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Abstract 
Mitchell, A. 2020. Insights into the Effects of Type 2 Diabetes on Bone Health. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1695. 
97 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1047-3. 

Individuals with type 2 diabetes mellitus (T2DM) have an increased risk of hip fracture, despite 
a stable or even greater bone mineral density (BMD). Bone area is linked to hip fracture risk 
independent of BMD and smaller bone area has been reported in T2DM subjects at the radius 
and tibia, but information at the hip is lacking. The Mediterranean diet is associated with a lower 
risk of hip fracture yet the mechanisms are unclear. The diet’s effect on T2DM status may be 
a possible mechanism. This thesis aims to discern the effects fasting glucose levels and T2DM 
have on bone. 

In paper I, clinical cut offs of fasting glucose used to define T2DM, were used to explore 
the association with BMD, bone area and bone turnover markers in the Swedish mammography 
cohort clinical (SMCC) and the Uppsala longitudinal study of adult men (ULSAM). T2DM 
was associated with greater BMD yet lower bone area at the total hip when compared to those 
without T2DM. T2DM was also associated with lower levels of bone turnover markers. 

In paper II, a Mendelian randomisation (MR) study was used to assess the potential causal 
effects of genetically predicted fasting glucose concentrations on bone area and BMD in partici-
pants from SMCC, the prospective investigation in the vasculature of Uppsala seniors (PIVUS) 
and ULSAM. Results suggest an increase in genetically predicted fasting glucose concentrations 
may be a causal risk factor for lower bone area and possibly greater BMD. 

In paper III, the association between T2DM status and change in bone area and BMD over 
8 years, was analysed in the SMCC, PIVUS and ULSAM. Those with incident T2DM had a 
lesser expansion in bone area at the total hip compared to those without T2DM. 

In paper IV, causal inference mediation analyses were used to estimate the direct effect of 
Mediterranean diet on the risk of hip fracture and the possible mediating effects of T2DM and 
BMI in the Swedish mammography cohort (SMC) and the cohort of Swedish men (COSM). 
Results showed a direct effect of the Mediterranean diet on the risk of hip fracture but ruled out 
the effects of T2DM and BMI as major mediators. 

In summary, T2DM and fasting glucose were associated with lower bone area at the hip. This 
may provide important mechanistic evidence as to why those with T2DM have a greater risk 
of hip fracture. We cannot rule out mediation or counteracting effects but there is an effect of 
Medi-terranean diet on hip fracture that does not go through T2DM and BMI. 
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Introduction 

Type 2 diabetes mellitus (T2DM) is a chronic non-communicable disease that 
is associated with a range of complications,(1) perhaps most commonly, cardi-
ovascular disease (CVD)(2) peripheral neuropathy(3) and retinopathy.(4) The  
comorbidities of T2DM can lower an individual’s life expectancy(5) whilst 
also being detrimental to society, incurring high health care costs.(6) Perhaps 
one complication of T2DM that is not commonly considered is an increased 
risk of fracture,(7) and particularly hip fracture.(8) Hip fractures present a great 
concern in the elderly population and are the most severe type of fragility frac-
ture.(9) Like T2DM, they are associated with severe consequences for the in-
dividuals health and quality of life(10) while also incurring high costs to the 
healthcare system.(11) Also, during the first year after the injury there is an 
increased mortality, independent of comorbidity, lifestyle, genetic predisposi-
tion(12) and disability.(13) With the increasing average age of the global popu-
lation, the absolute numbers of those with T2DM will increase and the abso-
lute number of fractures is also expected to increase.(9) Sweden’s prevalence 
of T2DM has been reported to be 5.2% in men and 3.2% in women(14) and  
compared globally, Sweden has a high incidence of hip fractures, with a 
28.5% and 13.1% lifetime risk of hip fracture in women and men respectively, 
after 50 years of age.(15) 

The understanding of the pathophysiology of skeletal fragility in T2DM 
has increased over recent years with studies into the potential effects T2DM 
may have on bone mineral density (BMD),(16) bone area,(17) bone turnover,(18) 

bone geometry(19) and medication use.(20) However the specific mechanisms 
behind the increased risk of hip fracture in those with T2DM remain unclear.  
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Background 

Type 2 diabetes mellitus 
The pathophysiology of type 2 diabetes mellitus (T2DM) is characterized by 
impaired insulin secretion or action.(21) When there is a breakdown in the feed-
back loops between insulin secretion, by the pancreatic β-cells to reduce glu-
cose output in the liver, and insulin action, to increase the uptake of glucose 
in the muscle and adipose tissue (insulin resistance), hyperglycaemia devel-
ops, leading to an excessive amount of glucose in the blood.(22) This damaging 
process results from the interaction of genetic variants(23) and lifestyle(24) with 
advancing age,(25) dietary habits,(26) physical inactivity and sedentary behavior 
(27) and a greater body mass index (BMI)(28) all associated with a greater risk 
of T2DM. Fasting glucose values measured using plasma or whole blood glu-
cose are used to clinically define T2DM (29) for their convenience and repro-
ducibility. The worldwide prevalence of T2DM continues to grow with an es-
timated 463 million people in 2019, rising to 700 million by 2045.(30)  How-
ever the onset of T2DM is insidious and frequently occurs before the diagnosis 
with an estimated 174.8 million cases undiagnosed (31) which can lead to se-
vere consequences if left untreated. 

T2DM and hip fracture  
T2DM is associated with an increased risk of hip fracture (RR 1.34; 95 % CI 
1.19-1.51), with a similar risk in men and women.(32,33) Hip fractures most 
often occur as a consequence of a fall when the forces of the fall exceed the 
strength of the bone. Structurally, bone is comprised of both trabecular and 
cortical bone. Trabecular bone is made of up a network of lamellar bone plates 
and rods, whereas cortical bone surrounds the trabecular bone and consists of 
dense and parallel, concentric, lamellar units and is covered by the endosteum 
on its inner surface and the periosteum on its outer surface.(34) Cortical bone 
is primarily responsible for load bearing(35) whereas trabecular bone seems to 
provide a structure(36) where the strength is dependent on its density.(37) 

The strength of bone and its ability to protect against fracture is defined 
clinically by measuring bone mineral density (BMD) using dual energy x-ray 
absorptiometry (DXA).(38) From this measurement, weak bones can be clini-
cally diagnosed as osteoporosis using the World health organization (WHO) 
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T‐score definitions of osteoporosis which are calculated by taking the differ-
ence between a subjects measured BMD and the mean BMD in healthy young 
adults, matched for gender and ethnic group, and expressing the difference 
relative to the young adult population standard deviation (SD).(38) However 
there may be other clinical factors to consider as BMD only accounts for 60% 
of the variation in bone strength.(39) 

Fractures are caused when forces applied to a bone exceed its’ 
strength.(40,41) Hip and other fragility fractures seen in elderly individuals are 
often the consequence of a fall (42,43) and the risk for a fragility fracture follow-
ing a fall typically increases with older age and lower BMD.(44) Paradoxically, 
the greater risk of hip fracture in those with T2DM persists despite a normal 
or even greater BMD.(45,46) The pathophysiological mechanisms for this are 
debated, however they can potentially be divided into mechanisms that 
weaken bone structure, such as lower bone size(17) and or quality.(19) High-
resolution peripheral quantitative computed tomography (pQCT) has shown 
increased cortical porosity which is the average fraction of void volumes 
within the cortical bone volume(47) and severe deficits in cortical bone quality 
in postmenopausal women with T2DM.(48) The lower bone size or impaired 
quality of bone may then negatively impact bone strength, which has been 
shown at the distal radius(49) and the tibia(50) in those with T2DM, suggesting 
an inferior microstructure and integrity of the bone tissue. Another mechanism 
may be the increased likelihood of impaired balance and falls(51,52) with a re-
ported greater risk of falling more than once a year, in non–insulin-treated and 
insulin treated diabetes subjects.(53) This association may also be attributable 
to other complications of microvascular disease, such as neuropathy, retinopa-
thy (54) or sarcopenia. Sarcopenia describes the loss of muscle and strength 
with aging and is increased in older adults with T2DM.(55,56) 

It has been suggested that the higher BMI associated with T2DM(57) may 
influence fracture risk as a higher body weight may result in biomechanical 
adaptations due to greater loads placed on the skeleton.(58) Yet in contrast to 
T2DM, subjects with the metabolic syndrome(59) or impaired glucose toler-
ance(45) have a decreased fracture risk. Therefore, it is not clearly understood 
what happens in the transition from a state associated with being overweight 
with accompanying hyperglycemia or insulin resistance (IR) to overt T2DM 
with regards to bone and fracture. 

T2DM and BMD  
As previously noted, despite the increased risk of fracture, patients with 
T2DM have stable or even greater BMD than those without T2DM.(46) Mech-
anisms that might account for an association between T2DM and greater BMD 
include body weight and weight change,(60) obesity,(61) fat mass,(62) lean 
mass,(63) hyperinsulinemia(64) and medication use.(65) 
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Both fat mass and lean mass have shown to be associated with an increase 
in BMD.(66) However there are inconsistencies between results with some 
studies showing fat mass may actually be detrimental to bone.(67) These dif-
ferences could be attributable to the specific study population or potential 
physiological mechanisms that may result in obesity paradoxes(68) such as the 
location of the fat, as subcutaneous fat may be beneficial to bone strength and 
structure while visceral fat may be detrimental, due to higher levels of pro-
inflammatory cytokines and increased insulin resistance.(69,70) 

Plasma leptin levels, which are typically raised in those with obesity, are 
higher in those with T2DM compared with controls.(71) Leptin induces bone 
growth by stimulating osteoblast proliferation in vitro(72) and inhibits osteo-
clastogenesis through decreased RANK/RANK ligand production.(73) 

Higher insulin levels (hyperinsulinemia) could mediate an association be-
tween T2DM and greater BMD. Insulin exerts an anabolic effect on bone due 
to its structural homology to insulin-like growth factor 1 (IGF-1) by interact-
ing with the IGF-1 receptor which is present on bone formation cells (osteo-
blasts)(74) and there is evidence of an association between IGF-1 and greater 
BMD.(75) In vitro, insulin directly stimulates osteoblast proliferation(76) and in-
creases histomorphometric indices of bone formation(77) which could lead to 
greater BMD. 

There are several medications used for the treatment of T2DM and the ev-
idence for how they impact bone is limited and contradictory. Thiazolidinedi-
one (TZDs) use and treatment with glucagon-like peptide-1 (GLP-1) has been 
shown to increase bone mineral content(65) and femoral  BMD and  
strength,(78,79) although TZDs have also been shown to increase bone loss at 
the spine and total hip.(80) However metformin the most common non-insulin 
medication used in T2DM treatment(81) has been shown to have no effect on 
BMD(81) or fracture risk.(20) Insulin treatment on the other hand has been asso-
ciated with an increased fracture risk in subjects with T2DM(82) although fur-
ther studies would be required to confirm this association. 

T2DM and bone area 
Decreases in trabecular volumetric BMD measured using 3D imaging tech-
niques begin before midlife and continue throughout life whereas decreases in 
cortical BMD begin around midlife.(83) With advancing age, bone size tends 
to increase via periosteal apposition, while bone is resorbed within the sub-
endocortical envelope(84) to compensate for endosteal bone loss and losses in 
BMD(85) in order to preserve bone strength.(86) Bone area increases over life 
by ~ 15% at central sites and by ~ 16% at peripheral sites(83) but this is less so 
in women than in men which can partially explain why women fracture more 
than men.(87) Reduced periosteal apposition can have negative biomechanical 
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effects through deleterious effects on the compressive and bending strength of 
bone.(88) 

Bone size is a determinant of bone strength, and contributes to hip fracture 
risk independent of BMD(89) in both women and men.(90,91) Biomechanically, 
there is a strong relationship between the bending strength of bone and its 
diameter, and small differences in area can render large differences in 
strength.(92) Bone size affects the mechanical integrity of bone when a force is 
applied to it(39,41) and it has been reported that increases in bone cortex diam-
eter increases resistance to bending, torsional and compressive loads.(93) Bone 
strength is proportional to the fourth power of the radius, therefore small 
changes in bone size can be of importance for fracture risk.(94) Indices of fem-
oral neck strength are inversely associated with incident hip fracture risk in 
older Caucasian women(19) and bending strength at the femoral neck has been 
shown to be reduced in those with T2DM.(95) 

There have been studies to show that older adults with T2DM have a 
smaller bone area,(17) however prior to this thesis, this had only been assessed 
at peripheral appendicular skeletal sites and not at the hip which is the area of 
interest for hip fractures. In a study of n=1060 men and women, T2DM was 
associated with a smaller cross sectional area at the radius and tibia,(17) smaller 
cortical area of the tibia in 25 postmenopausal women with T2DM compared 
to 25 controls(96) and lower endosteal and periosteal circumferences and total 
area at the tibia in n=105 hypogonadal males.(97) In a study of 1171 men (≥65 
years of age), patients with T2DM had and a smaller bone area at both the 
distal tibia and radius, -1% to -4% respectively, most notably at the cortical 
bone midshaft, resulting in lower bone bending strength at both sites after ad-
justing for body weight.(98) 

In addition to measuring bone area at peripheral sites these studies were 
conducted in relatively small and specific populations, potentially restricting 
the generalizability of the results to a wider population. Therefore, it is not 
known whether T2DM is associated with a smaller bone area at the total hip 
which may be of greater importance for the risk of hip fracture. 

T2DM and bone turnover 
Throughout life, the skeleton undergoes continuous turnover of bone which 
allows the skeletal system to respond to outside mechanical forces or molec-
ular signals.(99) Bone turnover is the process of resorption followed by for-
mation of new bone. Osteoclasts are the cells responsible for bone resorption 
while osteoblasts perform the act of bone formation. Osteoclasts attach to the 
osteon which is the outer layer of bone and resorb a small volume of bone 
leaving an excavated site, which is partially or completely refilled by new 
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bone, formed by osteoblasts which attach and produce osteoid, which is com-
posed mainly of type I collagen before ossification fixes the circulating cal-
cium in place.(100) 

Circulating serum levels of the biomechanical markers for bone resorption 
(C-terminal cross-linked telopeptide; CrossLaps)(18) and bone formation (os-
teocalcin)(101) are lower in patients with diabetes, suggesting that T2DM may 
be a state of low bone turnover, potentially leading to a theoretically negative 
effect on bone size by reduced periosteal bone formation with increasing 
age.(85) In-vivo and in-vitro studies have also shown that chronic hyperglyce-
mia can affect bone tissue as well as bone turnover.(102,103) 

Mechanisms to explain this observation may be that T2DM and hypergly-
cemia are associated with higher levels of sclerostin.(104,105) Sclerostin is a 
monomeric glycoprotein expressed by the SOST gene in osteocytes and was 
shown, in forty women with T2DM, to be involved in the regulation of bone 
remodeling by inhibiting canonical Wnt/β-catenin signaling.(106) The higher 
sclerostin levels may reduce bone turnover.(107,108) This lower bone turnover in 
T2DM is associated with lesser mineralizing of the bone surface and lower 
osteoid surface quality,(109) which inhibits the ability of osteocytes and osteo-
blasts to respond adequately to load which may in part explain the higher risk 
of fracture in those with T2DM. 

Glucose, insulin and bone 
High glucose levels (hyperglycemia) have been shown to instigate a higher 
concentration of advanced glycosylation end-products (AGEs) in collagen(110) 

and in the organic bone matrix by a process known as non-enzymatic gly-
cation.(111) In contrast to normal enzymatic cross-linking in collagen which 
gives bone its toughness and scaffolding properties, AGE crosslinks lead to  
biomechanically more brittle bone that has lost its toughness and is less able 
to deform before fracturing.(110) Hyperglycemia may also have several direct 
adverse effects on bone metabolism including increased osteoclast activity re-
ducing BMD and non-enzymatic glycosylation of bone proteins that may im-
pair bone quality.(52) High levels of glucose have also been shown to reduce 
the expression of transcription factor RUNX2 with consequential inhibition of 
bone formation.(112) 

Insulin on the other hand may have an anabolic effect on bone, resulting in 
a higher BMD.(113) However, the inverse association between T2DM and in-
dices of femoral neck strength and incident hip fracture risk in older Caucasian 
women has been attributed to insulin resistance,(95) often seen in those with 
T2DM. Insulin resistance, measured using homeostatic model assessment 
(HOMA-IR), has been shown to be inversely associated with bone size,(114) 

which can potentially be explained by high levels of insulin being inversely 
associated with sex hormone binding globulin (SHBG) thus increasing the free 
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concentrations of androgens and estrogens.(115) However insulin resistance 
was also associated with smaller bone size at the distal radius, radial shaft and 
tibial shaft independent of sex steroid levels in adults (mean age 34.5 
years).(116) 

Similarly to the association between T2DM and bone area, it is unknown 
whether glucose and insulin are associated with bone area at the total hip as 
before the writing of thesis there had yet to be a study investigating this aspect. 

