) 31:391–396. doi: 10.2337/dc07-1152 

182.  van der Weele TJ, Ding P. Sensitivity Analysis in Observational Research: 

Introducing the E-Value. Ann Intern Med (2017) 167:268–274. doi: 

10.7326/M16-2607 

183.  Koromani F, Ghatan S, van Hoek M, Zillikens MC, Oei EHG, Rivadeneira F, 

Oei L. Type 2 Diabetes Mellitus and Vertebral Fracture Risk. Curr 

Osteoporos Rep (2021) 19:50. doi: 10.1007/S11914-020-00646-8 

184.  Long JS, Freese J. Regression Models for Catagorical Dependent Variables 

Using Stata. 3rd Edition. College Station, editor. TX: Stata Press (2014). 

185.  Carstensen B, Rønn PF, Jørgensen ME. Prevalence, incidence and mortality 

of type 1 and type 2 diabetes in Denmark 1996–2016. BMJ Open Diabetes 

Res Care (2020) 8:1071. doi: 10.1136/BMJDRC-2019-001071 

186.  Fine JP, Gray RJ. A Proportional Hazards Model for the Subdistribution of a 

Competing Risk. J Am Stat Assoc (1999) doi: 

10.1080/01621459.1999.10474144 

187.  Lin T, Wang C, Cai XZ, Zhao X, Shi MM, Ying ZM, Yuan FZ, Guo C, Yan 

SG. Comparison of clinical efficacy and safety between denosumab and 

alendronate in postmenopausal women with osteoporosis: A meta-analysis. 

Int J Clin Pract (2012) 66:399–408. doi: 10.1111/j.1742-1241.2011.02806.x 

188.  Møller AMJ, Delaisse J, Olesen JB, Bechmann T, Madsen JS, Søe K. 

Zoledronic Acid Is Not Equally Potent on Osteoclasts Generated From 

Different Individuals. JBMR Plus (2020) 4: doi: 10.1002/jbm4.10412 

189.  Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J, Maruthur NM, 

Rosas SE, Del Prato S, Mathieu C, Mingrone G, et al. Management of 

hyperglycaemia in type 2 diabetes, 2022. A consensus report by the American 



Type 2 diabetes and bone health 

114
 

Diabetes Association (ADA) and the European Association for the Study of 

Diabetes (EASD). Diabetologia (2022) 65:1925–1966. doi: 10.1007/S00125-

022-05787-2 

190.  U.S. Department of Health and Human Services. Physical Activity Guidelines 

for Americans 2 nd edition. (2018). 

191.  Elsayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, 

Collins BS, Hilliard ME, Isaacs D, Johnson EL, et al. 5. Facilitating Positive 

Health Behaviors and Well-being to Improve Health Outcomes: Standards of 

Care in Diabetes—2023. Diabetes Care (2023) 46:S68–S96. doi: 

10.2337/DC23-S005 

192.  Bonds DE, Larson JC, Schwartz A v., Strotmeyer ES, Robbins J, Rodriguez 

BL, Johnson KC, Margolis KL. Risk of Fracture in Women with Type 2 

Diabetes: the Women’s Health Initiative Observational Study. J Clin 

Endocrinol Metab (2006) 91:3404–3410. doi: 10.1210/JC.2006-0614 

193.  Sarodnik C, Rasmussen NH, Bours SPG, Schaper NC, Vestergaard P, 

Souverein PC, Jensen MH, Driessen JHM, van den Bergh JPW. The incidence 

of fractures at various sites in newly treated patients with type 2 diabetes 

mellitus. Bone Rep (2022) 17:101614. doi: 10.1016/J.BONR.2022.101614 

194.  Ma L, Oei L, Jiang L, Estrada K, Chen H, Wang Z, Yu Q, Zillikens MC, Gao 

X, Rivadeneira F. Association between bone mineral density and type 2 

diabetes mellitus: A meta-Analysis of observational studies. Eur J Epidemiol 

(2012) 27:319–332. doi: 10.1007/S10654-012-9674-X/TABLES/6 

195.  Vestergaard P. Discrepancies in bone mineral density and fracture risk in 

patients with type 1 and type 2 diabetes - A meta-analysis. Osteoporosis 

International (2007) doi: 10.1007/s00198-006-0253-4 

196.  Forsén L, Meyer HE, Midthjell K, Edna TH. Diabetes mellitus and the 

incidence of hip fracture: Results from the Nord-Trondelag health survey. 

Diabetologia (1999) doi: 10.1007/s001250051248 

197.  Baleanu F, Bergmann P, Hambye AS, Dekelver C, Iconaru L, Cappelle SI, 

Moreau M, Paesmans M, Karmali R, Body JJ. Assessment of bone quality 

with trabecular bone score in type 2 diabetes mellitus: A study from the 

FRISBEE cohort. Int J Clin Pract (2019) doi: 10.1111/ijcp.13347 

198.  Sanz-Nogués C, Mustafa M, Burke H, O’brien T, Coleman CM. Knowledge, 

Perceptions and Concerns of Diabetes -Associated Complications Among 

Individuals Living with Type 1 and Type 2 Diabetes Mellitus. Healthcare 

(Basel) (2020) 8: doi: 10.3390/HEALTHCARE8010025 

199.  Drummond K, Bennett R, Gibbs J, Wei R, Hu W, Tardio V, Gagnon C, Berger 

C, Morin SN. Perceptions of fracture and fall risk and of the benefits and 

barriers to exercise in adults with diabetes. Osteoporos Int (2022) 33:2563–

2573. doi: 10.1007/S00198-022-06524-6 

200.  Gulcelik NE, Bayraktar M, Caglar O, Alpaslan M, Karakaya J. Mortality after 

hip fracture in diabetic patients. Exp Clin Endocrinol Diabetes (2011) 