Diet, T2DM, BMI and hip fracture 
A diet rich in vegetables such as the Mediterranean diet, is associated with a 
lower risk of hip fracture in men and women.(117-119) Mechanisms behind this 
association are complex, but dietary constituents such as vitamins, phyto-
chemicals, antioxidants, minerals, fibre, polyphenols and omega-3 fatty acids 
of the key food groups (plant foods, olive oil and fish) consumed in moderate 
to high amounts when following a Mediterranean diet have been associated 
with beneficial effects on bone health and fracture prevention.(120) These ben-
eficial effects may arise from the induction of osteoblast activity and/or inhi-
bition of osteoclast activity, the absorption of calcium and the body’s anti-
inflammatory response influencing both bone and muscle.(121,122) Fibre and  
whole-grain intake are key components of the Mediterranean diet and are also 
associated with lower levels of inflammation.(123) The beneficial effect of com-
bining different food groups in food patterns such as the Mediterranean diet 
has been shown when dietary fibre or  wholegrain are consumed alongside 
fruits and vegetables.(124) Another key component of the Mediterranean diet is 
olive oil, which is rich in polyphenols that have antioxidant effects and may 
also lower the rate of bone loss.(125) A randomised clinical trial (RCT) (126) in 
elderly men, mean age 68, concluded that the consumption of a Mediterranean 
diet enriched with virgin olive oil for 2 years had a protective effect on bone 
via increased serum osteocalcin concentrations. 

A systematic review and meta-analysis reported that adherence to a Medi-
terranean-style dietary pattern was associated with reduced risk of developing 
T2DM.(127) Intervention studies are inconclusive whether the Mediterranean 
diet has greater effect on BMI, compared to a control diet, although most see 
a lower BMI after the intervention period.(128) Greater BMI is associated with 
a greater risk of T2DM.(129) BMI is also in general, inversely associated with 
fracture risk,(130,131) although it might be possible that those in the highest BMI 
range also have an increased risk of fracture.(132,133) 

Considering the current literature, while the association between adherence 
to a Mediterranean diet and reduced risk of hip fracture has been estab-
lished,(119) causal mechanisms to explain why this is are lacking. We know 
adherence to a Mediterranean diet is associated with lower risk of T2DM with 
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both impacting on fracture risk. Therefore, we believed there was an oppor-
tunity to explore T2DM and BMI as potential mediating mechanisms as to 
explain the lower risk of fracture seen with greater adherence to a Mediterra-
nean diet. 

Directed acyclic graphs 
Directed acyclic graphs (DAGs) are a graphical tool to represent independen-
cies, conditional independencies and causal relationships.(134) They can be a 
helpful tool for identifying causal and biasing paths. Constructing a DAG 
should be based on the researchers’ biological background knowledge and un-
derstanding of the potential pathways.(135,136) In a DAG, causal relationships 
are represented by arrows or (paths) between the variables, pointing from 
cause to effect and must be acyclic and therefore not contain any feedback 
loops. The causal diagram theory also states that drawing no connection be-
tween two variables (nodes) is a stronger assertion than including one. As seen 
in Figure 1, an arrow from T2DM to hip fracture represents an open path and 
means that we hypothesise that a change in T2DM status causes a change in 
hip fracture risk. Another open path is the path from T2DM to hip fracture 
through bone area. This represents a mediating path which will be discussed 
in more detail later. A backdoor path is where two variables share a common 
cause or a parent cause. In Figure 1, Mediterranean diet affects T2DM status 
and hip fracture. This path is an open path but a non-causal path as depicted 
by the direction of the arrows and is a graphical representation of confounding.  
A collider path is a closed path and is depicted in Figure 1, where hospitalisa-
tion may be a cause of both T2DM and hip fracture. This implies that there is 
no association between T2DM and hip fracture on the path T2DM → hospi-
talisation ← hip fracture, unless we condition on hospitalisation. The paths 
can be changed from open to closed or closed to open by conditioning on or 
controlling for particular variables in statistical models, according to the rules 
of d-separation.(137) In Figure 1 controlling for confounding by Mediterranean 
diet will lead to a less biased estimate of the effect of T2DM on hip fracture, 
however conditioning on a mediating variable (bone area) or a colliding vari-
able (hospitalisation) may lead to potentially biased estimates due to over sim-
plified mediation analysis(138) or collider stratification bias.(139) 
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Figure 1. Causal diagram(140) for the hypothesised effects of type 2 diabetes mellitus 
(T2DM) on the risk of Hip fracture considering the potential biases of confounding 
(Mediterranean diet), mediation (Bone area) and collier bias (Hospitalisation). This 
DAG has not considered other potential confounders and does therefore not provide 
the full picture. 

Causal inference and mediation analysis 
Questions about causal relationships and causal effects are fundamental to ep-
idemiological research and the search for mechanisms is critical to advance 
our understanding of how certain exposures effect certain outcomes. Much of 
the causal inference literature in both observational and experimental contexts, 
conceptualises causality in terms of assessing the consequences of a future or 
hypothetical intervention. This will typically involve estimating from data ef-
fects that are formally defined in terms of relevant intervention distribution 
induced by the intervention of interest.(141) However, when attempting to un-
derstand an underlying mechanism, different interpretations of the mechanism 
can lead to differing statistical approaches, including the sufficient causes con-
cept.(142) This concept states that a sufficient cause is not one single factor, but 
a minimum set of factors that, if present in a given individual, will produce 
disease outcome. One may also conceptualise causation as the concept of de-
composing an effect into direct and indirect effects(143) using mediation mod-
els.(144) In this thesis we focus on meditation models under the counterfactual 
framework to estimate the average causal effect in a population. To define it, 
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we need three pieces of information: an outcome of interest (Y), the exposure 
contrasts a = 1 and a = 0 to be compared, and a well-defined population of 
individuals whose outcomes Ya=0 and Ya=1 are to be compared.(145) This  
means, to know the true effect of an exposure, we need to know what happens 
when having the exposure they have and what would have happened if they 
had the counterfactual level of exposure. Under this framework, we may look 
at mediation as decomposition of the total effect into indirect effects, going 
through mediators, and the remaining direct effect (that is not going through 
these specified mediators). 

Mediation analyses are a useful statistical tool for understanding causal re-
lationships and identifying possible intervention points. What we aim to in-
vestigate using mediation analyses is whether there is an effect of the exposure 
that does not go through the mediator, or to decompose the total effect and 
estimate the size of the indirect effect(s) and the remaining direct effects.(146) 

Traditional approaches for mediation analyses have involved simply add-
ing the mediating variable(s) into standard regression formulae in a similar 
fashion to confounding variables(146) with the resulting beta coefficient inter-
preted as a direct effect which is then compared to the total effect model (not 
including the set of mediators) to estimate the remaining direct effect that is 
not through the mediator. However this may lead to bias in the presence of 
mediator-outcome confounding (Figure 2, Panel A), exposure-mediator inter-
action, or exposure induced confounding of the mediator-outcome relation-
ship (Figure 2, Panel B).(147) 
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Panel A 

Panel B 

Panel C 

Figure 2. Causal DAG highlighting the potential biases when attempting to estimate 
effects of exposure (A) on outcome (Y) in the presence of confounders (C), mediators 
(M), mediator-outcome confounders (U) and mediator-outcome confounders caused 
by the exposure (L). 
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In this case, controlled direct effects (CDE) cannot be identified even if we 
adjust for exposure induced confounding(147) caused by L as this blocks a path-
way of interest between exposure (A) and outcome (Y) (Figure 2, Panel B). 
However, omitting an exposure induced confounder from the regression 
model completely, and then conditioning on the mediator (M), may induce 
collider bias on the mediator path A → M ← L → Y in the estimate of the 
direct effect of the exposure on the outcome(148) (Figure 2, Panel B). 

Mediation analysis using marginal structural models (MSM)(149) are used  
to establish CDE of an exposure, in this thesis (Mediterranean diet), on an 
outcome (hip fracture) that do not go via a mediator (T2DM) by utilizing in-
verse probability weighting (IPW) thereby allowing for appropriate estimation 
of the CDE while controlling for exposure induced mediator-outcome con-
founding.(147,149,150) CDE represent a scenario where it is possible to intervene 
upon a mediating variable and are of interest in policy evaluation and plan-
ning.(151) 

An exposure induced mediator-outcome confounder may instead be con-
sidered as a causally ordered mediator (Figure 2, Panel C). A novel counter-
factual based method for effect decomposition in the presence of multiple me-
diators has been designed(152) that advances on from previous methods(153) 

which have considered multiple mediators jointly. If the casual order of me-
diators is known, then natural direct (NDE) and indirect effects (NIE) can be 
estimated using weighted regression models. This method allows for the finest 
possible decompositions that can be obtained in settings with two sequential 
mediators by the modelling of counterfactuals. The NDE and NIE are of in-
terest in evaluating the mechanisms of action between an exposure and out-
come via any potential mediators.(143) 

There is no current research into the potential mediating pathways between 
Mediterranean diet and hip fracture. Previous methods of mediation analysis 
into the effects of Mediterranean diet on childhood obesity(154) and Alz-
heimer’s disease(155) have used standard regression models to adjust for poten-
tial mediating variables which as stated, may lead to biased estimates. There-
fore, the use of novel mediation methods(150,152) to explain the associations be-
tween Mediterranean diet and hip fracture as well as other diseases, is lacking. 

Mendelian randomisation 
Another method used for determining causal effects is Mendelian randomisa-
tion (MR). MR can technically be defined as instrumental variable analysis 
using genetic variation as instruments.(156) These genetic variants are single 
nucleotide polymorphisms (SNPs).(157)  Instrumental variable analyses(158) are 
designed to deal with the common problems of residual confounding and re-
verse causation(159) seen with observational data. Moreover, because allele as-
signment at meiosis is random and precedes the onset of disease, the risk of 
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residual confounding is limited and there is no concern for the possibility of 
reverse causation.(160) Further, to conduct an RCT may in some instances 
deemed to be unethical or even impossible, therefore MR enables us to esti-
mate the potential causal effects when an RCT is not possible.(161) It has been 
suggested that MR can be analogous to an RCT(161) because of the random 
assortment of alleles like the random assignment to treatment or not (Figure 
3). 

Mendelian randomisation Randomised clinical trial 

Sample Population 

Random assortment of alleles Randomisation 

Metformin 
(treatment) 

Lower fasting 
glucose 

Placebo 

(control) 

No change in 

fasting glucose 

Lower fasting glucose 

allele (treatment) 
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Other allele 

(control) 

No change in 

fasting glucose 

Lower risk of 
hip fracture? 

No change in risk 

of hip fracture 

Lower risk of No change in risk 

hip fracture?   of hip fracture 

Figure 3. Comparison of a randomised clinical trial (RCT) and Mendelian randomi-
sation to test the hypothetical effect of lowering fasting glucose on hip fracture risk. 

In order to interpret MR estimates as causal, we rely upon a number of as-
sumptions: (1) the genetic variants used as instrumental variables are associ-
ated with the exposure, (2) the genetic variants are not associated with any 
confounders of the exposure–outcome association and (3) the genetic variants 
are associated with the outcome through the exposure only and not through 
any alternative causal pathway, ensuring a lack of pleiotropy (Figure 4). 
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Figure 4. Figure of the instrumental variable analysis assumptions for Mendelian ran-
domization. The three assumptions are: (1) the genetic the variants are robustly asso-
ciated with the exposure; (2) they are not associated with confounders of the exposure-
outcome relationship; and (3) and they have no association with the outcome except 
through their association with the exposure. The dashed lines represent pathways that 
violate the assumptions. 

Pleiotropy can occur when a genetic instrument (SNP) affects multiple phe-
notypes(162) and can bias the estimates of an MR analysis in two directions. 
Horizontal pleiotropy occurs when a genetic variant affects more than one 
phenotype on separate pathways.(163) Whereas vertical pleiotropy, also known 
as mediated pleiotropy, occurs when a genetic variant affects other phenotypes 
downstream from the exposure, on the causal pathway to the outcome.(164) 

Horizontal pleiotropy can lead to bias in an MR study(165) whereas vertical 
pleiotropy is of less concern. 

Previous MR studies have indicated that genetically determined fasting 
glucose levels(166) and T2DM risk(166,167) increases BMD at the femoral neck 
but no association was seen with risk of any fracture among adults >18 
years.(167) However, before this thesis there were no studies that had analysed 
the causal effects of genetically determined fasting glucose levels on bone area 
using an MR approach. 
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Aims 

The thesis aims to discern the effects fasting glucose levels and T2DM have 
on bone area, BMD, bone turnover and the risk of hip fracture. 

Paper I 
To investigate the cross-sectional associations between T2DM, BMD and 
bone area measured at the hip and at the femoral shaft. A further aim was to 
examine whether T2DM, fasting glucose and insulin are associated with bi-
omarkers of bone turnover. 

Paper II 
To investigate whether genetically predicted fasting glucose levels are caus-
ally associated with total hip bone area and BMD using Mendelian randomi-
sation. 

Paper III 
To investigate if the lesser expansion of the bone at the total hip, over an av-
erage of 8 years, is an effect of change in T2DM status using a longitudinal 
study design. We also aimed to study T2DM status in relation to change in 
total hip BMD. 

Paper IV 
To investigate whether the inverse association between adherence to a Medi-
terranean diet and hip fracture risk is mediated by incident T2DM and BMI. 
We aimed to establish controlled direct effects, natural direct effects, natural 
indirect effects and partial indirect effects. 
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Methods 

Cohorts 
The research within this thesis was based on the Swedish cohorts SMC, 
SMCC, ULSAM, PIVUS and COSM described below. The regional ethical 
review boards at Uppsala Universitet and Karolinska Institutet approved the 
studies and all participants gave their informed consent. The SMC, SMCC and 
COSM are managed by the Swedish Infrastructure for Medical Population-
based Life-course and Environmental Research (www.simpler4health.se). 

Swedish Mammography Cohort (SMC) 
Between 1987 and 1990, all women who were born between 1914 and 1948 
living in either Uppsala County or Västmanland County in central Sweden, 
received an invitation to participate in a mammography screening program. 

A total of 66,651 women returned a completed 6 page questionnaire (74% 
response rate) that included information on diet and alcohol intake from a food 
frequency questionnaire (FFQ), parity, age at first childbirth, family history of 
breast cancer, weight, height, education level, and marital status. There were 
5218 women excluded at this stage if they had a cancer diagnosis before base-
line (except non-melanoma skin cancer) or an incorrect or missing PIN, leav-
ing 61,433 women in the cohort. After the initial SMC cohort was established, 
56,030 women who were alive and still living in the study area received a 
second questionnaire in 1997; 39,227 (70%) women responded. This ques-
tionnaire was extended to include information on physical activity, age at 
menarche, history of oral contraceptive use, age at menopause, postmenopau-
sal hormone use, medical history and lifestyle factors such as cigarette smok-
ing history and use of dietary supplements. 

In 2008, a third questionnaire was sent to all cohort members (n=48,263) 
who had completed the 1987 FFQ, n=30,621 women responded (response rate 
63%). The 2008 questionnaire collected information on general health status, 
disease diagnoses, current body weight, height, waist and hip circumferences, 
dental health, medication use, sleep habits, urine and bowel habits, family his-
tory of selected diseases, stress, and social support. In 2009 a fourth question-
naire was sent to cohort members who completed the 2008 questionnaire and 
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25,332 women responded (84% response rate). The 2009 questionnaire col-
lected information on diet (FFQ), dietary supplements, smoking, physical ac-
tivity, and sun habits. 

Swedish Mammography Cohort Clinical (SMCC) 
Between November 2003 and October 2009 a randomly selected subcohort 
from the SMC, SMCC, consisting of 5037 women living in the city of Uppsala 
underwent anthropometric measurement of height and weight, provided morn-
ing fasting blood samples, completed the medical and lifestyle questionnaire 
from SMC and underwent DXA measurements.(168) The same examination 
routines were repeated in the same subjects, which began in 2015 and cur-
rently ongoing. In this thesis we had access to the data for 1072 women.   

Uppsala Longitudinal Study of Adult Men (ULSAM) 
ULSAM was initiated in 1970 when all men born between 1920 and 1924, 

(169) living in the county of Uppsala, Sweden, were invited to a health survey. 
In this thesis, from the 2322 men participating in the first examination cycle 
at baseline, 34 reported diabetes and were thereafter excluded to limit the po-
tential for inclusion of those with type 1 diabetes. The men were regularly re-
examined at mean ages 60, 71, 77, 82, 88 and 93. The males used within this 
thesis are based on the 5th examination cycle, 2003–2005 at mean age 82 years 
and 6th examination cycle, 2008–2009 at mean age 88 years. At mean age 82, 
952 of the original sample who were alive and still living in Uppsala County 
were invited for examination, and of these, 526 men were examined. At mean 
age 88, 354 men (58%) participated in the investigation. Of these, 296 men 
were examined at the hospital and 58 were visited at home by a nurse. In ad-
dition, 29 men completed only a questionnaire. The examinations were per-
formed after an overnight fast and included blood sampling, anthropometrical 
measurements, DXA measurements, and a medical and lifestyle question-
naire. 