119:414–418. doi: 10.1055/S-0030-1270466 



Literature list 

115 

201.  Tebé C, Martinez-Laguna D, Moreno V, Cooper C, Diez-Perez A, Collins GS, 

Prieto-Alhambra D. Differential Mortality and the Excess Rates of Hip 

Fracture Associated With Type 2 Diabetes: Accounting for Competing Risks 

in Fracture Prediction Matters. Journal of Bone and Mineral Research (2018) 

doi: 10.1002/jbmr.3435 

202.  Lee YS, Gupta R, Kwon JT, Cho DC, Seo YJ, Seu SY, Park EK, Han I, Kim 

CH, Sung JK, et al. Effect of a bisphosphonate and selective estrogen receptor 

modulator on bone remodeling in streptozotocin-induced diabetes and 

ovariectomized rat model. Spine Journal (2018) 18:1877–1887. doi: 

10.1016/j.spinee.2018.05.020 

203.  Cui M, Yu LZ, Zhang N, Wang LJ, Sun J, Cong J. Zoledronic Acid Improves 

Bone Quality in the Streptozotocin-Induced Diabetes Rat through Affecting 

the Expression of the Osteoblast-Regulating Transcription Factors. 

Experimental and Clinical Endocrinology and Diabetes (2016) 127:68–75. 

doi: 10.1055/s-0042-105282 

204.  Anagnostis P, Paschou SA, Gkekas NN, Artzouchaltzi AM, Christou K, 

Stogiannou D, Vryonidou A, Potoupnis M, Goulis DG. Efficacy of anti-

osteoporotic medications in patients with type 1 and 2 diabetes mellitus: a 

systematic review. Endocrine (2018) 60:373–383. doi: 10.1007/s12020-018-

1548-x 

205.  Brown JP, Prince RL, Deal C, Recker RR, Kiel DP, de Gregorio LH, Hadji P, 

Hofbauer LC, Álvaro-Gracia JM, Wang H, et al. Comparison of the Effect of 

Denosumab and Alendronate on BMD and Biochemical Markers of Bone 

Turnover in Postmenopausal Women With Low Bone Mass: A Randomized, 

Blinded, Phase 3 Trial. Journal of Bone and Mineral Research (2009) 

24:153–161. doi: 10.1359/JBMR.0809010 

206.  Kendler DL, Roux C, Benhamou CL, Brown JP, Lillestol M, Siddhanti S, 

Man HS, San Martin J, Bone HG. Effects of denosumab on bone mineral 

density and bone turnover in postmenopausal women transitioning from 

alendronate therapy. J Bone Miner Res (2010) 25:72–81. doi: 

10.1359/JBMR.090716 

207.  Pedersen AB, Heide-Jørgensen U, Sørensen HT, Prieto-Alhambra D, 

Ehrenstein V. Comparison of Risk of Osteoporotic Fracture in Denosumab vs 

Alendronate Treatment within 3 Years of Initiation. JAMA Netw Open (2019) 

2: doi: 10.1001/jamanetworkopen.2019.2416 

208.  Miyoshi A, Kameda H, Nagai S, Nakamura A, Miya A, Takase T, Atsumi T, 

Miyoshi H. Beneficial effects of switching to denosumab from 

bisphosphonates or selective estrogen receptor modulators in postmenopausal 

women with type 2 diabetes and osteopenia/osteoporosis. J Diabetes Investig 

(2021) 12:1293–1300. doi: 10.1111/JDI.13458 

209.  Roux C, Hofbauer LC, Ho PR, Wark JD, Zillikens MC, Fahrleitner-Pammer 

A, Hawkins F, Micaelo M, Minisola S, Papaioannou N, et al. Denosumab 

compared with risedronate in postmenopausal women suboptimally adherent 



Type 2 diabetes and bone health 

116
 

to alendronate therapy: efficacy and safety results from a randomized open-

label study. Bone (2014) 58:48–54. doi: 10.1016/J.BONE.2013.10.006 

210.  Black DM, Schwartz A V., Ensrud KE, Cauley JA, Levis S, Quandt SA, 

Satterfield S, Wallace RB, Bauer DC, Palermo L, et al. Effects of continuing 

or stopping alendronate after 5 years of treatment: the Fracture Intervention 

Trial Long-term Extension (FLEX): a randomized trial. JAMA (2006) 

296:2927–2938. doi: 10.1001/JAMA.296.24.2927 

211.  Bonnet N, Bourgoin L, Biver E, Douni E, Ferrari S. RANKL inhibition 

improves muscle strength and insulin sensitivity and restores bone mass. 

Journal of Clinical Investigation (2019) 129:3214–3223. doi: 

10.1172/JCI125915 

212.  Maugeri D, Panebianco P, Rosso D, Calanna A, Speciale S, Santangelo A, 

Rizza I, Motta M, Lentini A, Malaguarnera M. Alendronate reduces the daily 

consumption of insulin (DCI) in patients with senile type I diabetes and 

osteoporosis. Arch Gerontol Geriatr (2002) 34:117–122. doi: 10.1016/S0167-

4943(01)00202-3 

213.  Brown JP, Engelke K, Keaveny TM, Chines A, Chapurlat R, Foldes AJ, 

Nogues X, Civitelli R, de Villiers T, Massari F, et al. Romosozumab improves 

lumbar spine bone mass and bone strength parameters relative to alendronate 

in postmenopausal women: results from the Active-Controlled Fracture Study 

in Postmenopausal Women With Osteoporosis at High Risk (ARCH) trial. J 

Bone Miner Res (2021) 36:2139–2152. doi: 10.1002/JBMR.4409 

214.  Hsu J-Y, Cheng C-Y, Hsu C-Y. Type 2 diabetes mellitus severity correlates 

with risk of hip fracture in patients with osteoporosis. 