Prospective Investigation in the Vasculature of Uppsala Seniors 
(PIVUS) 
Between 2001 and 2004, all 70-year-old residents of Uppsala, Sweden, were 
invited to participate in a health survey and clinical assessment.(170) Of 2,025 
invited, 1,016 (50.2%) participated in the baseline assessment and 838 had 
DXA measurements taken on average two years after baseline assessment at 
mean age 72 years. In the spring of 2011, subjects were invited for the 80-year 
reinvestigation and 604 attended. Both examinations consisted of anthropo-
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metrical measurements, fasting plasma glucose sampling, DXA and a ques-
tionnaire which collected information on diabetes status, cardiovascular risk 
factors, dietary intake, education and physical activity level. The participants 
were asked how many times per week they performed light (e.g., walking, 
gardening) or hard exercise (e.g., running, swimming) for at least 30 minutes. 
Fasting plasma glucose concentrations were analysed using the standard 
method at Uppsala University Hospital. 

Cohort of Swedish Men (COSM) 
COSM is a population-based prospective cohort study that was established in 
central Sweden (Västmanland and Örebro counties) in 1997. All men who 
were born between 1918 and 1952 (n=100,303) were invited, of which 48,850 
men (49%) returned the same questionnaire that was used in SMC in 1997. 
This questionnaire included information on diet, physical activity, smoking, 
weight, use of dietary supplements, some prescribed drugs, alcohol intake in 
addition to some sex specific questions. There were 2944 men excluded at this 
stage if they had a cancer diagnosis before baseline (except non-melanoma 
skin cancer) or had an incorrect or missing PIN, leaving 45,906 men  in  the  
cohort. In 2008, a second questionnaire was sent to all men who were still 
alive, (n=37,861) from which 29,503 men responded (78% response rate). 
This questionnaire collected information on general health status, disease di-
agnoses, current weight, height, waist and hip circumferences, dental health, 
medication use, sleep habits, urine and bowel habits, family history of selected 
diseases, stress, and social support. Like in SMC a third questionnaire was 
sent in 2009 to those cohort members who completed the 2008 questionnaire 
and 26,156 men responded (88% response rate). The 2009 questionnaire col-
lected further information on diet and alcohol intake (FFQ), dietary supple-
ments, smoking, physical activity, and sun habits. 
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Table 1. Sources of data for Paper I-IV 

Paper I Paper II Paper III Paper IV 

SMC  X 

SMCC X X X 

ULSAM X X X 

PIVUS X X 

COSM  X 

X denotes usage of cohort. SMC (Swedish Mammography Cohort). SMCC (Swedish 
Mammography Cohort Clinical). ULSAM (Uppsala Longitudinal Study of Adult  
Men). PIVUS (Prospective Investigation in the Vasculature of Uppsala Seniors). 
COSM (Cohort of Swedish Men). 

Fasting glucose and T2DM 
Throughout the thesis, clinical cut offs of fasting glucose levels were used to 
define normal fasting glucose (NFG), impaired fasting glucose (IFG) and 
T2DM according to the WHO and American Diabetes Association (ADA) cri-
teria. Normal fasting glucose (NFG) was defined as fasting plasma glucose 
< 5.6 mmol/l and impaired fasting glucose (IFG) was defined as fasting 
plasma glucose ≥ 5.6 mmol/l. We defined T2DM as fasting plasma glucose 
concentrations ≥ 7.0 mmol/l and/or self-reported diabetes with or without 
treatment with oral hypoglycemic agents or insulin. In Papers II and III, fast-
ing whole blood glucose samples taken from PIVUS were converted to plasma 
concentrations multiplying by 1.12.(171) In Paper III we were also able to com-
bine the SMCC dataset with the Swedish prescribed drug register and identify 
individuals with T2DM treatments (ATC codes: A10A and A10B). 

Dual energy X-ray absorptiometry (DXA) 
Bone mineral density (BMD, g/cm2) and bone area (cm2) of the total hip and 
femoral shaft along with the femoral neck diameter (mm), were measured by 
dual energy X-ray absorptiometry (DXA, DPX Prodigy, Lunar corp., Madi-
son, WI, USA). The hip region was of major interest in this thesis as there is 
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a strong association between T2DM and hip fracture risk.(172) What is unique 
to this thesis is that all DXA measurements within each cohort were taken by 
the same experienced and accredited DXA X-ray nurse and using the exact 
same DXA machine.  

The protocol was repeated for each scan with the hip in a standard position 
by a fixed position of the foot, ankle, and knee, to ensure that area did not vary 
due to differences in rotation. The standard output from the DXA scanner pro-
vides the femoral neck, Ward’s area, trochanter, and femoral shaft region of 
interest (ROI), as shown in Figure 5. The femoral neck ROI is fixed at a width 
of 1.5 cm and is positioned at the location where the product of bone mineral 
content (BMC) and area is at its lowest along the femoral neck and rotated to 
be perpendicular to the neck bone edges. The femoral neck diameter is the 
diameter across the femoral neck ROI. The Ward’s area is defined as a square 
positioned 1/3 below the neck axis and 2/3 above the location of minimum 
BMC along the femoral neck. The width of the square is 0.5 times the average 
femoral neck width. The trochanter ROI is a triangular region with its most 
medial point placed at 1/6 of the Ward’s area ROI size above the neck axis at 
the distal edge of the femoral neck ROI, extending upwards from this point 
along the distal edge of the femoral neck ROI and downward at a 45° angle to 
the scan field. The femoral shaft area ROI is defined by the bottom of the 
trochanter ROI and the distal edge of the femoral neck ROI with the shaft ROI 
base extending 5 cm downward from the intersection of the trochanter ROI. 
The total hip area ROI is defined as the total area within the blue lines in Fig-
ure 5 and was adjusted to be in the same location for each subject (approxi-
mately < 0.5% of scans) if necessary. The precision error from the DXA taken 
from triple measurements in 15 subjects was <1% for bone area and BMD 
measured at the total hip. Since 2004, the long-term coefficient of variation 
has been less than 1% for a spine phantom. 

Figure 5. DXA image of dual femur and the total hip in an adult male. The total area 
within the blue lines defines the total hip area region of interest (ROI). 
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Genotyping 
Genotyping in the SMCC was performed using the GSAMD-24v1-
0_20011747_A1 beadchip and SNPs were imputed up to haplotype reference 
consortium (HRC) v1.1 and 1000G phase3. The results were then analyzed 
using the software GenomeStudio 2.0.3 from Illumina Inc. The sample suc-
cess rate was ≥98%. In PIVUS, genotyping was performed using Illumina 
OmniExpress+Metabochip, quality controlled and imputed up to the HRC 
panel using the software IMPUTE. The sample success rate was 98.8% and 
the reproducibility 100% according to duplicate analysis of 2.4% of the gen-
otypes. Finally in ULSAM, genotyping was performed using Illumina 
Omni2.5+Metabochip and GenomeStudio 2010.3 and imputed up to the HRC 
panel using the software IMPUTE. The sample success rate was ≥99% (MAF 
<5%) or ≥95% (MAF ≥5%). 

Paper I 
The study population consisted of 455 men from ULSAM with complete in-
formation on exposures and outcomes without diabetes at the first examina-
tion cycle. We excluded 3 men with missing information on covariates, leav-
ing 452 men in our study sample. For analysis of fasting glucose and insulin 
we further restricted our sample to those without known T2DM or diabetes 
medication, which left 414 men for analysis. We included 4713 women from 
SMCC with complete information on exposure and outcomes. Further re-
striction to women without known T2DM or diabetes medication, left 4438 
women with fasting glucose and 3917 women with fasting insulin measure-
ments. 

For our exposure we used the clinical cut offs of fasting glucose levels to 
define normal fasting glucose (NFG), impaired fasting glucose (IFG) and 
T2DM as previously described.   

Within ULSAM, fasting plasma glucose concentrations (mmol/l) were 
measured by the glucose dehydrogenase method (Gluc-DH, Merck, Darm-
stadt, Germany) and fasting plasma insulin (mU/l) was assayed using an en-
zymatic-immunological assay (Mercodia Insulin ELISA, Uppsala, Sweden). 
Fasting plasma glucose and fasting serum insulin in SMCC were analyzed 
using routine methods at the Department of Clinical Chemistry and Pharma-
cology (Uppsala University Hospital). Fasting plasma glucose was measured 
using three different methods depending on date of collection; glucose dehy-
drogenase reagent (Bergman & Beving, instrument Advia 1650, Stockholm, 
Sweden), glucose oxidase method (Bayer, instrument Advia 1650, 
Leverkusen, Germany), and hexokinase method (Abbott, Abbott Architect, Il-
linois, USA). For fasting serum insulin, again three different methods of en-
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zymatic-immunological assay were used depending on date of collection: AD-
VIA Centaur Insulin (Bayer, Lerverkusen, Germany), Modular Insulin E170 
(Roche Diagnostics, Rotkreuz, Switzerland), and Cobas8000 e620 (Cobas El-
ecsys Insulin reagent kit, Roche Diagnostics, Rotkreuz, Switzerland). In 
SMCC, certain fasting serum insulin samples were analyzed fresh, whereas 
others were stored, frozen − 80 °C, and then analyzed later. This resulted in 
slightly different mean values between the two protocols; therefore, in our 
statistical models, we adjusted for the differences in the analysis methods. 

As outcomes we measured (BMD, g/cm2) and bone mineral area (BMA, 
cm2) of the total hip and femoral shaft and femoral neck diameter (mm) by 
DXA, as described. In SMCC, fasting serum concentrations of CrossLaps and 
osteocalcin were analyzed on a Roche Cobas 8000 e602 module (Roche Di-
agnostics, Mannheim, Germany) using the β-CrossLaps and N-MID Osteocal-
cin reagent kits. The total coefficient of variation (CV) for CrossLaps was 
1.8% at 294 ng/L and 1.4% at 2869 ng/L. CV for osteocalcin was 1% at 
184 µg/L and 1% at 201 µg/L. Bone turnover markers were unavailable in 
ULSAM. 

Statistical analyses 
We analysed the associations between NFG, IFG and T2DM, BMD and BMA 
at the proximal femur and femoral shaft, together with the femoral neck diam-
eter using linear regression adjusted for age, height, BMI, smoking status 
(never smoker, former smoker, current smoker), physical activity (1 lowest to 
4 highest) and education (≤ 7, 8–10 and ≥ 12 years). Covariates were selected 
based on the DAG method as described. To quantify potential differences in 
BMD and BMA, we calculated a percentage difference by dividing the β esti-
mate generated from the regression models by the mean value of either BMD 
or BMA at either the total hip or femoral shaft, multiplied by 100. We repeated 
these analyses in women using the bone turnover markers CrossLaps and os-
teocalcin as outcomes. 

We further examined the association of fasting glucose and insulin as con-
tinuous variables with BMD, BMA and bone turnover markers with restricted 
cubic splines using three “knots” placed at centiles 10, 50, and 90 of fasting 
glucose and insulin. These centiles corresponded to 4.8, 5.6, and 6.8 mmol/L 
for fasting plasma glucose and 3.1, 6.0, and 12.3 mU/l for fasting plasma in-
sulin in men; and 4.49, 5.12, and 5.9 mmol/L for fasting plasma glucose and 
3.1, 6.09, and 12.67 mU/l for fasting serum insulin in women. In this analysis 
we excluded those with prior T2DM diagnoses or diabetes treatment. 

In sensitivity analyses, we adjusted associations for fasting glucose by fast-
ing insulin and vice versa, and height and weight were included as covariates 
instead of height and BMI. We also examined associations between NFG, 
IFG, and T2DM with BMD and BMA among women with BMI 25– 
29.9 kg/m2 (this analysis was not performed in men, since the sample size was 
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too small to perform subgroup analysis) in order to exclude the area measure-
ments were influenced by different levels of obesity. We performed a com-
plete case analysis; therefore, those with missing data in any of the variables 
were excluded. Missing data ranged from 6 to 14% although we completed a 
sensitivity analysis using multiple imputations for missing covariates. 

Paper II 
In Paper III we used men and women without T2DM who had complete in-
formation on fasting glucose, genotyping and DXA measurements from 
SMCC (n=3945), PIVUS (n=691) and ULSAM (n=360), with a total N=4996. 

We used Mendelian randomisation (MR) to estimate the causal effects of 
fasting glucose on total hip bone area and BMD based on the following as-
sumptions: the genetic variants used as instrumental variables are associated 
with the exposure (fasting glucose); the genetic variants are not associated 
with any confounders of the exposure–outcome (bone area, BMD) associa-
tion; and the genetic variants are associated with bone area and BMD through 
the exposure only and not through any alternative causal pathway ensuring a 
lack of pleiotropy (Figure 6). 

Figure 6. The instrumental variables assumptions for Mendelian randomisation. The 
three assumptions are: (1) the genetic variants are robustly associated with the expo-
sure; (2) they are not associated with confounders of the exposure-outcome relation-
ship; and (3) they have no association with the outcome except through their associa-
tion with the exposure. The dashed lines represent pathways that violate the assump-
tions. BMD (Bone mineral density). 
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Statistical analyses 
As instrumental variables for exposure, we selected the 36 SNPs associated 
with fasting glucose concentrations at a genome-wide significance threshold 
(p<5×10−8) in a population without diabetes of European descent (n=133,010) 
from the Meta-Analyses of Glucose and Insulin-related traits consortium 
(MAGIC).(173) Compared to MAGIC, one SNP (rs10747083) was associated 
with fasting glucose in the opposite direction in all three included Swedish 
cohorts thus was excluded from all analyses. All included 35 SNPs were avail-
able in the three cohorts and were independent (linkage disequilibrium R2 

<0.01). 
Linear regression models, adjusted for age and genetic principal compo-

nents (SMCC n=10, PIVUS n=2 ULSAM n=4), were applied to estimate the 
association between each SNP and bone area and BMD at the total hip in  
SMCC, PIVUS and ULSAM. In the primary analysis, the SNP–glucose and 
SNP–bone outcome beta coefficients were used to compute estimates of the 
associations of fasting glucose with the bone outcomes, using the inverse-var-
iance weighted (IVW) method(174) with fixed effects. The MR estimates (beta 
coefficients and standard errors) for the associations between genetically-pre-
dicted fasting glucose and the outcomes computed from each of the three co-
horts were then combined in a meta-analysis using the metan package for 
Stata. 

We conducted further analysis to explore the robustness of these results 
using the IVW with random effects(175) and the weighted median.(176) MR-Eg-
ger regression(177,178) was then used to identify and control for bias due to di-
rectional pleiotropy which was evaluated based on the intercept obtained from 
the MR-Egger analysis.(179) To identify any potential outliers and examine the 
extent of horizontal pleiotropy we applied the MR-Pleiotropy RESidual Sum 
and Outlier (PRESSO) method(180) using the MR-PRESSO package in R. We 
further performed the above main analyses using sex-specific beta estimates 
for the associations of the SNPs with fasting glucose (available to download, 
https://www.magicinvestigators.org/downloads/) and total hip bone area and 
BMD in our cohorts. 

In sensitivity analyses, we used multivariable MR analysis to adjust for ge-
netically predicted height(181) and BMI(182) obtained from summary statistics  
because of the known effects of height and BMI on bone size and diabetes 
risk. We also removed SNP (rs7651090, for gene IGF2BP2) due to the known 
effects of insulin-like growth factor (IGF) binding proteins (BPs) on bone 
health. We further performed the above main analyses also including those 
with T2DM in our cohorts. 
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Paper III 
The study population included women from SMCC (n=1072), men and 
women from PIVUS (n=486) and men from ULSAM (n=212) with complete 
information on fasting glucose, diabetes status and DXA measurements from 
two examinations on average 8 years apart. T2DM was defined as previously 
described and participants were categorized into “no T2DM” (those without 
T2DM at both the first and the second examination), “incident T2DM” (no 
T2DM at the first examination but T2DM at the second examination) or “prev-
alent T2DM” (T2DM at both examinations). 

Statistical analyses 
In each individual cohort using linear regression models, we analyzed T2DM 
status (reference: no T2DM) in relation to the change in bone area and BMD 
at the total hip between the second and the first examinations, providing esti-
mates for incident T2DM and prevalent T2DM compared with those without 
T2DM at both examinations. Each linear regression model was adjusted for; 
age, sex, time between examinations, DXA measurement taken from the first 
examination, height, BMI, smoking status (never smoker, former smoker, cur-
rent smoker), either physical activity (1 lowest to 4 highest) in SMCC and 
ULSAM or light exercise and heavy exercise in PIVUS, education (≤ 7, 8–10 
and ≥ 12 years) and either Charlson’s comorbidity index (SMCC & ULSAM) 
or cardiovascular disease diagnosis (yes or no) (PIVUS). The estimates from 
the regression models (beta coefficients and standard errors) were then com-
bined in a meta-analysis using the metan package for Stata. The resulting es-
timates for change in bone area and BMD were quantified by calculating 
weighted average percentage change from the baseline measurement. To do 
this we multiplied the mean bone area or BMD at baseline by the number of 
subjects without T2DM in each cohort. We then combined each cohort and 
divided by the total population with T2DM to calculate the mean value of  
either bone area or BMD. Thereafter we divided the β estimate generated from 
the regression models by this mean value of either change in bone area or 
BMD multiplied by 100. To help explain the results of the primary analysis, 
we conducted descriptive analyses. In each of the cohorts we described the 
fasting glucose distribution at the first examination in those individuals with 
incident T2DM and compared the difference in weight (kg) between the sec-
ond and first examinations by T2DM status.  