215.  Chen PW, Su HY, Tu YK, Wu CH, Yeh JI, Chen LY, Peng CCH, Loh CH, 

Huang HK, Lin SM. Association of bisphosphonates with diabetes risk and 

glycemic control: a meta-analysis. Osteoporos Int (2022) doi: 

10.1007/S00198-022-06616-3 

216.  IRCT | Comparison of the effect of Bisphosphonate on the prevention of type 

2 diabetes among Osteopenic menopause prediabetes women and Referred to 

Isfahan Endocrine and Metabolism Research Center. 

https://www.irct.ir/trial/24126 [Accessed February 17, 2023] 

217.  Xiang B-Y, Huang W, Zhou G-Q, Hu N, Chen H, Chen C. Body mass index 

and the risk of low bone mass–related fractures in women compared with 

men: A PRISMA-compliant meta-analysis of prospective cohort studies. 

Medicine (2017) 96: doi: 10.1097/MD.0000000000005290 

218.  Farahmand MA, Daneshzad E, Fung TT, Zahidi F, Muhammadi M, 

Bellissimo N, Azadbakht L. What is the impact of vitamin D supplementation 

on glycemic control in people with type-2 diabetes: a systematic review and 

meta-analysis of randomized controlled trails. BMC Endocr Disord (2023) 

23: doi: 10.1186/S12902-022-01209-X 



Literature list 

117 

219.  Gertz BJ, Holland SD, Kline WF, Matuszewski BK, Porras AG. Clinical 

pharmacology of alendronate sodium. Osteoporosis International (1993) 

3:13–16. doi: 10.1007/BF01623002 

220.  Fu L, Tang T, Miao Y, Zhang S, Qu Z, Dai K. Stimulation of osteogenic 

differentiation and inhibition of adipogenic differentiation in bone marrow 

stromal cells by alendronate via ERK and JNK activation. Bone (2008) 43:40–

47. doi: 10.1016/J.BONE.2008.03.008 

221.  Langdahl B, Hofbauer LC, Ferrari S, Wang Z, Fahrleitner-Pammer A, Gielen 

E, Lakatos P, Czerwinski E, Gimeno EJ, Timoshanko J, et al. Romosozumab 

efficacy and safety in European patients enrolled in the FRAME trial. 

Osteoporos Int (2022) 33:2527–2536. doi: 10.1007/S00198-022-06544-2 

222.  Langdahl BL, Hofbauer LC, Forfar JC. Cardiovascular Safety and Sclerostin 

Inhibition. J Clin Endocrinol Metab (2021) 106:1845–1853. doi: 

10.1210/CLINEM/DGAB193 

223.  Vandenput L, Johansson H, McCloskey E V., Liu E, Åkesson KE, Anderson 

FA, Azagra R, Bager CL, Beaudart C, Bischoff-Ferrari HA, et al. Update of 

the fracture risk prediction tool FRAX: a systematic review of potential 

cohorts and analysis plan. Osteoporosis International 2022 33:10 (2022) 

33:2103–2136. doi: 10.1007/S00198-022-06435-6 

224.  Leslie WD, Johansson H, McCloskey E V., Harvey NC, Kanis JA, Hans D. 

Comparison of Methods for Improving Fracture Risk Assessment in Diabetes: 

The Manitoba BMD Registry. J Bone Miner Res (2018) 33:1923. doi: 

10.1002/JBMR.3538 

225.  Greenfield MS, Doberne L, Kraemer F, Tobey T, Reaven G. Assessment of 

Insulin Resistance with the Insulin Suppression Test and the Euglycemic 

Clamp. Diabetes (1981) 30:387–392. doi: 10.2337/DIAB.30.5.387 

  





Appendices 

119 

APPENDICES 

Appendix A. Introduction .................................................................................... 121 

A1, Osteoporosis ............................................................................................ 121 
A2, Type 2 diabetes ....................................................................................... 121 

Appendix B. Directed Acyclic Graphs ................................................................. 123 

Explanation .................................................................................................... 123 
B1, DAG study 1 ............................................................................................ 124 
B2, DAG study 2 ............................................................................................ 126 
B3, DAG study 3 ............................................................................................ 128 

Appendix C. ICD-10 and ATC codes .................................................................. 131 

C1, Diabetes and covariables ......................................................................... 131 
C2, Fractures .................................................................................................. 132 
C3, Charlson Comorbidity Index ................................................................... 133 

Appendix D. Study 1 ............................................................................................. 135 

D1, Study timeline ......................................................................................... 135 
D2, Flow-diagram .......................................................................................... 136 

Appendix E. Study 2 ............................................................................................. 137 

E1, Study timeline .......................................................................................... 137 
E2, Flow-diagram........................................................................................... 138 
E3, Characteristics of subjects discontinuing treatment. ................................ 139 

Appendix F. Study 3.............................................................................................. 141 

F1, Study timeline .......................................................................................... 141 
F2, Flow diagram ........................................................................................... 142 
F3, Characteristics of alendronate users and non-users.................................. 143 

 



Type 2 diabetes and bone health 

120
 



Appendix A. Introduction 

121 

Appendix A. Introduction 
A1, Osteoporosis 

 

Prevalence (solid lines) and incidence (dashed lines) of osteoporosis in Denmark 

years 2022 and 2021, respectively, stratified by age groups after age 25 among 

females (yellow) and males (grey). 