In sensitivity analysis we adjusted our primary analysis further for dietary 
components, either a Mediterranean diet score (SMCC) or beta carotene 
(mg/day), zinc (mg/day), saturated fat (g/day), monounsaturated fat (g/day), 
polyunsaturated fat (g/day) (PIVUS) and servings/day of fruit and vegetable 
intake (ULSAM). Further adjustment for baseline total fat mass (g), lean mass 
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(g) and the difference between total fat and lean mass between the first and 
second examinations was also made.   

Paper IV 
We included 50,755 participants from SMC and COSM (Figure 7). Partici-
pants responded to questionnaires that included information on height, weight, 
diet, alcohol consumption, diabetes status, education and living conditions, 
smoking status, physical activity, and other lifestyle factors in 1997 and in 
2008. At baseline in 1997, we excluded participants with cancer (except non-
malignant skin cancer) or diabetes (Figure 7). 

We linked each participant with the National Patient Register for identifi-
cation of incident hip fractures (International Classification of Diseases 
[ICD]-10 codes S720, S721, or S722). The cumulative incidence of hip frac-
ture between April 14th 2009 and December 31st 2014 was used as outcome 
(shown by age and sex, Figure 8). 

38 



 

 
     

   
      

    
        

 
      

   

Death between 14th April 
2009 – 

31st December 2014   
N = 5998 

Figure 7. Flow chart of the study cohort. PIN (personal identification number).a Ex-
clusions included those with missing or incorrect PIN, cancer diagnosis (except non-
melanoma skin cancer) before baseline (in 1987-1990) and extreme energy intake 
(three standard deviations from the mean value for the log-transformed energy intake). 
b Exclusions included those with missing or incorrect PIN and cancer diagnosis (ex-
cept non-melanoma skin cancer) before baseline. 
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Figure 8. Cumulative incidence of hip fractures in SMC women (dashed line) and 
COSM men (solid line). 1386 hip fractures (849 women, 537 men). 

We assessed each individuals dietary intake over the previous year by a valid 
and reproducible 96-item FFQ(183,184) in 1997. The eight possible frequency 
categories ranged from zero times/month to more than three times/day. FFQ 
responses were converted to average daily intakes based on age and sex-spe-
cific portion sizes from the Swedish National Food Agency database.(185) Nu-
trient intakes were adjusted for total energy intake based on the residual 
method.(186) Alcohol intake (ethanol, g/day) was calculated as the reported fre-
quency of different alcoholic beverages times by ethanol concentration, mul-
tiplied with the reported amount consumed at each occasion.(187) 

We categorized our exposure, Mediterranean diet score (mMED) into three 
predetermined categories: 0-2 (low), 3-5 (medium), and 6-8 points (high) to 
reduce the number of parametric assumptions needed when modelling the ex-

(150,152)posure. 
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Statistical analyses 

Figure 9. Causal diagram for the hypothesised effects of Mediterranean diet on frac-
ture risk via body mass index (BMI) and type 2 diabetes mellitus (T2DM) in the pres-
ence of baseline confounders (C). 

T2DM was considered as a mediator variable and we defined it as incident  
T2DM following 1st January 1998 using a self-reported diabetes diagnoses 
from questionnaires. BMI was calculated as weight (kg) divided by the height 
(m), squared, at baseline in 1997. 

Model 1 
Based on the assumptions in Figure 9 and assuming positivity and correct 
model specification, we estimated the total effect of mMED (A) in 1997 on 
hip fractures occurring 2009-2014 (Y) using logistic regression adjusting for 
baseline confounders (C) (Model 1).E{Y(1)	|	C} /	 (1 − E	{Y(1)|C}) E{Y(0)	|	C} 	/	 (1 − E	{	Y(0)|C})	 
Estimated by: 
logit (Yi=1|Ai = a, Ci=c) = 0 + 1Ai + 2Ci 

exp( 1) corresponds to (the population parameter) exp(β1), which corresponds 
to the target estimand; the total effect odds ratio of mMED (A) on hip fracture 
(Y), given that measured confounders (C) suffice to control for confounding. 
The effect paths include:  

mMED → hip fracture 
mMED → T2DM → hip fracture 
mMED → BMI → hip fracture 

mMED → BMI → T2DM → hip fracture 
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Models 2-4 
We subsequently applied three different models to evaluate the conditional 
controlled direct effect of mMED on hip fracture risk not mediated by T2DM; E{Y(1, m)	|	C}	/	(1 − E{Y(1, m)	|	C}) E{Y(0, m)	|	C}	/	(1 − E{Y(0, m)	|	C}) 
The same set of baseline confounders (C) were used in all three. We performed 
the analysis with 20 imputations of missing data on covariates using multiple 
imputations with chained equations. The proportion of missing data was no 
more than 10%. 

Model 2 
First, we estimate this effect by adding T2DM (M) as a covariate to the model 
for estimation of the total effect, conditional on the set of confounders C: 
Estimated by logit (Yi=1|Ai=a, Mi=m, Ci=c) = 0 + 1Ai + 2Mi + 3Ci 

exp( 1) corresponds to (the population parameter) exp(γ1), which corresponds 
to the target estimand; the conditional controlled direct effect odds ratio of 
mMED (A) on hip fracture (Y) not via T2DM (M), given the assumptions that 
measured baseline confounders (C) suffice to control for confounding be-
tween (i) mMED and hip fracture and (ii) T2DM and hip fracture, and (iii) 
that there is no exposure-induced confounding. The effect paths include: 

mMED → hip fracture 
mMED → BMI → hip fracture 

Under the causal DAG assumptions in Figure 9, one may expect exp( 1) to be 
biased due to residual confounding from the exposure-induced mediator-out-
come confounder BMI through the biasing path: 

mMED → T2DM ← BMI → hip fracture that is opened upon conditioning on 
T2DM. 

Model 3 
We thereafter included BMI, an exposure-induced confounder of the mediator 
outcome association (L), as a covariate in addition to T2DM and covariates 
C: 

Estimated by: 
logit (Yi=1|Ai=a, Mi=m, Ci=c, Li=l) = 0 + 1Ai + 2Mi + 3Ci + 4Li 

exp( 1)	 corresponds to (the population parameter) exp(δ1), which corresponds 
to the target estimand; the conditional controlled direct effect odds ratio of 
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mMED (A) on hip fracture (Y) not via T2DM (M) given that measured base-
line confounders (C) and BMI (L) suffice to control for confounding between 
(i) mMED and hip fracture and (ii) T2DM and hip fracture, and (iii) that there 
is no exposure-induced confounding. The effect path includes: 

mMED → hip fracture 

exp(δ1) may suffer from bias since conditioning on BMI blocks one of the 
pathways of interest (mMED →BMI → hip fracture). If assumption (iii) is 
violated and there is unmeasured confounding (U) between BMI and hip frac-
ture, exp(δ1) may further suffer from collider bias through the biasing path 
mMED → T2DM → BMI ←U → hip fracture that is opened upon condition-
ing on BMI. 

Model 4 
Based on Figure 9 and assuming no unmeasured confounding, positivity and 
correct model specification, we estimated the controlled direct effect of 
mMED on the risk of hip fracture not mediated through T2DM using IPW and 
MSM (144,150), to avoid the biases highlighted for models 2 and 3.  

When the mediator T2DM (in 2009) is set to a fixed level (m), this method 
estimates the effect of mMED on hip fracture not mediated through T2DM; 
that is, the effect of mMED on hip fracture after intervening so that the inci-
dence of T2DM (in 1997-2009) is 0. 

For each individual in the study population, stabilised weights were gener-
ated for the exposure ( ) and the mediator ( ). Using ordered logistic re-
gression, we calculated wA as the probability of mMED (for the observed 
mMED level) divided by the conditional probability of mMED (for the ob-
served mMED level), given observed confounders:(  = )

 = (  = |  = )  

where a = the actual mMED category the individual had; c = the actual covari-
ate values the individual had. 

Using logistic regression, we calculated wM as the probability of the medi-
ator T2DM (M) given the mMED (A), divided by the probability of T2DM 
given the mMED, confounders (C), and the exposure-induced mediator-out-
come confounder BMI (L): (  = |  = )

 = (  = |  = ,  = ,  = )  

where a = the actual mMED category the individual had, c = the actual covari-
ate values the individual had, m = the actual mediator (T2DM) value each in-
dividual had, l = the actual exposure-induced mediator-outcome covariate 
(BMI) value each individual had. 
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Predicted probabilities for the numerator and denominator were assigned 
based on the category of actual mMED observed.(149,150) We then took a prod-
uct of these two weights for each individual: 

 =  ×	  

Using the MSM approach to estimate the conditional controlled direct effect 
on the odds ratio scale, we ran a logistic regression model of Y (hip fracture) 
on A (mMED) and M (T2DM):  

logit (Yi = 1|Ai=a, Mi=m) = ̂0 + ̂1Ai + ̂2Mi 

where each individual was weighted by . Robust standard errors using 
the sandwich estimator were calculated in each of the imputed datasets and 
Rubin’s rules were applied to calculate the estimates and 95% confidence in-
tervals. 

Model 5 
To further separate the potential mediating paths (Figure 9), we considered 
BMI as a causally ordered mediator that precedes T2DM, and applied flexible 
mediation analysis(152) allowing us to decompose the effects into natural direct 
(NDE), natural indirect (NIE) and partial indirect effects (PIE). We assume no 
unmeasured confounding for the effect of mMED on hip fracture, the effect 
of mediators (BMI, T2DM) on hip fracture conditional on exposure, or the 
effect of mMED on mediators (BMI, T2DM). We further assume that none of 
the mediator-outcome confounders are affected by mMED.  

Unlike in the previous MSM, the mediator in natural effects estimation is 
not fixed to a certain level (as in estimation of the controlled direct effect) but 
rather takes on the level it would have naturally been under the counterfactual 
situation of mMED=a* (or a**). 

For estimation of natural effects in this setting with two sequential media-
tors (BMI (M1) → T2DM (M2)), we used nested counterfactuals to define the 
counterfactual outcome as: Y(a,M1(aʹ),M2(aʺ,M1(aʹ))); that is the counterfac-
tual outcome (hip fracture) that would be observed if mMED was set to a, and 
the mediators were set to the natural value they would have taken if mMED 
had been at the counterfactual level a*. This was then repeated for the second 
counterfactual (a**) of our three-level exposure mMED.  

Using logistic regression, we then calculated the predicted probability of 
T2DM (M2) conditional on exposure (A), BMI (M1) and confounders (C):  

logit (M2i|Ai, M1i, Ci) = 0 + 1Ai + 2M1i + 3AiM1i + 4Ci 
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We then fitted a logistic regression model for the outcome (hip fracture) on 
the exposure (mMED), both mediators (BMI, T2DM) and covariates: 

logit (Yi = 1|Ai, M1i, M2i, Ci) = 0 + 1Ai + 2M1i + 3M2i + 4AiM1i + 5AiM2i 

+ 6M1iM2i + 7AiM1iM2i + 8Ci 

We created three auxiliary variables (a, aʹ, aʺ) which correspond to the causal 
pathways we wish to decompose (natural direct effect, natural indirect effect 
and partial indirect effect), and extended the dataset by sequential replications 
as follows. Based on our three-level exposure and the choice to model the 
second mediator,(152) we first create three copies of the dataset where a was set 
to the observed mMED level in the first copy, to the first counterfactual in the 
second copy, and to the second counterfactual in the third copy. Variables aʹ 
and aʺ were set to the observed value of mMED in each copy. Three copies of 
this first extended dataset were then created and aʺ was changed to the first 
counterfactual in the second copy and to the second counterfactual in the third 
copy. Each exposure level of mMED thus has two counterfactual levels. 

For each row of the final extended dataset, we computed weights as: (  = |  = ʺ,  , )= (  = |  = ,  , )  

and used the fitted values from the outcome model (E(Y |  = aʹ,m ,m , c)) 
to impute nested counterfactuals Yi(a, M1i(aʹ), M2i(aʺ, M1i(aʹ))). 

The natural effects model E{Y(a,M1i (aʹ), M2i(aʺM1i (aʹ)))|C} was then fitted 
on the extended dataset using a weighted logistic regression model on the im-
puted counterfactuals given confounders on the auxiliary variables a, aʹ, and 
aʺ as: 

logit (Ê|a, aʹ, aʺ, C) = 1a + 2aʹ + 3aʺ + 4C 
where each observation was weighted by . 

The specific models for each of the target estimands was as follows: E (1, (aʹ), aʺ, (aʹ) 	 1 − E (1, (aʹ), aʺ, (aʹ) 	  E (0, (aʹ), aʺ, (aʹ) 	 1 − E (0, (aʹ), aʺ, (aʹ) 	  

Estimated by the component EA → Y (aʹ, aʺ) = 1	 
exp( 1) corresponds to (the population parameter) exp(θ1), which corresponds 
to the target estimand; the natural direct effect odds ratio of mMED (A) on 
risk of hip fracture (Y) through neither BMI (M1) nor T2DM (M2). 
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The effect path includes: 
mMED → hip fracture E ( , (1), aʺ, (1) 	 1 − E ( , (1), aʺ, (1) 	  E ( , (0), aʺ, (0) 	 1 − E ( , (0), aʺ, (0) 	  

Estimated by the component EA → M1 → Y (a, aʺ) = 2	 
exp( 2) corresponds to (the population parameter) exp(θ2), which corresponds 
to the target estimand; the natural indirect effects odds ratio mediated by ex-
posure-induced changes in BMI (M1). The effect paths include: 

mMED → BMI → hip fracture 
mMED → BMI → T2DM → hip fracture E ( , (aʹ), 1, (aʹ) 	 1 − E ( , (aʹ), 1, (aʹ) 	  E ( , (aʹ), 0, (aʹ) 	 1 − E ( , (aʹ), 0, (aʹ) 	  

Estimated by the component EA → M2 → Y (a, aʹ) = 3 

exp( 3) corresponds to (the population parameter) exp(θ3), which corresponds 
to the target estimand; the partial indirect effect odds ratio mediated solely by 
exposure-induced changes in T2DM (M2). The effect path includes: 

mMED → T2DM → hip fracture 

Calculation of confidence intervals was performed with 1000 bootstrap sam-
ples in each of the 20 imputed datasets. 

Ethical approval 
The research in this thesis was performed in accordance with the Declaration 
of Helsinki and was approved by the regional ethics review boards at Uppsala 
University, Uppsala, Sweden, and Karolinska Institutet, Stockholm, Sweden. 
All participants in the cohorts gave their informed consent. 

Statistical analyses 
All statistical analyses were performed in Stata MP 15 (Stata, Corp., Collage 
Stn, TX, USA) and R, partly using resources provided by SNIC-SENS through 
the Uppsala Multidisciplinary Center for Advanced Computational Science 
(UPPMAX). 
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Results 

Paper I 
The mean age of men and women was 82 years and 68 years respectively, with 
15% of men and 7% of women defined as T2DM. Comparing those with 
T2DM to those with NFG, they had greater BMI, lower attained educational 
level, and were less physically active.  

In men T2DM was associated with a greater BMD of 8.0% (95% CI [4.0, 
12.0]) at the total hip and 7.9% (95% CI [4.4, 12.3]) at the femoral shaft. 
T2DM was also associated with a greater BMD of 3.3% (95% CI [1.1, 4.4]) 
at the total hip and 3.7% (95% CI [1.9, 5.6]) at the femoral shaft in women. 
Conversely, T2DM was associated with lower BMA corresponding to -1.7% 
(95% CI [-3.2, -0.2]) and -2.0% (95% CI [-3.5, -0.4]) at the total hip and fem-
oral shaft respectively in males and -1.0% (95% CI [-1.6, -0.4]) and -0.6% 
(95% CI [-1.2, -0.01]) in females (Figure 10). 

Those with IFG also presented with a lower BMA corresponding to -0.6% 
(95% CI [-1.8, 0.6]) and -1.4% (95% CI [-2.7, -0.2]) at the total hip and fem-
oral shaft respectively in males and -0.8% (95% CI [-1.2, -0.4]) and -0.1% 
(95% CI [-0.6, 0.3]) in females (Figure 10). Greater continuous fasting glucose 
and fasting insulin levels were associated with BMD and bone area in the same 
directions as in the primary analysis. 
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Figure 10. Differences BMD and femoral shaft between 
clinical categories of fasting glucose. The differences in BMD and BMA measured at 
the total hip and femoral shaft between clinical categories of fasting plasma glucose; 
normal fasting glucose (NFG), impaired fasting glucose (IFG), type 2 diabetes melli-
tus (T2DM) in men (ULSAM) and women (SMCC). Numbers presented are β esti-
mates and 95% confidence intervals from linear regression analysis and adjusted for 
age, height, body mass index, smoking status, physical activity, and education. 
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In women, T2DM was associated with lower concentrations of both 
CrossLaps and osteocalcin, corresponding to -8.1% (95% CI [-12.7, -3.6]) and 
-15.2% (95% CI [-19.0, -11.2]) and IFG was associated with a lower bone 
formation (osteocalcin) corresponding to −4.2% (95% CI [-6.9, -1.6]) (Figure 
11). 