 

A2, Type 2 diabetes 

 

Prevalence (solid lines) and incidence (dashed lines) of type 2 diabetes in Denmark 

year 2022 and 2021, respectively, stratified by age groups after age 25 among females 

(yellow) and males (grey). 
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Appendix B. Directed Acyclic Graphs  
Explanation 
Directed acyclic graphs (DAGs), also known as causal Bayesian networks, can be 

created without costs from www.dagitty.net. The browser-based platform focuses on 

creating causal diagrams for minimizing bias in epidemiological studies.  

The colors of the following DAGs can be explained by the legends below.  
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B1, DAG study 1 
 

 

 

Model code 1 (for reproducibility) 

dag { 
bb="0,0,1,1" 
"Major Osteoporotic Fracture" [outcome,pos="0.760,0.540"] 
"Previous fracture" [pos="0.362,0.108"] 
"Reumatoid arthritis" [pos="0.599,0.444"] 
"Thyroid disease" [pos="0.345,0.226"] 
"Type 2 diabetes" [exposure,pos="0.244,0.572"] 
"Unknown confounder" [latent,pos="0.448,0.964"] 
Age [pos="0.391,0.692"] 
Alcohol [pos="0.462,0.827"] 
BMI [latent,pos="0.415,0.484"] 
Comorbidity [pos="0.489,0.276"] 
Falls [latent,pos="0.530,0.612"] 
Glucocorticoids [pos="0.306,0.394"] 
HbA1c [latent,pos="0.444,0.405"] 
Hypertension [pos="0.552,0.133"] 
Opioids [pos="0.712,0.425"] 
Pancreatitis [pos="0.436,0.905"] 
Sex [pos="0.528,0.726"] 
Smoking [pos="0.619,0.827"] 
Statins [pos="0.258,0.336"] 
"Previous fracture" -> "Major Osteoporotic Fracture" [pos="0.835,0.001"] 
"Previous fracture" <-> "Type 2 diabetes" [pos="0.147,0.277"] 
"Reumatoid arthritis" -> "Major Osteoporotic Fracture" 
"Reumatoid arthritis" -> "Type 2 diabetes" [pos="0.475,0.552"] 
"Thyroid disease" -> "Major Osteoporotic Fracture" [pos="0.814,0.053"] 
"Thyroid disease" -> "Type 2 diabetes" [pos="0.196,0.270"] 
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"Type 2 diabetes" -> "Major Osteoporotic Fracture" [pos="0.516,0.576"] 
"Type 2 diabetes" -> Falls 
"Type 2 diabetes" -> HbA1c 
"Type 2 diabetes" <-> Comorbidity [pos="0.391,0.392"] 
"Type 2 diabetes" <-> Hypertension [pos="0.145,0.157"] 
"Unknown confounder" -> "Major Osteoporotic Fracture" [pos="0.855,0.996"] 
"Unknown confounder" -> "Type 2 diabetes" [pos="0.158,0.893"] 
Age -> "Major Osteoporotic Fracture" [pos="0.578,0.674"] 
Age -> "Type 2 diabetes" [pos="0.270,0.578"] 
Age -> Comorbidity [pos="0.489,0.527"] 
Age -> Falls 
Alcohol -> "Major Osteoporotic Fracture" [pos="0.644,0.691"] 
Alcohol -> "Type 2 diabetes" [pos="0.297,0.799"] 
Alcohol -> Comorbidity [pos="0.508,0.419"] 
Alcohol -> Falls 
BMI -> "Major Osteoporotic Fracture" 
BMI -> "Type 2 diabetes" [pos="0.368,0.518"] 
Comorbidity -> "Major Osteoporotic Fracture" [pos="0.754,0.176"] 
Comorbidity -> Opioids [pos="0.705,0.287"] 
Falls -> "Major Osteoporotic Fracture" 
Glucocorticoids -> "Major Osteoporotic Fracture" [pos="0.593,0.222"] 
Glucocorticoids -> "Type 2 diabetes" 
Glucocorticoids -> HbA1c 
HbA1c -> Comorbidity 
Hypertension -> Comorbidity 
Hypertension -> Falls 
Opioids -> "Major Osteoporotic Fracture" 
Opioids -> Falls 
Pancreatitis -> "Major Osteoporotic Fracture" [pos="0.768,0.938"] 
Pancreatitis -> "Type 2 diabetes" [pos="0.226,0.823"] 
Sex -> "Major Osteoporotic Fracture" [pos="0.626,0.679"] 
Sex -> "Type 2 diabetes" [pos="0.402,0.819"] 
Smoking -> "Major Osteoporotic Fracture" [pos="0.741,0.647"] 
Smoking -> "Type 2 diabetes" [pos="0.260,0.931"] 
Smoking -> Pancreatitis [pos="0.593,0.881"] 
Statins -> "Major Osteoporotic Fracture" [pos="0.797,0.018"] 
Statins -> "Type 2 diabetes" 
}  
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B2, DAG study 2 
 

 

 

Model code 2 (for reproducibility) 
dag { 
bb="0,0,1,1" 
"Diabetes duration" [pos="0.551,0.402"] 
"History of fracture" [pos="0.386,0.142"] 
"Income/social status" [pos="0.373,0.789"] 
"Major Osteoporotic Fracture" [outcome,pos="0.760,0.540"] 
"Peptic ulcer" [pos="0.362,0.354"] 
"Renal impairment" [pos="0.379,0.087"] 
"Thyroid disease" [pos="0.540,0.659"] 
"Unknown/unmeasurable confounder" [latent,pos="0.563,0.964"] 
Age [pos="0.400,0.645"] 
Alcohol [pos="0.476,0.772"] 
Anxiolytics [pos="0.404,0.853"] 
BMI [latent,pos="0.535,0.358"] 
Comorbidity [pos="0.446,0.279"] 
Falls [latent,pos="0.677,0.234"] 
Glucocorticoids [pos="0.340,0.471"] 
HbA1c [latent,pos="0.407,0.540"] 
Hypertension [pos="0.601,0.196"] 
Hypoglycemia [pos="0.369,0.415"] 
Insulin [pos="0.527,0.540"] 
Opioids [pos="0.587,0.316"] 
Pancreatitis [pos="0.352,0.924"] 
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Sex [pos="0.401,0.707"] 
Smoking [pos="0.619,0.827"] 
Statins [pos="0.350,0.229"] 
Treatment [exposure,pos="0.244,0.572"] 
"Diabetes duration" -> "Major Osteoporotic Fracture" 
"Diabetes duration" -> Comorbidity 
"Diabetes duration" -> Hypoglycemia 
"Diabetes duration" -> Insulin 
"History of fracture" -> "Major Osteoporotic Fracture" 
[pos="0.780,0.064"] 
"History of fracture" -> Treatment [pos="0.182,0.278"] 
"Income/social status" -> "Major Osteoporotic Fracture" 
[pos="0.574,0.880"] 
"Income/social status" -> Treatment [pos="0.267,0.647"] 
"Peptic ulcer" -> Comorbidity 
"Peptic ulcer" -> Treatment [pos="0.249,0.394"] 
"Renal impairment" -> "Major Osteoporotic Fracture" [pos="0.859,0.001"] 
"Renal impairment" -> Treatment [pos="0.144,0.246"] 
"Thyroid disease" -> "Major Osteoporotic Fracture" 
"Thyroid disease" -> Treatment [pos="0.396,0.708"] 
"Unknown/unmeasurable confounder" -> "Major Osteoporotic Fracture" 
[pos="0.766,0.880"] 
"Unknown/unmeasurable confounder" -> Treatment [pos="0.173,0.999"] 
Age -> "Major Osteoporotic Fracture" [pos="0.629,0.607"] 
Age -> Comorbidity [pos="0.484,0.505"] 
Age -> Treatment 
Alcohol -> "Major Osteoporotic Fracture" [pos="0.644,0.691"] 
Alcohol -> Comorbidity [pos="0.492,0.411"] 
Alcohol -> Treatment [pos="0.350,0.754"] 
Anxiolytics -> "Major Osteoporotic Fracture" [pos="0.646,0.843"] 
Anxiolytics -> Falls [pos="0.660,0.819"] 
Anxiolytics -> Treatment [pos="0.289,0.852"] 
BMI -> "Major Osteoporotic Fracture" [pos="0.609,0.349"] 
BMI -> Comorbidity 
Comorbidity -> "Major Osteoporotic Fracture" [pos="0.644,0.216"] 
Comorbidity -> Opioids 
Comorbidity -> Statins 
Comorbidity -> Treatment [pos="0.215,0.300"] 
Falls -> "Major Osteoporotic Fracture" [pos="0.734,0.336"] 
Glucocorticoids -> "Major Osteoporotic Fracture" [pos="0.578,0.510"] 
Glucocorticoids -> HbA1c 
Glucocorticoids -> Treatment [pos="0.263,0.493"] 
HbA1c -> "Major Osteoporotic Fracture" [pos="0.463,0.571"] 
HbA1c -> Hypoglycemia 
HbA1c -> Insulin 
Hypertension -> Comorbidity 
Hypertension -> Falls 
Hypoglycemia -> "Major Osteoporotic Fracture" [pos="0.537,0.431"] 
Insulin -> "Major Osteoporotic Fracture" 
Insulin -> Hypoglycemia 
Opioids -> "Major Osteoporotic Fracture" [pos="0.656,0.360"] 
Opioids -> Falls 
Pancreatitis -> "Major Osteoporotic Fracture" [pos="0.739,0.966"] 
Pancreatitis -> Treatment [pos="0.232,0.798"] 
Sex -> "Major Osteoporotic Fracture" [pos="0.527,0.776"] 
Sex -> Treatment [pos="0.355,0.713"] 
Smoking -> "Major Osteoporotic Fracture" [pos="0.741,0.647"] 
Smoking -> Pancreatitis [pos="0.593,0.881"] 
Smoking -> Treatment [pos="0.263,0.999"] 
Statins -> "Major Osteoporotic Fracture" [pos="0.670,0.139"] 
Treatment -> "Major Osteoporotic Fracture" [pos="0.542,0.593"] 
Treatment -> HbA1c 
} 
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B3, DAG study 3 
 

 

 