Figure 11. Differences in CrossLaps and Osteocalcin between clinical categories of 
fasting plasma glucose. The differences in bone turnover markers: CrossLaps and be-
tween clinical categories of fasting plasma glucose; normal fasting glucose (NFG), 
impaired fasting glucose (IFG), type 2 diabetes mellitus (T2DM) in women (SMCC). 
Numbers presented are β estimates and 95% confidence intervals from linear regres-
sion analysis and adjusted for age, height, body mass index smoking status, physical 
activity, and education. 
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Fasting glucose and insulin were also inversely associated with CrossLaps and 
osteocalcin in those without known T2DM. A 1 mmol/L increase in fasting 
glucose was associated with lower concentrations of CrossLaps corresponding 
to -2.5% (95% CI [-4.3, -0.6]) and lower concentrations of osteocalcin corre-
sponding to -5.3% (95% CI [-6.8, -3.7]). A 1 mU/l increase in fasting insulin 
was associated with lower concentrations of osteocalcin corresponding to -
0.60% (95% CI [-0.8, -0.4]) (Figure 12). 

Figure 12. Restricted cubic splines showing the association between fasting glucose, 
fasting insulin and CrossLaps and osteocalcin in women from SMCC. Models ad-
justed for age, height, body mass index smoking status, physical activity, and educa-
tion. Insulin models further adjusted for the method of insulin analysis.  

Paper II 
In the SMCC, PIVUS and ULSAM the 35 SNPs explained 4% (adjusted r2 

0.045), 4% (adjusted r2 0.035) and 12% (adjusted r2 0.119), respectively, of 
the variance in fasting glucose concentrations in participants without diabetes. 

Using MR analysis, a 1 mmol/L higher genetically predicted fasting glu-
cose concentration was associated with 2% smaller total hip bone area (-0.67 
cm2 [95% CI -1.30, -0.03; p = 0.039]) based on meta-analysis of estimates 
from the three cohorts using the fixed effects IVW method (Figure 13). In 
contrast to bone area, a 1 mmol/L higher genetically predicted fasting glucose 
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concentration tended to be associated with 4% higher total hip BMD (0.040 
g/cm2 [95% CI -0.00, 0.07; p = 0.060]) in meta-analysis of estimates from the 
three cohorts (Figure 14), although we lacked precision in the estimate.  

Figure 13. Meta-analysis of glucose variants to bone area in SMCC, PIVUS & UL-
SAM. 

Figure 14. Meta-analysis of glucose variants to bone mineral density (BMD) in  
SMCC, PIVUS & ULSAM. 
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Results were consistent when using the random effects IVW and weighted 
median methods. The MR-Egger analysis did not provide evidence of direc-
tional pleiotropy. The MR-PRESSO method did not detect any outliers, but 
the global test p-value was 0.0129 in the BMD analysis based on ULSAM 
data, indicating there may have been some horizontal pleiotropy in that spe-
cific analysis. We found no evidence of heterogeneity in the primary analysis 
and performing the analysis using sex-specific beta estimates, results were 
similar to the main analysis. In sensitivity analysis adjusting for genetically 
predicted height and BMI did not alter our estimates. Neither did the removing 
of SNP (rs7651090, for gene IGF2BP2) and when we included all subjects, 
including those with T2DM, we saw the same direction of effect. 

Paper III 
The average time between the baseline and the second examination in each 
cohort was 10 years (SMCC), 8 years (PIVUS) and 6 years (ULSAM), with a 
mean baseline age ranging from 65 to 82 years across all participants. Com-
paring those without T2DM with those with incident T2DM and prevalent 
T2DM across SMCC, PIVUS and ULSAM, those with incident and prevalent 
diabetes had higher levels of BMI yet lower levels of physical activity and 
education.  

In fully adjusted models, compared to individuals without T2DM at both 
examinations (“no T2DM” group), change in bone area in those with incident 
T2DM was lower by 0.7% (-0.22 cm2 [-0.42, -0.02]), 0.2% (-0.06 cm2 [-0.26, 
0.15]) and 0.3% (-0.10 cm2 [-0.43, 0.24]) in SMCC, PIVUS and ULSAM re-
spectively. Combining the estimates in a meta-analysis (Figure 15), the change 
in bone area at the total hip was 0.4% lower among those with incident T2DM 
compared to those without T2DM (-0.13 cm2 [-0.26, -0.001]). The corre-
sponding pooled estimate comparing those with prevalent T2DM to those 
without T2DM indicated a difference of -0.08% (-0.03 cm2 [-0.14, 0.08]) in 
bone area at the total hip (Figure 16). The heterogeneity test from the meta-
analyses showed little variation between each cohort in our analysis (χ2 =1.27, 
p=0.531 for incident T2DM and χ2 =0.13, p=0.935 for prevalent T2DM com-
pared to no T2DM). 
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Figure 15. Change in bone area at the total hip in those who were defined as incident 
T2DM cases at the second examination compared with those without T2DM. IT2DM, 
incident type 2 diabetes mellitus. NoT2DM, no type 2 diabetes mellitus.  

Figure 16. Change in bone area at the total hip in those who were defined as prevalent 
T2DM cases compared to those without T2DM with additional adjustment for dietary 
intake. PT2DM, prevalent type 2 diabetes mellitus. NoT2DM, no type 2 diabetes 
mellitus. 
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When those with incident T2DM were compared with those without T2DM 
with respect to change in total hip BMD, results varied across cohorts: BMD 
was lower by -0.4% (-0.001 g/cm2 [-0.03, 0.03]), higher by 1.1% (0.01 g/cm2 

[-0.01, 0.02]) and lower by 0.4% (-0.02 g/cm2 [-0.04, 0.01]) in SMCC, PIVUS 
and ULSAM respectively. The meta-analysis estimate indicated an increased 
BMD of 0.2% (0.002 g/cm2 [-0.01, 0.01]) (Figure 17) among those with inci-
dent T2DM compared to those without T2DM. The corresponding pooled es-
timate comparing those with prevalent T2DM to those without T2DM indi-
cated a higher BMD of 1.1% (0.01 g/cm2 [0.00, 0.02]) (Figure 18). The heter-
ogeneity test from the meta-analyses of change in total hip BMD showed little 
variation between each cohort (χ2 = 1.20, p=0.550 for incident T2DM and χ2 

= 1.30, p=0.522 for prevalent T2DM compared to no T2DM). Further adjust-
ment for dietary components and fat and lean mass did not alter the results. 

Figure 17. Change in bone mineral density (BMD) at the total hip in those who were 
defined as incident T2DM cases at the second examination compared to those without 
T2DM. IT2DM, incident type 2 diabetes mellitus. NoT2DM, no type 2 diabetes melli-
tus. 
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Figure 18. Change in bone mineral density (BMD) at the total hip in those who were 
defined as prevalent T2DM cases compared with those without T2DM with additional 
adjustment for dietary intake. PT2DM, prevalent type 2 diabetes mellitus. NoT2DM, 
no type 2 diabetes mellitus. 

Considering the distribution of fasting glucose levels among those with inci-
dent T2DM; in PIVUS and ULSAM they were skewed to the right towards 
higher levels of fasting glucose whereas the fasting glucose levels for SMCC 
had a normal distribution with a lower average. Also among participants with 
incident T2DM, subjects from SMCC, PIVUS and ULSAM had a mean (SD) 
difference in weight of -0.014 (0.568) kg, +0.085 (4.83) kg and -2.798 (5.024) 
kg respectively between first and second examinations.  

Paper IV 
Participants with the highest adherence to the mMED were more likely to be 
female (52.0 vs 44.5%), not living alone, more physically active, have a higher 
attained educational level and more frequently take supplements containing 
calcium and vitamin D. The incidence of T2DM in 1997-2008 (6.7%) was 
highest in those with the lowest adherence to Mediterranean diet. In the 6-year 
follow-up period, 1386 (2.7%) men and women suffered a hip fracture.  

The total effect model indicated that those in the second level and highest 
adherence to mMED had, respectively, 18% (OR=0.82 [95% CI=0.71, 0.95]) 
and 25% (0.75 [0.62, 0.91]) lower odds of hip fracture compared with those 
in the lowest adherence category (Table 2).  
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The potentially biased conditional controlled direct effect ORs of mMED 
(not mediated by T2DM) on hip fracture risk estimated using traditional meth-
ods in Model 2 and Model 3 were similar to the total effect ORs.  

The conditional controlled direct effect of mMED on the risk of hip fracture 
not through T2DM while controlling for BMI as an exposure-induced media-
tor-outcome confounder (using IPW of MSM; Model 4) was 0.82 [0.71, 0.95] 
and 0.73 [0.60, 0.88] indicating an 18% and a 27% lower odds of hip fracture 
for medium and high adherence respectively, compared with low mMED ad-
herence (Table 2). 

Table 2. Odds ratios and 95% confidence intervals for the total and the conditional 
controlled direct effects of Mediterranean diet on hip fracture with respect to T2DM 
as a mediator. 

Total effect Conditional controlled direct effect with re-
spect to T2DM as a mediator 

Model 1a Model 2b Model 3c Model 4d 

Mediterra-
nean diet 

OR (95% 
CI) 

OR (95% 
CI) 

OR (95% 
CI) 

OR (95% 
CI) 

score 
(mMED) 

0 (reference) 
(lowest ad-

herence) 
1 

1.00 

0.82 

1.00 

0.82 

1.00 

0.82 

1.00 

0.82 
(0.71, 0.95) (0.71, 0.95) (0.71, 0.94) (0.71, 0.95) 

2 0.75 0.75 0.73 0.73 
(highest ad-

herence) 
(0.62, 0.91)  (0.62, 0.91)  (0.61, 0.90) (0.60, 0.88) 

Abbreviations: OR, odds ratio. CI, confidence interval. T2DM, type 2 diabetes mellitus. BMI, 
body mass index. MSM, marginal structural model. All models include the same set of con-
founders C: age, education, physical activity, smoking status, living alone status, calcium sup-
plement use, vitamin D supplement use, total energy intake and Charlson comorbidity index. 
a Estimated using logistic regression conditional on confounders C. 
b Estimated using logistic regression conditional on confounders C and the mediator T2DM . 
c Estimated using logistic regression conditional on confounders C, the mediator T2DM, and 

the exposure induced mediator-outcome confounder BMI.  
d Estimated using a conditional marginal structural model with stabilised inverse probability 
weights for the mediator T2DM,  conditional on confounders C. Please refer to Supplementary 
Table 1 for estimates for the marginal controlled direct effect based on a marginal structural 
model that is marginalised over the distribution of confounders (C). 
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Using the flexible mediation analysis with multiple sequentially ordered me-
diators the odds ratios for the natural direct effect of mMED on the risk of hip 
fracture not going through BMI or T2DM were 0.82 [0.71, 0.94] and 0.74 
[0.61, 0.89] in the medium and highest level of adherence to mMED, respec-
tively, compared to the lowest adherence category (Table 3). The natural in-
direct effect and partial indirect effect ORs were approximately 1.00. The path 
specific effects for the natural indirect and partial indirect effects are shown 
in Table 3. 

Table 3. Odds ratios for the component effects from the natural effects model E{Y(a, 
M1i(aʹ), M2i(aʺ, M1i(aʹ)))|C} estimating the effect of Mediterranean diet (mMED) on 
hip fracture. 

mMED Natural direct Natural indirect ef- Partial indirect 
effect (a)a fect (aʹ)b effect (aʺ)c

 mMED  →  mMED → BMI → mMED → 
hip fracture hip fracture 

mMED → BMI → 

T2DM → hip 
fracture 

T2DM → hip frac-
ture 

Mediterranean 
diet score 

OR (95% CI) OR (95% CI) OR (95% CI) 

(mMED) 
0 1.00 1.00 1.00 

(reference) 
(lowest adher-

ence) 
1 0.819 1.006 0.998 

(0.710, 0.945) (0.994, 1.017) (0.989, 1.007) 

2 0.737 1.022 0.989 
(highest adher-

ence) 
(0.609, 0.893) (1.004, 1.040) (0.977, 1.002) 

Abbreviations: OR, odds ratio. CI, confidence interval. 
a The natural direct effect odds ratio corresponds to the effect of Mediterranean diet score 

(mMED) on risk of fracture through neither body mass index (BMI) (M1) nor type 2 diabetes 
mellitus (T2DM) (M2). 
b The natural indirect effect odds ratio corresponds to the effect mediated by exposure induced 

changes in body mass index (BMI) (M1), thus also including the path  
mMED → BMI → T2DM → hip fracture. 
c The partial indirect effect odds ratio corresponds to the effect mediated solely by exposure 
induced changes in type 2 diabetes mellitus (T2DM) (M2). 
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Discussion 

Main findings  
Using a variety of study designs, in Papers I, II and III we found a consistent 
association with T2DM and fasting glucose levels and lower bone area yet a 
greater BMD at the total hip. In Paper IV we are unable to rule out mediation 
or counteracting effects but there is an effect of Mediterranean diet on hip 
fracture that does not go through T2DM and BMI. 

Paper I 
Paper I was a cross-sectional analysis based on one cohort of Swedish men 
and one of Swedish women that confirmed previous reports from meta-anal-
ysis,(46) that T2DM was associated with a greater BMD, although we showed 
this at the total hip and femoral shaft for the first time. In contrast to greater 
BMD, we found T2DM was associated with a smaller bone area at the total 
hip and the femoral shaft. We also observed that fasting glucose and insulin 
were associated with smaller bone area and among women, lower levels of 
bone turnover markers. Paper I was at this stage, the first study in the field to 
analyse T2DM in relation to bone area at the total hip. Prior to this paper there 

(17,96-98) were reports showing T2DM being associated with smaller bone area, 
however, they all measured bone area at peripheral sites such as the tibia and 
radius and not the total hip. As stated in the introduction the bone area at the 
hip is most relevant for hip fracture risk which is the most severe type of frac-
ture.(9) We also observed a lower bone area at the total hip and femoral shaft 
with higher levels of fasting glucose and insulin. Prior to this thesis there were 
no other studies showing an association between glucose and bone area, how-
ever insulin resistance has been shown to be associated with a smaller bone 
size at the radius and tibia.(116) We also confirmed previous reports from a 
meta-analyses that T2DM was associated with lower levels of osteocalcin and 
CrossLaps,(18,188) thus adding further evidence that T2DM may be a state of 
low bone turnover, which could help explain the poorer bone quality and 
greater risk for fracture.  
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Paper II 
In Paper II we utilized a form of instrumental variable analysis; MR to estab-
lish whether genetic predisposition to higher fasting glucose levels (consid-
ered as a proxy for T2DM) was causally associated with bone area and BMD 
at the total hip. We found that genetically higher fasting glucose levels were 
associated with lower bone area and possibly associated with greater BMD. 
Although based on a relatively small study population and fairly wide confi-
dence intervals, we believe the size and direction of the estimates were robust 
as we used several sensitivity analyses including the weighted median method, 
MR-Egger and MR-PRESSO and our results remained consistent without any 
evidence of pleiotropy. Our results also remained consistent when we adjusted 
for the genetic effects of height(181) and BMI(182) in a sensitivity analysis. 
Height has been shown to directly affect both bone size and the risk of diabe-
tes.(189) Due to the known effects of insulin-like growth factor (IGF) binding 
proteins (BPs) on bone health,(190) we removed SNP (rs7651090, for gene 
IGF2BP2) in an additional sensitivity analysis and this did not affect our esti-
mates. 

Like in Paper I, we believe at the time of study this was the first to analyse 
the effect of fasting glucose on bone area at the total hip using an MR ap-
proach. A previous MR study(166) including up to 83,894 individuals reported 
that genetically‐increased fasting glucose increased femoral neck BMD. Our 
results were in the same direction even considering the authors used summary 
level data of BMD associated genetic variants for the outcome in a population 
of European and East Asian ancestry,(191) rather than individual data on BMD 
measured by DXA. Another MR study found no association of genetically 
increased fasting glucose and T2DM on the risk of any fracture among adults 
>18 years.(167) Fragility fractures such as hip fractures occurring among older 
individuals may however have a different aetiology than other types of frac-
tures occurring among younger individuals and to separate by fracture type 
may be crucial, although potentially complicated as valid hip fracture infor-
mation is to date lacking from large consortia. 