Model code 3 (for reproducibility)  
dag { 
bb="0,0,1,1" 
"Income/social status" [pos="0.248,0.192"] 
"Thyroid disease" [pos="0.315,0.286"] 
"Type 2 diabetes" [outcome,pos="0.760,0.540"] 
Age [adjusted,pos="0.454,0.656"] 
Alcohol [pos="0.523,0.757"] 
Alendronate [exposure,pos="0.244,0.572"] 
BMI [latent,pos="0.374,0.514"] 
Comorbidity [pos="0.492,0.285"] 
Glucocorticoids [pos="0.394,0.459"] 
HbA1c [latent,pos="0.448,0.372"] 
Opioids [pos="0.630,0.422"] 
Pancreatitis [pos="0.284,0.867"] 
Sex [adjusted,pos="0.422,0.704"] 
Smoking [pos="0.551,0.848"] 
"Income/social status" -> "Type 2 diabetes" [pos="0.718,0.115"] 
"Income/social status" -> Alendronate 
"Thyroid disease" -> "Type 2 diabetes" [pos="0.677,0.139"] 
"Thyroid disease" -> Alendronate [pos="0.276,0.324"] 
Age -> "Type 2 diabetes" [pos="0.629,0.607"] 
Age -> Alendronate 
Age -> Comorbidity [pos="0.484,0.505"] 
Alcohol -> "Type 2 diabetes" [pos="0.668,0.759"] 
Alcohol -> Alendronate [pos="0.316,0.818"] 
Alcohol -> Pancreatitis [pos="0.461,0.814"] 
Alendronate -> "Type 2 diabetes" [pos="0.516,0.576"] 
Alendronate -> HbA1c [pos="0.342,0.379"] 
BMI -> "Type 2 diabetes" 
BMI -> Alendronate 
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Comorbidity -> "Type 2 diabetes" [pos="0.677,0.261"] 
Comorbidity -> Alendronate [pos="0.306,0.325"] 
Comorbidity -> Opioids 
Glucocorticoids -> "Type 2 diabetes" [pos="0.578,0.510"] 
Glucocorticoids -> Alendronate [pos="0.319,0.492"] 
Glucocorticoids -> HbA1c 
HbA1c -> "Type 2 diabetes" 
Opioids -> "Type 2 diabetes" 
Pancreatitis -> "Type 2 diabetes" [pos="0.740,0.996"] 
Pancreatitis -> Alendronate [pos="0.221,0.640"] 
Sex -> "Type 2 diabetes" [pos="0.626,0.679"] 
Sex -> Alendronate 
Smoking -> "Type 2 diabetes" [pos="0.703,0.808"] 
Smoking -> Alendronate [pos="0.264,0.798"] 
Smoking -> Pancreatitis 
}
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Appendix C. ICD-10 and ATC codes 
C1, Diabetes and covariables  

 ICD-10 codes, .x may equal 0-9 ATC codes 

Diabetes mellitus E10.x, E11.x, E12.x, E13.x, E14.x, 

G63.2, H28.0, H36.0, M14.2, O24, 

R73 

A10A, A10B 

Type 1 diabetes E10.x and A10A, no A10B 

Polycystic ovary 

syndrome 

Diabetes mellitus  + G03GB02 (clomifene before age 40) 

Heavy smoking J41-J44, J47.x,  

Z720, F17, T652 

N07BA, N06AX12.  

After age 40: R03A, R03B, R03C, 

R03DA, R03DB, R03DC, R03DX07 

Alcohol abuse T51.x, G312, G621, I426, K292, 

K70.x, K852, K860, F10.x 

N07BB01, N07BB03, N07BB05 

Obesity E66.x A08A 

Hyperthyroidism E05.x H03B 

Hypothyroidism E03.x H03A 

Glucocorticoid use 
 

H02AB 

Pancreatitis K86.0, K86.1, K85.0, K85.1, 
K85.2, K85.3, K85.8, K85.9 

 

Hypertension I10-I13, I15, R03.0 ACE/ARB, central, calcium-channel 

block: C09, C02DB, C02CA, C02AB, 
C02AC, C08. 

Thiazides: C03AA, C03AB, C03BA. 

Loop-diuretics: C03CA, C03CB, 
C03EB. 

Potassium saving: C03D. 

Combinations: C03E. 
Beta blokcers: C07A 

Dyslipidemia DE75.x, DE78.x C10AA (Statins) 

Psychoactive/ 
opioids 

 N05, N06, N02A 

Osteoporosis DM80.x, DM81.x, DM82.x  

Paget disease M88  

Alendronate  M05BA04, M05BB03, M05BB05, 
M05BB06 
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Other bisphosphonates  M05BA01-3, M05BA05-8, 

M05BB01-3 

Denosumab  M05BX04 

Other anti-osteoporotic 

treatments, e.g., strontium 

and PTH analog 

 M05BX01-3, M05BX53, H05AA02 

 

 

C2, Fractures 

 ICD-10 codes, .x may equal 0-9 

Major osteoporotic fracture Hip/femur, spine (vertebral), forearm/arm (unspecified), 

humerus/upper arm 

Hip/femur S72.0, S72.1, S72.2, S72.3, S72.4, S72.7, S72.8, S72.9, M80.9B 

Spine (vertebral)  

incl. pelvic 

S32.0, S32.1, S32.2, S32.3, S32.4, S32.5, S32.7, S32.8. 

S12.0, S12.1, S12.2, S12.7, S12.8, S12.9., S22.0, S22.1 

T08, T08.9, M48.4 M48.5, M80.9C 

Forearm/arm unspecified S52.0-S52.9, T10, DT10.9, M80.9A 

Upper arm, Humerus S42.2-S42.4, S42.7, S42.8 

Any other fracture Any below 

Wrist/hand S62.0-S62.8 

Shoulder and upper arm S42.0, S42.1, S42.2, S42.3, S42.4, S42.7, S42.8, S42.9. 

Head/skull (incl. crush) S02.0-S02.9, S07.0, S07.1, S07,8, S07.9 

Neck S12.0, S12.1, S12.2, S12.7, S12.8, S12.9 

Thorax S22.0, S22.1, S22.2, S22.3, S22.4, S22.5, S22.8 

Lower leg/ankle S82.0-S82.9. 

Foot D.92.0, D.92.1, D.92.2, D.92.3, D.92.4, D.92.5, D.92.7, D.92.9. 

Leg, unspecified T12, DT12.9 

Stress/pathological M84., M84.4, M80.x 
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C3, Charlson Comorbidity Index 
Scoring and ICD codes. 

Comorbidity  Score ICD-10 codes 

1, Acute myocardial infarction  1 DI21, DI23, I24.1, I24.8, I24.9 

2, Cardiac insufficiency  1 I50, I11.0, I13.0, I13.2 

3, Cardiovascular disease  1 I70, I71, I72, I73, I74, I77 

4, Cerebrovascular disease 1 I60-I69, G45, G46 

5, Dementia  1 F00-F03, F05.1, G30 

6, Chronic pulmonary disease  1 
J40-J47, J60-J67, J68.4, J70.1, J70.3, J70.4, J82, J84, 
J85.0, J92, J95.3, J96.1, J98.2, J98.3 

7, Connective tissue disease  1 M05-M09, M30-M36, D86 

8, Peptic ulcer  1 K22.1, K25-K28 

9, Mild liver disease  1 
B18, K70.0-K70.3, K709, K71, K73, K74, K75.2-

K75.4, B15.9, B16.9, K75.8-K75.9, K76.0 

10, Diabetes mellitus  - Omitted. 

11, Hemiplegia  1 G81, G82 

12, Nephrological disease  2 
I12, I13, N02-N04, N07, N11, N12, N14, N18-N19, 
Q60-Q61 

E10.2, E11.2, N083 

13, Late-diabetic complications  2 
E10.3-DE10.8, E11.3-E11.8 

G59.0, G63.2, N083, DH360 

14, Solid cancers  2 C00-C75 

15, Leukemia  2 DC91-DC95 

16, Lymphoma  2 C81-C85, C88, C90, C96 

17, Moderate to severe liver 
disease  

3 
B15.0, B16.0, B16.2, B19.0, K70.4, K72, K76.6, K76.7, 
I85 

18, Metastatic cancer  6 C77-C80 

19, AIDS  6 B20-B24  
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Appendix D. Study 1 
D1, Study timeline 
From data availability (January 1, 1996) to the end of follow-up (December 31, 2018). 

 

1. All subjects were alive and Danish citizens on January 1, 2010. 

2. Index date was set at the type 2 diabetes diagnosis date. A corresponding dummy 

date was set for control subjects by Statistics Denmark corresponding to diabetes 

subjects.  

3. Outcome, a) identification of first MOF date after index, b) anti-osteoporotic 

treatment and mortality after the first MOF.  

4. Covariates were identified before/at index, e.g., osteoporosis diagnosis, fractures, 

and treatments.  
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D2, Flow-diagram  
The study group selection process 
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Appendix E. Study 2 
E1, Study timeline 
From data availability (January 1, 1996) to end of follow up (December 31, 2018). 

 

1. All patients with Diabetes were identified between 2000 and 2018.  

2. The Index date was set at exposure, i.e., drug initiation (redemption) date by either 

alendronate or denosumab.  

3. Outcome, incident MOF after exposure. 

4. Covariates (and confounders) were identified before/at the index date. 
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E2, Flow-diagram 
The study group selection process 
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E3, Characteristics of subjects discontinuing treatment. 
Subjects discontinuing,  

n (%) 

All subjects 

4,078 (47) 

Alendronate 

3,922 (48) 

Denosumab  

156 (32) 

No switch, n (%) 3,633 (42) 3,484 (42) 149 (30) 

Switch to other treatment, n 

(%) 
445 (5) 438 (5) 7 (1) 

Age (years), mean ± SD 3,633 (42) 3,484 (42) 149 (30) 

Age category (years), n (%) 445 (5) 438 (5) 7 (1) 

50-59 73.19 (9.53) 75.78 (10.44) 73.09 (9.48) 

60-69    

70-79 413 (10) 399 (10) 14 (9) 

≥ 80 1,050 (26) 1,022 (26) 28 (18) 

Sex, n (%) 1,599 (39) 1,541 (39) 58 (37) 

Female 1,016 (25) 960 (25) 56 (36) 

Male    

Type 2 diabetes, n (%) 2,785 (68) 2,662 (68) 123 (79) 

Diabetes duration in years,  

median (IQR) 
1,293 (32) 1,260 (32) 33 (21) 

History of any fracture, n (%) 4,012 (98) 3,861 (98) 151 (97) 

CCI, mean ± SD 5.23 (2.27-8.89) 5.23 (2.26-8.85) 5.51 (2.57-9.45) 

Peptic ulcer, n (%) 223 (6) 213 (5) 10 (6) 

Renal impairment, n (%) 361 (9) 327 (8) 34 (22) 

Income, € in thousands,  

median (IQR) 
26.01 (16.65-32.31) 25.96 (19.61-32.22) 26.89 (20.89-34.52) 

Marital status, n (%)    

Married 2,034 (50) 1,965 (50) 69 (44) 

Divorced 634 (16) 610 (16) 24 (15) 

Unmarried 260 (6) 249 (6) 11 (7) 

Widowed 1,144 (28) 1,092 (28) 52 (33) 

Unknown 6 (0) 6 (0) 0 (0) 

Heavy Smoking, n (%) 1,466 (36) 1,403 (36) 63 (40) 

Alcohol abuse, n (%) 319 (8) 310 (8) 9 (6) 

Obesity, n (%) 763 (19) 730 (19) 33 (21) 

Pancreatitis, n (%) 149 (4) 147 (4) 2 (1) 

Hyperthyroidism, n (%) 131 (3) 128 (3) 3 (2) 

Hypothyroidism, n (%) 292 (7) 281 (7) 11 (1) 

Glucocorticoid use, n (%) 2,431 (60) 2,345 (60) 86 (55) 

Statin use, n (%) 3,103 (76) 2,991 (76) 112 (72) 

Insulin use, n (%) 784 (19) 751 (19) 33 (21) 

Hypoglycemia, % ± SD 70 (2) 67 (2) 3 (2) 

Hypertension, n (%) 3,692 (91) 3,550 (91) 142 (91) 

Opioid use, n (%) 3,137 (77) 3,005 (77) 132 (85) 

Anxiolytics, n (%) 3,589 (88) 3,448 (88) 141 (90) 