Paper III 
In Paper III we utilized longitudinal data to investigate whether the cross-sec-
tional associations found in Paper I were consistent over an average period of 
8 years. We found that compared with those without T2DM, incident T2DM 
was associated with a lesser expansion in bone area at the total hip. Through-
out life humans experience loss in BMD(192) and to compensate for this loss in 
density, bone area increases(83) via a process of periosteal apposition to pre-
serve bone strength(86) to protect against the risk of fracture as reduced perios-
teal apposition may actually increase fracture risk.(193) This process however, 
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may be lesser in women which can partially explain why the fracture risk is 
greater for women.(87) The strength of the bone, which is effected by its area 
is a determinant of fracture risk(194) and because the bending strength of bone 
and resistance to fracture increases as bone is distributed further from the neu-
tral axis, smaller bone area can reduce the bone strength.(195) If T2DM reduces 
this expansion in bone area at the total hip, it may help explain the paradox of 
greater hip fracture risk in individuals with T2DM through reduced bone 
strength. These results from Paper III add on to the results from Paper I where 
we reported a cross-sectional association between T2DM and lower bone area 
at the total hip in the same populations, suggesting that smaller area at the total 
hip seen among those with T2DM may be an early effect of T2DM rather than 
a late complication.  

The previous studies including Paper I in this thesis that have analysed the 
association between T2DM and bone area and BMD, have been cross-sec-
tional in nature.(17,98) Why we did not see an association between incident 
T2DM and greater BMD may be explained by the effects of body weight on 
BMD and by the weight change in each cohort. In the studied cohorts, BMD 
increased in conjunction with body weight in PIVUS only. Body weight and 
BMI explained 8.9–19.8% of total variance in all measured BMD sites in 
women and 2.8–6.9% of the total variance in femur and spine BMD in men.(60) 

These results thus suggest that the larger BMD seen among those with T2DM 
may not be an effect of the diabetes itself but rather an effect of the higher 
weight associated with the disease. However it may also be due to the length 
of T2DM as we saw a greater BMD in those with prevalent T2DM. However 
we were unable to assess T2DM duration.  

Paper IV 
In Paper IV we used several innovative methods of mediation analysis in an 
attempt to establish whether T2DM and BMI could be mechanistic pathways 
as to explain previously published observations that greater adherence to a 
Mediterranean diet was associated with lower risk of hip fracture.(119) Due to 
the complex causal relations of Mediterranean diet, BMI, T2DM and hip frac-
ture, and to overcome some of the potential biases that can arise when using 
traditional mediation analysis, we firstly applied inverse probability weighting 
of marginal structural models and secondly, a novel approach of multiple me-
diation analysis. Using the different methods for effect estimation, we ob-
served a direct effect of adherence to Mediterranean diet on hip fracture, not 
mediated by T2DM or BMI. Even though the effect estimates were similar 
using the different models, the traditional methods of mediation that compare 
the total effect of Mediterranean diet on hip fracture to the conditional direct 
effect not mediated by T2DM will be biased in the setting described in our 
DAG (Figure 9). If we ignore BMI in our causal diagram our results will suffer 
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from residual confounding from the exposure-induced mediator-outcome con-
founder BMI through the biasing path mMED → T2DM ← BMI → hip frac-
ture that is opened upon conditioning on T2DM (147). However, including both 
T2DM and BMI in the model will block the pathway mMED→BMI→hip 
fracture and thus bias the conditional controlled direct effect measure.(196) We 
should also note that if our assumption that there is no exposure-induced con-
founding is violated and there is unmeasured confounding (U) between BMI 
and hip fracture, the estimate may further suffer from collider bias through the 
biasing path mMED → T2DM → BMI ←U → hip fracture that is opened 
upon conditioning on BMI. 

The interpretation of the potential indirect effects is dependent on the esti-
mation method used and the direct effects found in this study could be ex-
plained by the contrasting effects of both T2DM and BMI thereby cancelling 
out possible mediating effects. Potential mechanisms include that a higher ad-
herence to a Mediterranean diet leads to lower BMI(128) and therefore lower 
BMD(197) which is associated with increased fracture risk,(198) whereas the 
lower BMI may also lead to a lower incidence of T2DM and thereby lower 
risk of hip fracture.(54) This study illustrates that when complex causal rela-
tions exist, it may still not be possible to isolate the effect of main interest, in 
our case the natural indirect effect of mMED on hip fracture with T2DM as a 
mediator even when using innovative methods. 

However these results indicate that even if there is no mediation via T2DM 
or BMI, the effect of mMED on the risk of hip fracture may be mediated 
through other mechanisms. Such mechanistic pathways may include dietary 
constituents of the key food groups such as plant foods, olive oil, fish and 
specific nutrients such as α-tocopherol that have anti-inflammatory and anti-
oxidant effects that have positive effects on BMD,(199) bone formation(126) and 
muscle, thereby increasing the resistance to fracture.(120,200) 

Methodological considerations 

Paper I 
In our first study, fasting glucose, insulin, BMD and BMA were measured in 
two population-based cohorts consisting of men and women, with additional 
measurement of bone turnover markers in women. When this study was pub-
lished there were no other studies combining several bone outcomes, in par-
ticular bone area at the hip, in relation to T2DM, glucose, and insulin. The 
generalisability of this study is enhanced as we showed the same direction of 
association both men and women. We may have been limited in the power of 
our study though, as we only had 68 (15%) men and 325 (6.9%) women with 
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T2DM, although the percentage of individuals with T2DM is reflective of the 
prevalence of T2DM in Sweden at the respective ages.(201) It may have been 
possible that high body weight could have influenced the outcome measures 
of bone area which could then in turn influence bias the estimates beyond what 
was possible for us to adjust for. Although among women who were over-
weight, our results were similar to those in the main results indicating that the 
differences in bone area persist in those with similar body stature. A more 
detailed discussion on the DXA scans appears later in the discussion. The 
main limitations of this study was the cross-sectional design which may be 
biased by residual confounding and limits our ability to infer causation.(202) 

Paper II 
In Paper II, we tried to address issues of residual confounding and inferring 
causation using MR. Our study population again consisted of men and women 
and we were able to ensure we had a population without T2DM using the 
definitions for T2DM in SMCC, PIVUS and ULSAM as described in the 
methods. We believed that using genetic variants for fasting glucose rather 
than T2DM, was advantageous because performing MR studies of dichoto-
mous exposures requires additional assumptions. The majority of SNPs from 
the genome wide association study (GWAS) on T2DM will be related to con-
tinuous exposures that in turn influence the risk of T2DM. An instrumental 
variable for a continuous exposure can only be an instrumental variable for 
the dichotomization of the exposure if the exposure–outcome causal relation-
ship is a strict stepwise threshold at the point of dichotomization. This means  
that the interpretation of a binary exposure is less straightforward than that of 
a continuous exposure(203) like fasting glucose. Also, with a binary outcome 
like T2DM, the precision of the coefficient in the regression analysis is re-
duced compared with a continuous outcome(204) (fasting glucose) thereby re-
quiring a larger sample size. Furthermore, the approximately 400 SNPs that 
have been identified as associated with T2DM include a variety of mechanistic 
pathways with a greater possibility for pleiotropic effects on bone, including 
the insulin traits that seem to explain only a small proportion of the variance 
in insulin concentrations.(173) Although heritability for T2DM is high,(205) us-
ing genetic variants for fasting glucose concentrations as an instrument may 
provide more specific insight into the mechanisms of glucose on bone area, 
also when explored in a population without diabetes.(203) However by condi-
tioning on not having T2DM there is a risk of introducing collider bias (206) by 
opening up a closed path via BMI (Figure 19). We conducted several sensi-
tivity analysis by adjusting our models for the genetic effect of BMI and also 
including those with T2DM. This did not dramatically change our results.  

Major strengths of the MR approach are that reverse causation bias is 
avoided because genetic variants are fixed at conception and confounding is 
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reduced by the use of genetic variants as proxies for the exposure representing 
the lifelong exposure of fasting glucose concentrations.(207) 

The study is limited by sample size since MR analyses generally require 
large numbers of individuals to see causal effects and if the analyses have low 
power then the probability of rejecting the null hypothesis is low.(208) However 
we used 35 SNPs as our instrumental variable which reduces the required sam-
ple size for a given power level.(209) With this method we were able to observe 
statistically significant results for the association between fasting glucose and 
bone area despite a small sample size, although we do hope future studies and 
larger consortia will explore and present results for bone area. The amount of 
variance in an exposure explained by the SNPs, can influence the ability to 
estimate causal effects. But the 35 genetic variants for increased fasting glu-
cose levels, explaining 4% to 12% of the variance in our studies, will therefore 
influence the outcome even if the T2DM status remains fixed for all subjects 
in the analysis.(203) We may also be unable to generalize the results to other 
ethnicities as the genetic instruments and outcomes came from European pop-
ulations and all our outcome populations were based in Sweden. 

Figure 19. Causal diagram(140) highlighting the issues of collider bias introduced by 
conditioning  on T2DM status in a MR study that may open up a closed path from 
glucose SNPs through glucose, BMI to bone area/BMD. 

Paper III 
In Paper III, we were able to advance on from the cross-sectional analysis in 
Paper I and use a longitudinal study design to analyse change in bone area and 
BMD. We had a study sample of N=1770 with two different DXA measure-
ments performed on the same DXA scanner operated by the same x-ray nurse 
which is rare. Our three cohorts included women and men of different ages 
and we were able to see a consistent direction of estimate in all of them which 
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increases our generalizability, although this may be limited to Swedish popu-
lations. We were able to further adjust our statistical models for the same Med-
iterranean diet score we used from SMC described in Paper IV, while in 
PIVUS and ULSAM we adjusted for fat quality, individual vitamins and fruit 
and vegetable intake. We did this as systematic reviews and meta-analyses 
have provided evidence that saturated fatty acids are positively,(210) while n-3 
fatty acids(211) are inversely related with hip fracture risk. This further adjust-
ment did not alter our estimates. We were also limited by the relatively small 
population with regards to new diabetes cases and prevalent diabetes cases 
and we had no information on exact timing of diabetes diagnosis thus limiting 
our capacity to investigate the effects of diabetes duration.  

Paper IV 
In Paper IV we were able to apply two recently developed methods of media-
tion analysis to our data from SMC and COSM which included a three-level 
categorical exposure which prior to this paper had yet to be implemented. We 
had a large combined study population of men and women with a large num-
ber of hip fractures ascertained from official registers in Sweden in a valid 
way with minimal loss to follow-up. The longitudinal design with multiple 
measurements taken from subjects in SMC and COSM, allowed temporal or-
dering of exposure, mediator and outcome variables which is a prerequisite 
for mediation analysis. We were further able to adjust our statistical models 
for a large number of potential confounders, including comorbidity based on 
patient records. 

However, we cannot completely exclude the possibility that residual con-
founding still exists,(212) for instance by health seeking behavior. But we felt 
adjustment for supplement use could partly accounted for this. Alternatively, 
the measured confounders we did include may be measured with error, for 
example physical activity(213) and smoking status.(214) Considering this, causal 
inference methods like the ones used in this study rely on the assumption of 
no residual confounding to estimate effects, which may be a strong assump-
tion. Restricting the duration of T2DM to incident cases in 1997-2009 is also 
an inherent limitation of the available data that may limit our power to detect 
possible mediating effects since disease duration will likely influence fracture 
risk. This restriction may have introduced selection bias since we did not con-
sider hip fractures and deaths occurring in 1997-2009. With repeat exposure 
assessments and exact dates of diabetes onset, we would have been able to 
apply recently developed methods to handle time-to-event outcomes 
accounting for repeatedly measured mediators subject to time-varying 
confounding(215,216) to overcome such limitations. We also had potential limi-
tations in our assessment of dietary intake which will be discussed later.  
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We assume that all our models were correctly specified, and that the con-
sistency assumption holds(217) which states that the exposure is defined with 
enough specificity that different variants of the exposure do not have different 
effects on the outcome.(218) We also assume positivity for all models and 
acknowledge that inverse probability weighting of marginal structural models 
require this assumption so that the probabilities in the denominator of the 
weights are nonzero.(219) 

Although the effect measures presented within this paper are conditional 
on confounders, comparison of the total effect odds ratios with the controlled 
direct effect estimates are still hampered due to the non-collapsible nature of 
the odds ratio.(220,221) Adding a true mediator to a regression model will lead 
to attenuated estimates for the exposure effect and at the same time, adding a 
variable that is not a confounder or a mediator to a logistic regression model 
might lead to ORs further away from 1, due to non-collapsibility. Thus, if no 
change in estimate is seen after addition of a potential mediator to a logistic 
regression model, one may draw wrong conclusions regarding presence of 
mediation. Importantly, mediation effects will be underestimated when based 
on the difference-in-coefficients method using logistic regression(221) and we 
cannot exclude that they exist. 

Study populations 
In relation to the study questions in this thesis, the cohorts all have self-re-
ported T2DM status in conjunction with medication use, fasting glucose, 
BMD and bone area measured in population-based samples consisting of men 
and women ranging from ages 50-88 years at multiple times allowing longi-
tudinal study designs. SMCC, PIVUS and ULSAM also have genetic infor-
mation allowing MR analysis. Participants in SMC, COSM, PIVUS and UL-
SAM were recruited from the general population and are therefore considered 
representative of it.(222) However SMCC may suffer from selection bias as 
even though they were randomly selected they were selected from the SMC 
cohort. Selection bias may distort the effect estimates due to the selection of 
subjects that no longer represent the population of interest.(223) However in the 
study populations used within this thesis the bias is unlikely as it is non-dif-
ferential. 

The cohorts used in this thesis limits the populations of study to Caucasian 
men and women from specific regions in Sweden, therefore caution should be 
made to extrapolate conclusions to other ethnic groups. Many of the variables 
in these cohorts were self-reported in questionnaires which may lead do po-
tential reporting errors. However adjusting for potential reporting errors in 
BMI by comparing self-reported height and weight with measured height and 
weight in participants in the U.S. National Health and Nutrition Evaluation 
Survey (NHANES) did not greatly affect the estimates of BMI and increased 
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all-cause mortality(224) suggesting that self-reported health variables can be 
valid. In ULSAM the men received extensive medical advice and intervention. 
The men in this cohort were followed over a long period of time and re-exam-
ined at several times and if health conditions were discovered they received 
medical help. Specifically in Paper III we saw a lower percentage of those 
ULSAM men with prevalent T2DM having a Charlson’s comorbidity index 
of 2 or more which may be explained by the above. 

T2DM definition 
Throughout this thesis T2DM has been defined using fasting glucose levels in 
combination with self-reported diagnosis or self-reported use of medication. 
In Paper IV we also included those data from the Swedish prescription drug 
register. Although the fasting samples enabled clinical categorization of indi-
viduals with T2DM, only one measure of fasting plasma glucose was used, 
which may have led to misclassification of T2DM as the gold standard is for 
multiple measurements.(29) However, self-reported diabetes status when com-
pared to medical record review has a high positive predictive value (91.8%) 
and a high negative predictive value (94.5%).(225) 

Mediterranean diet  
In Paper IV we created a Mediterranean diet score (mMED) based on dietary 
intake from food frequency questionnaires. Dietary assessment in this way 
may be prone to errors(226) but allows for ranking of individuals’ dietary in-
takes if total energy intake is taken into account.(227) Overweight and obese 
individuals may be more likely to under-report their energy intake and over-
report intakes of healthy foods(228,229) which may lead to potential misclassifi-
cation of adherence to Mediterranean diet. Misreporting of or changes in die-
tary habits would lead to bias towards the null for the effect of Mediterranean 
diet on diabetes and hip fracture, however, adherence to dietary patterns have 
been shown to be fairly stable over a period of 8-10 years(230,231). We also used 
a valid and reproducible FFQ.(183,184) In COSM the FFQ was validated by four 
7-day (weighted) food records performed every third month whereas in 
COSM the FFQ was validated by fourteen 24-hr recall interviews. Validity 
evaluated by Spearman rank correlation coefficients between the FFQ and the 
total intake of nutrients for the fourteen 24-h recall interviews was 0.65 for  
macronutrients and 0.62 for micronutrients(183) and in SMC it was observed 
that plasma ORACwhole, plasma ORAClipophilic, and plasma TRAP concentra-
tions correlated with FFQ-based TACtotal and FFQ-based TACfruit&vegetables es-
timates.(184) 
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Dual energy x-ray absorptiometry (DXA) 
In Papers I, II and III we considered bone area and BMD as our primary out-
come and these were measured using the two dimensional (2D) DXA tech-
nique set at a specific ROI. All DXA measurements in all three cohorts were 
taken by the same x-ray nurse using the same DXA scanner increasing the 
reliability and reducing variance in our outcome measure.  

However, as DXA is a 2D imaging technique, it limited our ability to dis-
tinguish between cortical and trabecular bone and measure the microarchitec-
ture and quality of bone mineralization,(232) leading to potentially conserva-
tively biased estimates in BMD and BMA. To overcome these limitations 
three-dimensional (3D) imaging techniques(49) are desirable. With that being 
said, the most commonly used 3D imaging technique, peripheral quantitative 
computed tomography (pQCT) is a peripheral measurement tool and DXA of 
the total hip may be a more accurate way to rank individuals according to bone 
area at the hip.  