Initiation year, n (%)    

2011 622 (15) 602 (15) 20 (13) 

2012 617 (15) 597 (15) 20 (13) 

2013 588 (14) 558 (14) 30 (19) 

2014 552 (14) 526 (13) 26 (17) 

2015 502 (12) 489 (13) 13 (8) 

2016 488 (12) 464 (12) 24 (15) 

2017 458 (11) 444 (11) 14 (9) 

2018 251 (6) 242 (6) 9 (6) 

All characteristics were evaluated in the time from 2000 until index date (exposure start). Data are presented 

as numbers (n, %), mean with SD, or median with IQR.  
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Appendix F. Study 3 
F1, Study timeline 

 

1. Outcome identification. Cases (Type 2 diabetes) and control subjects from January 

1, 2008, defined the cohort. The index date was set at the type 2 diabetes diagnosis 

date. A corresponding dummy date was set for control subjects by Statistics Denmark 

corresponding to diabetes subjects.  

2. Exposure identification. Alendronate use was defined as an ever drug redemption 

before the index date. The reversed “dot” illustrated the nature of the case-control set-

up by looking back in time from the outcome to identify exposure. 

3. Covariates were identified before/at the index date. 
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F2, Flow diagram 
The study group selection process 
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F3, Characteristics of alendronate users and non-users. 

 Alendronate users 

n = 31,976 

Non-users 

n = 622,376  

Age (years), mean ± SD 74.52 ± 9.30 66.27 ± 9.87 

Age category (years), n (%) 

50-59 

60-69 

70-79 

≥ 80 

 

2,367 (7.40) 

8,302 (25.96) 

12,551 (39.25) 

8,756 (27.38) 

 

196,085 (31.51) 

222,726 (35.79) 

148,717 (23.90) 

54,848 (8.81) 

Sex, n (%) 

Female 

Male 

 

26,277 (82.18) 

5,699 (17.82) 

 

267,459 (42.97) 

354,917 (57.03) 

Type 2 diabetes, n (%) 6,807 (21.28) 25,169 (25.19) 

Heavy Smoking, n (%) 12,880 (40.28) 156,210 (25.10) 

Alcohol abuse, n (%) 1,391 (4.35) 28,069 (4.50) 

Obesity, n (%) 2,478 (7.75) 55,134 (8.86) 

Pancreatitis, n (%) 333 (1.04) 4,075 (0.65) 

Hyperthyroidism, n (%) 1,996 (6.24) 13,372 (2.15) 

Hypothyroidism, n (%) 3,001 (9.34) 28,741 (4.62) 

Glucocorticoid use, n (%) 16,198 (50.66) 159,700 (25.66) 

Hypertension, n (%) 23,285 (72.82) 354,117 (56.90) 

CCI, mean ± SD 1.03 ± 1.57 0.49 ± 1.15 

CCI categories, n (%) 

0-1 

1-2 

>2 

 

12,846 (53.78) 

4,532 (18.97) 

6,509 (27.25) 

 

477,740 (75.78) 

71,014 (11.26) 

81,711 (12.96) 

Income, € in thousands, median (IQR) 25,9 (19,5-33,3) 31,3 (22,3-48,4) 

Income, € in thousands, median (IQR) 

1st Quintile, median (IQR) 

2nd Quintile, median (IQR) 

3rd Quintile, median (IQR) 

4th Quintile, median (IQR) 

5th Qiuntile, median (IQR) 

 

16,5 (14,7-18,3) 

24,0 (22,2-25,6) 

30,4 (28,4-33,2) 

42,4 (40,4-47,9) 

63,4 (57,2-76,0) 

 

16,3 (14,1-18,3) 

23,9 (22,2-25,4) 

30,9 (28,7-33,9) 

43,9 (40,4-47,9) 

66,2 (58,2-83,2) 

Marital status, n (%) 

Married 

Divorced 

Unmarried 

Widowed 

Unknown 

 

11,514 (48.20) 

1,330 (5.57) 

3.131 (13.11) 

7,911 (33.12) 

1 (0.00) 

 

388,963 (61.69) 

64,654 (10.25) 

88,653 (14.06) 

85,261 (13.52) 

2,934 (0.47) 

 



TYPE 2 D
IA

B
ETES A

N
D

 B
O

N
E H

EA
LTH

R
ik

k
e Vig

g
ers



SUMMARY

ISSN (online): 2246-1302
ISBN (online): 978-87-7573-704-8

Despite its importance, bone health is often neglected in diabetes care.

Type 2 diabetes and osteoporosis often develop simultaneously and repre-
sent critical public health challenges globally. Despite a normal or higher 
bone mineral density, individuals with type 2 diabetes are at increased risk 
of fractures related to osteoporosis. Consequently, conditional techniques 
used to detect and diagnose osteoporosis do not adequately identify or pre-
dict the risk of fractures associated with low bone quality in people with 
type 2 diabetes.

This Ph.D. thesis presents the results of three published papers exploring the 
relationship between type 2 diabetes and bone health in Denmark, covering 
aspects such as the types of first osteoporotic fractures, diagnostics, and tre-
atment strategies. The findings 1) suggest substantial bone health discrepan-
cies between people with and without type 2 diabetes, 2) indicate a need for 
optimizing diagnostic and treatment strategies of osteoporosis in individuals 
with or at risk of type 2 diabetes, and 3) highlight the necessity for further 
investigation into the relationship between bone and glucose metabolism.

The dearth of focus and acceptance of low bone quality as a diabetes-related 
complication could well impede fracture prevention in type 2 diabetes. There 
is an imperative to grasp type 2 diabetes as a risk factor for fractures and 
change perspectives.
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