Another potential issue is body size and composition. Body weight may 
influence the distance between the DXA bed and the bone; however, to mini-
mize the impact of such differences, the Lunar Prodigy DXA used in this the-
sis corrects the scans to the actual effective object plane. Differences in height 
between 5 and 15 cm results in an uncertainty of 1% for area measure-
ments.(233) The influence of tissue thickness is also minimal.(233,234) 

Furthermore, magnification effects are smaller when using the narrow fan-
beam along the axis as in the Lunar Prodigy, compared to wide-angle fan beam 
with perpendicular orientation. These beam-related features of the DXA scan-
ner used in this thesis, in addition to high resolution, automatic location of the 
bone, and centering of the scan around the bone providing precise automatic 
edge detection, gives an improved measurement less dependent of the exact 
positioning of the femur in the beam and no scout scans are needed.(233,234) 

Thus, the problem with high body weight when determining bone size is of 
less importance with this equipment compared with ordinary fan-beam equip-
ment.(233,234) The ordinary fan-beam equipment can have substantial magnifi-
cation error, which has direct effects on estimated bone area.(233) 

Body weight may also influence an individual’s position on the DXA scan-
ner and therefore the area measurement; however, we used a standard position 
for each subject that was checked before accepting each scan. Inter-individual 
variation in scans was also limited since each subject was measured by the 
same experienced and DXA-accredited X-ray nurse using the same scan-
ner(233) to ensure the ROI consistency, thereby any differences in positioning, 
which would introduce random measurement error, were unlikely to bias the 
results. 
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Hip fracture identification 
Hip fractures were defined by linking each participant with the National Pa-
tient Register to identify incident hip fractures (International Classification of 
Diseases [ICD]-10 codes S720, S721, or S722). The register has minimal loss 
to follow up and covers all inpatient care in Sweden since 1987 and is a valid 
form of hip fracture identification.(235-237) We also used a validated method to 
distinguish incident hip fractures from readmissions of previous hip frac-
tures.(238) We only considered first hip fractures after 14th 2009 until December 
31st 2014. We did not use time to fracture as we did not have the requisite 
updated data on exposure, mediators and confounders to conduct the analysis 
correctly.  

Confounding 
Not appropriately controlling for confounding is a major source of bias in ep-
idemiological studies. Confounding can be caused by variables that are asso-
ciated with both exposure and outcome and are not found on the causal path-
way between exposure and outcome. From an analysis, the estimates will be 
biased if the exposed and unexposed are not comparable/exchangeable due to 
improper confounding control. Specific confounders in each of our studies 
were selected using the DAG method.(140) Once identified, confounding bias 
can be controlled for by adjustment for the specific variables in statistical 
modelling, randomization, restriction or matching. However even if con-
founding variables are controlled for, there may still remain residual con-
founding from unmeasured confounders or confounders that have been meas-
ured with error. 

Causal inference and mediation analysis 
As highlighted in the introduction, the search for causal effects with the use 
of mediation analysis is becoming increasingly popular to determine mecha-
nisms of outcome occurrence from exposure and the methods to do this cor-
rectly are constantly evolving. The research question of interest will first re-
quire the graphical illustration of causal effects in a DAG(140) which will be 
constructed through background knowledge and previous evidence. This will 
then lead to the effect estimate of particular interest which will require differ-
ent methods of application. In this study we used traditional methods of me-
diation analysis with simple covariate adjustment, marginal structural models 
with IPW to estimate controlled direct effects and flexible multiple mediation 
using counterfactual notation to estimate natural direct, indirect and partial 
indirect effects.  
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In the estimation of the conditional controlled direct effect we fix the me-
diator (T2DM) to a certain level (T2DM = 0 or T2DM = 1), whereas in the 
estimation of natural direct and indirect effects, we allow the mediator’s (BMI 
or T2DM) to take the natural value they would have been, given a certain level 
of exposure (mMED). Bearing this in mind controlled direct effects are gen-
erally closer to interventional scenarios where intermediates can be intervened 
upon (intervening to make everyone T2DM or not), making them of greater 
interest in planning for public health policy.(151) Whereas natural direct and 
indirect effects are of greater interest in evaluating the mechanisms of action 
between and exposure and an outcome via any potential mediators as values 
take on their natural state in the population under study.(143) 

When conducting mediation analysis with marginal structural models it is 
essential to make clear whether the effects are conditional on the baseline con-
founders in your data or are marginalized over the set of confounders when 
generalising to other populations. Especially when using logistic regression 
models and this is due to non-collapsibility. Unlike linear models that produce 
coefficients that can be interpreted as causal effects expressed as risk differ-
ences and that can be directly compared across populations, logistic models 
produce coefficients that can (when exponentiated) be interpreted as causal 
effects expressed as odds ratios, which cannot be directly compared across 
models or  populations. 

Both methods rely on pre-specified assumptions. Even if the counterfactual 
framework allows for analysis and interpretation of mediation effects, critique 
of the methods include that the combination of counterfactuals assessed in 
mediation analysis are constructs that can never be observed in reality. In “The 
Book of Why”, Judea Pearl quotes from Donald Rubin’s causal model theory 
of potential outcomes that the potential outcome of a variable Y is simply the 
value Y would have taken for individual u, had X been assigned the value of 
x.(239) In reality we are unable to see the outcome Y for an individual u given 
X or x, therefore we must rely on assumptions for our estimates to be valid. 

In our modelling approach for natural effects, we were able to model the 
density of T2DM as this was the primary mediating variable of interest instead 
of BMI which is an advanced approach compared to that of the Monte Carlo 
method which would require the joint density of T2DM and BMI together(240) 

thus limiting the possibility of decomposing the individual mediating effects.  

Mendelian randomisation 
Interpreting the results from an MR analysis as causal, relies on several as-
sumptions, one being the assumption that the genetic variants used as instru-
ments are strongly associated with the risk factor. We were able to achieve 
this using a two-sample MR design including 35 genetic variants strongly 
associated with fasting glucose (p < 5×10−8) in a previous meta-analysis of  
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GWAS of non-diabetic individuals.(173) Doing so, ensured that any bias from 
weak instruments was towards the null(241) and we had sufficient statistical 
power to estimate causality.(174) Another assumption of MR analyses is the 
absence of pleiotropy, which can occur when a genetic instrument (SNP) af-
fects multiple phenotypes.(242) Dependent on the type of pleiotropy present, it 
can lead to biased estimates from an MR analysis. Horizontal pleiotropy oc-
curs when a genetic variant affects more than one phenotype on separate path-
ways(243), whereas vertical pleiotropy, also known as mediated pleiotropy, oc-
curs when a genetic variant effects other phenotypes downstream from the 
exposure, on the causal pathway to the outcome.(244) In our case, T2DM may 
be one such phenotype, being downstream of fasting glucose and also associ-
ated with bone phenotypes. We cannot entirely exclude that the SNPs used as 
instruments in the present study may affect bone area and BMD through mech-
anisms other than their effects on fasting glucose however we did not find any 
evidence of horizontal or vertical pleiotropy using the MR-Egger approach. 
We did not find any evidence of SNP’s being outliers or effect change caused 
by any SNP outliers, evaluated using MR-PRESSO,(180) although there may 
have been some pleiotropy in the ULSAM BMD analysis. MR‐PRESSO was 
used to evaluate potential outliers and horizontal pleiotropy by assessing 
whether a specific SNP was driving the difference in computed residual sum 
of squares (RSS) against simulated expectations. Another potential source of 
bias in MR analyses is population stratification and population heterogene-
ity,(245) but this was reduced in our study because our genetic instruments and 
outcomes came from European populations and all our outcome populations 
were based in Sweden and we adjusted for genetic principle components.  

We must also consider the possibility of introducing collider bias (selection 
bias) by restricting our study sample to those without T2DM (Figure 19).(206) 

However, we believe that it is important to investigate the association in the 
population that is of substantive interest to our scientific question of interest 
which is the effect of glucose levels on bone area. Furthermore as the genetic 
variants were established in a population without diabetes we believe this was 
the best population to study. 
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Clinical implications 

As previously described, T2DM is a major public health concern and there are 
many health complications associated with T2DM. Therefore the priority for 
clinicians and public health authorities should be to prevent T2DM and reduce 
the rate of global increase. However, as there are many individuals already 
with T2DM, clinicians should be aware of the detrimental effects it has on the 
skeleton. As highlighted in the beginning of this thesis, hip fractures which 
are a major public health concern, are an associated consequence of T2DM 
and with increasing numbers of T2DM globally, the impact that will have on 
the risk and rate of hip fractures should be of concern to clinicians from an 
individual health perspective and also to public health authorities from a fi-
nancial perspective. 

Within this thesis, evidence has been presented to highlight the negative 
association between T2DM and bone area. Lower bone area and a lesser ex-
pansion in bone area over time is associated with negative consequences for 
bone strength and resistance to fracture. These negative effects of T2DM on 
bone area were found using three different study designs suggesting that this 
may be of clinical importance particularly for the types of people under study. 
That being said, whether we can generalize these findings to non-Caucasian 
populations from different geographical locations needs to be confirmed.  

Smaller bone size has been shown to be associated with a lower strength 
and resistance to fracture, also with an increased risk of fracture. Biomechan-
ically is has been shown that by increasing the external diameter of a cylinder, 
the resistance to flexion is strongly increased.(246) This is depicted below (Fig-
ure 20) showing that an increase in the diameter of a long cylinder bone in-
creases its strength. As previously discussed, bone expands via periosteal ap-
position as a compensatory mechanism for loss in density. Stimulators of bone 
formation such as human growth hormone(247) and parathyroid hormone 
(PTH)(248) have been shown to stimulate the periosteal apposition which 
thereby increases the external diameter of long bones thus increasing bone 
strength. These could be potential pharmacological interventions clinicians 
could consider to ensure bone at the total hip continues to expand at the normal 
rate. 
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Figure 20. The changes in bone strength associated with alterations in cortical bone 
diameter and width which occur with periosteal apposition in a cylinder shaped bone. 

Clinicians could also consider physical exercise(249) to prevent bone loss and 
ensure that bone at the total hip continues to expand via periosteal apposition 
in those with T2DM in order to prevent hip fracture. There is currently no 
evidence on the mechanistic effects of physical activity on bone size in adults 
but low impact physical activity such as walking and cycling may be benefi-
cial for a lower risk of fracture(250) with potentially small effects on BMD but 
larger effects on muscle strength and function and improved balance. Physical 
activity is also a prominent therapy for the treatment of T2DM.(251) 

Currently, BMD is the primary focus for the diagnosis of bone fragility and 
susceptibility to fracture. This thesis highlights the potential negative impact 
T2DM can have on the size of bone at the total hip which may leave the pa-
tients vulnerable to fracture, therefore bone size should be taken into account 
during clinical assessment.  
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Implications for future research 

In this thesis we showed for the first time an association between T2DM, fast-
ing glucose and lower bone area measured at the hip. We were able to do so 
using three different study designs. Our first paper was limited by its cross-
sectional design which could be biased by residual confounding and or reverse 
causation which limited our ability to infer causality. With this in mind we 
conducted an MR study and used genetic variants as instruments to deal with 
these potential biases and report there was a causal effect of higher fasting 
glucose levels on bone area. In Paper III we advanced our first study to use a 
longitudinal study design and report an association between incident T2DM 
and a lesser expansion in bone area over an average of 8 years. As discussed, 
bone size is associated with fracture risk therefore these results may help ex-
plain the increased risk of hip fracture in those with T2DM due to the lower 
bone area. Even though our results were replicated using different study de-
signs, the cohorts used were all of Swedish origin. It would be interesting to 
see whether our results can be replicated in other geographical locations to  
determine whether smaller bone area at the hip is a consequence of T2DM in 
other populations. 

What I believe is also required is larger sample sizes with high quality DXA 
measurements. One particular cohort that would be of great interest to use is 
the UK Biobank. This cohort has conducted DXA scans on its participants but 
whether they have measured total hip bone area has yet to be released. If other 
large scale cohorts with DXA measurements of the hip presented their bone 
area measurements, future MR studies could utilize larger sample sizes re-
quired to corroborate or contest our findings. 

It would also be interesting if in the future it was possible to use MR to 
analayse the effect of fasting glucose levels on the risk of hip fracture. This 
could potentially be achieved if larger cohorts or consortia had the ability to 
define hip fractures in a valid and efficient way to separate them from other 
fractures. It may also be interesting to consider the complex and potentially 
bi-directional relationship between bone and energy metabolism as a previous 
MR study found that a genetically estimated increase in heel BMD of 0.14 
g/cm2 was associated with an 8% higher risk of T2DM.(252) It may not be fea-
sible with bone area as the number of genetic variants for bone area is low but 
a study with large power could assess this direction of association in the future. 
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It would also be of great interest to study the relationship between duration of 
T2DM and bone area. In this thesis we were unable to do this due to a lack of 
available data and insufficient subject numbers for adequate power. However, 
if future larger cohorts had the possibility to record dates of T2DM diagnosis 
it would offer great insight into the specific time frame when T2DM affects 
bone area. 

In Paper IV we used methods of mediation analysis which are innovative 
and not commonly used in other epidemiological studies assessing possible 
mediating pathways which frequently use the traditional approaches rather 
than the counterfactual-based approaches we have used.(253) Firstly, I think 
further application of these methods is warranted to answer not only this re-
search question but other causal mediation questions. In this study, effect es-
timates were similar when using the traditional approaches and the new ap-
proaches which may lead some researchers to believe they are not necessary. 
However the biases that arise from traditional methods of mediation analysis 
are a concern and should be dealt with efficiently with more effective meth-
ods. It has been highlighted that with the rapidly advancing methods of medi-
ation analysis, better tools for power and sample-size calculations are re-
quired,(254) as this is a common issue when it comes to conducting efficient 
mediation analysis. 

However using the advanced methods we cannot rule out possible media-
tion through other variables or the cancelling out of effects between T2DM 
and BMI. The association between Mediterranean diet and hip fracture has 
been established in several research designs most recently in a case control 
study,(255) but the mechanisms remain unclear. Therefore, future implementa-
tion of these methods to establish the causal mechanisms between the Medi-
terranean diet and hip fracture is warranted.  
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Summary and conclusion 

In summary, Papers I, II and III showed that T2DM and higher fasting glucose 
levels, used as a risk marker for T2DM were associated with smaller bone area 
at the hip. These results may be explained by a lesser expansion of the bone 
sometime during the transition to T2DM. These results may provide important 
mechanistic evidence as to why those with T2DM have a greater risk of hip 
fracture. The fact that we were able to replicate these findings using three dif-
ferent study designs is a strength of this thesis and suggests that the associa-
tions we found are true at least for these cohorts.  

We are unable to rule out mediation or counteracting effects but we found 
an effect of  Mediterranean diet on the risk  of hip fracture that does not go 
through T2DM and BMI. Further work is therefore needed to establish casual 
pathways between Mediterranean diet and hip fracture risk. 

75 



  

        
   

 

   
  

  
 

   
 

 
  

     

 
  
  

  
 

 
     

   
 

 
   

 
  

   
 

  
 

Acknowledgements 

Liisa, I truly could not have had a better supervisor for my PhD. Working with 
you has been a genuine pleasure not only for your supervision and guidance 
but also for your friendship, which has meant a great deal to me these past 5 
years. You have always placed great trust in me and given me the platform to 
learn and succeed. Your knowledge of methods, statistics and Stata is truly 
amazing and to be able to learn from you is an inspiration. You were always 
available to help me and your kind and critical mind improved every aspect of 
my work. Together we entered the world of causal mediation and a few grey 
hairs later we came out the other end with a publication we should be very 
proud of. Your warm and caring nature has made the PhD journey a pleasure 
and I will endeavor to take all I have learnt from you into the future.   

Kalle, in 2015 I came to Uppsala very nervous to meet you hoping to get a 
position in your group. Those nerves were taken away with your calm and 
generous nature and you instantly made me feel welcome. You have showed 
great faith and trust in me which meant a great deal. Your knowledge of epi-
demiology, bone and research in general are inspiring and I have learned so 
much from you. I admire you as a person and a scientist as you stand for what 
you believe in even if that goes against the views of your peers. I hope I can 
emulate this in my own career. Your critical mind and passion for excellence 
has improved my work immensely, for which I am grateful.  

Tove, thank you for all you have done to help me with this PhD. Your 
knowledge of diabetes and Mendelian randomisation is un-paralleled and has 
truly enhanced the work in this thesis. Your generous personality and enthu-
siasm for high quality research is an inspiration to any young scientist. It has 
been a pleasure to work alongside you. 

Håkan, thank you for your critical mind and extensive knowledge of the bone 
field. You have enhanced this work greatly with your detailed comments and 
questions. I am truly grateful for the time you have given me and for your 
contributions to my work.  

Alicja, thank you for the contributions to my papers and the amazing work 
you did with the cohorts. 

76 



 

      

 
 

 

 
 

   
       

 
  

 

 
 

 

 
 

 
   

 
      

   
 

     

 
  

 
   

 
  

  
 

 
     

 

Susanna, thank you for all your help with the Mendelian randomisation work. 
I would have been lost without you, so I am very grateful.  

Carina, thank you for the thousands of DXA scans you have done over the 
years which has given me the data to complete this thesis. Also, thank you for 
my own and Karin’s DXA scans which will be used in my papers.  

Erika, your warmth and energy is amazing and I know we may have annoyed 
others in the office with our chatting but I thank you for making the office day 
so fun. I also want to thank you for turning me into a skier. Finishing the 
Stafettvasan was one of the proudest moments of my life and it was all en-
couraged by you. 

Anna-Karin, thank you for all the help you have given me with data, but also 
for the wonderful times we have shared in Epihubben and in Mora. 

Jonas, thank you for all your patience and help with the causal inference me-
diation work and all other statistical issues.  

Bodil, your help and patience with the causal inference mediation work was 
also greatly appreciated. 

Epihubben, a big thank you to all my colleagues at Epihubben who create such 
a fantastic environment to work in. We have shared many great discussions 
around the lunch table and also in the seminar room where I have learned a 
great deal from each of you. I wish you all every success in your careers. 

Alex, thank you for your support and friendship these past years. I think it is 
safe to say without you, I probably wouldn’t be here writing this thesis.  

Simon, thank you for your friendship and help these last few years. 

Lorraine & Joe, I truly feel a part of your family and thank you for all the love, 
help, support and encouragement you have always given me.  

Fae, Dean, Freya and Maxwell, thank you for your constant love and support. 
Fae and Dean you have supported me through so much and gave me the great 
honour of being godfather to Maxwell. I admire you both greatly and look up 
to you like a big brother and sister.   

Sophie, Paul and Ophelia, your friendship and love mean a great deal to me 
and I want to thank you for it.  

77 



  

  
   

 
 

 
  

 
  

 
    

 
    

  
 

 
  

 
 

 
   

 
 

 
   

   
      

  
 

      
 

 
   

 
 

 
 

     
    

 
  
 

Ryan, thank you for being a true and dear friend. As a teenager I always looked 
up to you and wanted to be like you in many ways. You have been there for 
me many times and offered so much advice and love. 

Cam and Tim, Uni seems like a lifetime ago now and even though we rarely 
see one another, when we do, things just go back to how they used to be. That 
is true friendship and you are both true friends. We all graduated University 
together and I sign out here with my final graduation (BSc, MMedSci, PhD). 
Cheers boys!   

John, you are a true friend and a true inspiration for any young aspiring scien-
tist. Your drive and passion to be the best researcher you can be, really is 
something to admire. I have learned a great deal from you not only in research 
but in life. We have shared publications and great times outside of work and I 
cherish our friendship greatly. 

Karen, Peter & Ross, thank you for the love and care you have always showed 
me. To the best godmother I could have wished for.    

Bengt, Charlotte, Amanda, Daniel, Hanna, Bella, Manfred, Ninni, Linnea, 
Frank, Marianne & Britta, I want to thank you all for welcoming me into your 
family and truly making me feel a part of it. Mjälahult is becoming my home 
from home and that is down to your love and warmth. 

Greg, you know how I feel. I’ll give you a little more this time. You are my 
best mate and even though we live so far apart that doesn’t change a thing. I 
am incredibly fortunate to have a friend like you and I know I can count on 
you no matter what. You are always there for me and I just hope you know 
how much I appreciate you and the love and care you have for me. You are 
someone I admire and come to for advice and support and I can’t wait to cel-
ebrate finishing this PhD with you. “Stogies, Why not!”  

Sue, Eddie, Conor, your love and support has always been there for me. Thank 
you. 

David & Lisa, thank you for your love and support. 

Grandma and Grandad, I want to thank you for the unconditional love and 
support you have always shown me. I have listened and learned from you over 
the years and you are both role models for me. 

78 



 

      
 

 
    

 
 

  
 

    
    

  
   

 
      

      
 

     
   

  
 

 
      

 
   

 
 

 
 

 
   

   
  

 
     

  
   
 

    
   

 

John, Emma, Martha, I want to thank you all for the constant love and support 
not only during the PhD, but always. John, I have always looked up to you 
and wanted to make you proud and you have always encouraged me to do 
what I love and be the best I can.  

Mavis, thank you for the love and care you have always showed me I will be 
forever grateful for you. 

Grandad, at the beginning of this year we lost you. That broke my heart and I 
wish you were here to see me complete this PhD, as I wish you to be here to 
see me achieve many other things in life. You always were and still are a great 
inspiration to me and I know you are watching over me now. How you em-
braced life with calmness and humour is something I try to emulate. Your love 
and support was always unconditional and now this is all done I will try to do 
what you always asked me to do, “Get a real job”. 

Mum and Dad, I want to thank you from the very bottom of my heart for 
absolutely everything you have done and continue to do for me. I would not 
be where I am without you. The unconditional love you give me is unparal-
leled and I am extremely lucky to have a Mum and Dad like you who have 
always supported me and encouraged me to be happy and be the best I can be. 
These past 5 years have been a struggle in some senses because I am so far 
from you and cannot see you as often as I want, but that love, support and 
encouragement from you has always kept me going. You are both an inspira-
tion to me and I want to be like you. You raised me to be kind and humble and 
you brought me up in a warm and happy home full of love and laughter and I 
am eternally grateful to you. You have inspired and pushed me to chase my 
dreams and do the best I can. I hope to make you proud. 

Andy, my little brother. You are always there for me, through good and bad 
times and I could never have wished for a better brother. Even though I am 
the eldest son, it is you I look up to. You are the kindest person I know and I 
have missed you very much. Your calmness and relaxed nature is something 
to admire and I try to follow in your footsteps with that. You keep me humble 
and grounded and you make me laugh like no-one else. You are always there 
to give me love, support and advice I am very blessed to call you my brother.  

Lucy Alice, my little sister. I am sorry I have been away for so long doing this 
PhD, but I hope you can read it and be proud of the work I have done. I am 
very proud of you. Even though I am your older brother I look up to you in so 
many ways. Your kindness, love, wit and humour are amazing qualities that 
help to make you into the most wonderful person that you are. Your honesty, 
hard work and perseverance really inspire me to work hard and be the best I 
can be, and like your brother, Andy, you make me laugh like no-one else. 

79 



  

   
      
 

  
  

     
 

  

    
   

  
    

 
 

Karin, min älskling. I first want to thank you for the help you have given me 
with this thesis and I also want to thank you for your hip modelling in Paper 
III. Very strong hips. 

More importantly though, I want to thank you for the unconditional love 
and support you show me. You are my best friend and you are always there to 
listen and to help me and pick me up when I’m down. In this book I have 
stated how several people inspire me, but nobody inspires me like you do. 
Your energy and aura is encapsulating to me and you give me the passion to 
grow and be the best version of myself that I can be. You challenge me to be 
great. Ever since that day in Dublin I have been in love with you and to be 
able to share not only my PhD journey with you but my life journey is magical. 
You are the most humble, funny, caring, honest, passionate, intelligent and 
beautiful person I have ever met and I cannot wait to see where the future 
takes us and the adventures we share together. 

80 



 

       
  

 
   

         
   

          
   

   
 

      
  

    
 

     

 
  

      
  

  
        

    
     

    
  

  
      

  
    

          

        
   

         
 

  
   

    

References 

1. Cusick M, Meleth AD, Agrón E, Fisher MR, Reed GF, Knatterud GL, et al. 
Associations of Mortality and Diabetes Complications in Patients With Type 1
and Type 2 Diabetes. Diabetes Care. 2005;28(3):617. 

2. Abdul-Ghani M, DeFronzo RA, Del Prato S, Chilton R, Singh R, Ryder REJ. 
Cardiovascular Disease and Type 2 Diabetes: Has the Dawn of a New Era Ar-
rived? Diabetes Care. 2017;40(7):813. 

3. Ko S-H, Cha B-Y. Diabetic peripheral neuropathy in type 2 diabetes mellitus 
in Korea. Diabetes Metab J. 2012;36(1):6-12. Epub 2012/02/17. 

4. Fong DS, Aiello L, Gardner TW, King GL, Blankenship G, Cavallerano JD, et 
al. Retinopathy in Diabetes. Diabetes Care. 2004;27(suppl 1):s84. 

5. Wright AK, Kontopantelis E, Emsley R, Buchan I, Sattar N, Rutter MK, et al. 
Life Expectancy and Cause-Specific Mortality in Type 2 Diabetes: A Popula-
tion-Based Cohort Study Quantifying Relationships in Ethnic Subgroups. Dia-
betes Care. 2017;40(3):338. 

6. Zhuo X, Zhang P, Hoerger TJ. Lifetime direct medical costs of treating type 2 
diabetes and diabetic complications. American journal of preventive medicine. 
Sep 2013;45(3):253-61. Epub 2013/08/21. 

7. Schwartz AV, Sellmeyer DE. Diabetes, fracture, and bone fragility. Curr Oste-
oporos Rep. Sep 2007;5(3):105-11. Epub 2007/10/11. 

8. Schwartz AV, Sellmeyer DE, Ensrud KE, Cauley JA, Tabor HK, Schreiner PJ,
et al. Older women with diabetes have an increased risk of fracture: a prospec-
tive study. J Clin Endocrinol Metab. Jan 2001;86(1):32-8. Epub 2001/03/07. 

9. Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C, Stenmark J, et 
al. 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). Archives of osteoporosis. 2013;8:136. Epub
2013/10/12. 

10. Boonen S, Autier P, Barette M, Vanderschueren D, Lips P, Haentjens P. Func-
tional outcome and quality of life following hip fracture in elderly women: a 
prospective controlled study. Osteoporosis Int. 2004/02/01 2004;15(2):87-94. 

11. Leal J, Gray AM, Prieto-Alhambra D, Arden NK, Cooper C, Javaid MK, et al. 
Impact of hip fracture on hospital care costs: a population-based study. Osteo-
porosis Int. 08/1903/24/received08/05/accepted 2016;27:549-58. 

12. Michaëlsson K, Nordström P, Nordström A, Garmo H, Byberg L, Pedersen NL,
et al. Impact of hip fracture on mortality: a cohort study in hip fracture discord-
ant identical twins. Journal of bone and mineral research : the official journal 
of the American Society for Bone and Mineral Research. Feb 2014;29(2):424-
31. Epub 2013/07/04. 

13. Dyer SM, Crotty M, Fairhall N, Magaziner J, Beaupre LA, Cameron ID, et al. 
A critical review of the long-term disability outcomes following hip fracture. 
BMC Geriatr. 2016;16(1):158-. 

81 



  

   
        

  
      

   
   

     
  

        

       
  

  
   

 

   
     

    
 

        
 

 

      

  
      

   
       

 

  
    

 
   

 

     
     

    

    

 
   

14. Carlsson S, Andersson T, Talbäck M, Feychting M. Incidence and prevalence 
of type 2 diabetes by occupation: results from all Swedish employees. Diabeto-
logia. 2020/01/01 2020;63(1):95-103. 

15. Kanis JA, Johnell O, De Laet C, Jonsson B, Oden A, Ogelsby AK. International 
Variations in Hip Fracture Probabilities: Implications for Risk Assessment. 
Journal of Bone and Mineral Research. 2002/07/01 2002;17(7):1237-44. 

16. Schwartz AV, Vittinghoff E, Bauer DC, Hillier TA, Strotmeyer ES, Ensrud KE, 
et al. Association of BMD and FRAX score with risk of fracture in older adults 
with type 2 diabetes. Jama. Jun 1 2011;305(21):2184-92. Epub 2011/06/03. 

17. Samelson EJ, Demissie S, Cupples LA, Zhang X, Xu H, Liu CT, et al. Diabetes
and Deficits in Cortical Bone Density, Microarchitecture, and Bone Size: Fram-
ingham HR-pQCT Study. Journal of bone and mineral research : the official 
journal  of the American Society for Bone and Mineral Research.  Jan 
2018;33(1):54-62. Epub 2017/09/21. 

18. Hygum K, Starup-Linde J, Harsløf T, Vestergaard P, Langdahl BL. MECHA-
NISMS IN ENDOCRINOLOGY: Diabetes mellitus, a state of low bone turno-
ver - a systematic review and meta-analysis. European journal of endocrinol-
ogy. Mar 2017;176(3):R137-r57. Epub 2017/01/05. 

19. Karlamangla AS, Barrett-Connor E, Young J, Greendale GA. Hip fracture risk
assessment using composite indices of femoral neck strength: the Rancho Ber-
nardo study. Osteoporosis International. 2004/01/01 2004;15(1):62-70. 

20. Napoli N, Strotmeyer ES, Ensrud KE, Sellmeyer DE, Bauer DC, Hoffman AR, 
et al. Fracture risk in diabetic elderly men: the MrOS study. Diabetologia. Oct 
2014;57(10):2057-65. Epub 2014/06/09. 

21. Reaven GM. Role of Insulin Resistance in Human Disease. Diabetes. 
1988;37(12):1595. 

22. Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of 
pathogenesis and therapy. The Lancet. 2005/04/09/ 2005;365(9467):1333-46. 

23. Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, et al. A genome-wide
association study identifies novel risk loci for type 2 diabetes. Nature. Feb 22 
2007;445(7130):881-5. Epub 2007/02/13. 

24. Hu FB, Li TY, Colditz GA, Willett WC, Manson JE. Television watching and 
other sedentary behaviors in relation to risk of obesity and type 2 diabetes melli-
tus in women. Jama. Apr 9 2003;289(14):1785-91. Epub 2003/04/10. 

25. Kirkman MS, Briscoe VJ, Clark N, Florez H, Haas LB, Halter JB, et al. Diabe-
tes in Older Adults. Diabetes Care. 2012;35(12):2650. 

26. Ezzati M, Riboli E. Behavioral and dietary risk factors for noncommunicable 
diseases. The New England journal of medicine. Sep 5 2013;369(10):954-64. 
Epub 2013/09/06. 

27. Hu FB, Leitzmann MF, Stampfer MJ, Colditz GA, Willett WC, Rimm EB. 
Physical Activity and Television Watching in Relation to Risk for Type 2 Dia-
betes Mellitus in Men. Archives of Internal Medicine. 2001;161(12):1542-8. 

28. Whitlock G, Lewington S, Sherliker P, Clarke R, Emberson J, Halsey J, et al. 
Body-mass index and cause-specific mortality in 900 000 adults: collaborative 
analyses of 57 prospective studies. Lancet (London, England). Mar 28 
2009;373(9669):1083-96. Epub 2009/03/21. 

29. 2. Classification and Diagnosis of Diabetes: &lt;em&gt;Standards of Medical 
Care in Diabetes—2020&lt;/em&gt. Diabetes Care. 2020;43(Supplement 
1):S14. 

30. Wild S, Roglic G, Green A, Sicree R, King H. Global Prevalence of Diabetes. 
Diabetes Care. 2004;27(5):1047. 

82 



 

 
  

  
   

   
   

    
      

  
      

    
   

      
       

     
     

    
 

   
      

    
    

  

  
   

 
  

 
   

   
      

   
 

           
   

 
     

      
     

  
          

   
 

     

31. Beagley J, Guariguata L, Weil C, Motala AA. Global estimates of undiagnosed
diabetes in adults. Diabetes Research and Clinical Practice. 2014/02/01/ 
2014;103(2):150-60. 

32. Fan Y, Wei F, Lang Y, Liu Y. Diabetes mellitus and risk of hip fractures: a 
meta-analysis. Osteoporosis international : a journal established as result of co-
operation between the European Foundation for Osteoporosis and the National
Osteoporosis Foundation of the USA. Jan 2016;27(1):219-28. Epub 
2015/08/13. 

33. Lipscombe LL, Jamal SA, Booth GL, Hawker GA. The risk of hip fractures in 
older individuals with diabetes: a population-based study. Diabetes Care. Apr 
2007;30(4):835-41. Epub 2007/03/30. 

34. Osterhoff G, Morgan EF, Shefelbine SJ, Karim L, McNamara LM, Augat P. 
Bone mechanical properties and changes with osteoporosis. Injury. 2016;47 
Suppl 2(Suppl 2):S11-S20. 

35. Ito M, Nishida A, Koga A, Ikeda S, Shiraishi A, Uetani M, et al. Contribution 
of trabecular and cortical components to the mechanical properties of bone and 
their regulating parameters. Bone. Sep 2002;31(3):351-8. Epub 2002/09/17. 

36. Holzer G, von Skrbensky G, Holzer LA, Pichl W. Hip Fractures and the Con-
tribution of Cortical Versus Trabecular Bone to Femoral Neck Strength. Journal 
of Bone and Mineral Research. 2009/03/01 2009;24(3):468-74. 

37. Keaveny TM, Hayes WC. A 20-year perspective on the mechanical properties 
of trabecular bone. Journal of biomechanical engineering. Nov 
1993;115(4b):534-42. Epub 1993/11/01. 

38. Kanis JA, Glüer CC, for the Committee of Scientific Advisors IOF. An Update
on the Diagnosis and Assessment of Osteoporosis with Densitometry. Osteopo-
rosis International. 2000/03/01 2000;11(3):192-202. 

39. Ammann P, Rizzoli R. Bone strength and its determinants. Osteoporosis Inter-
national. 2003/03/01 2003;14(3):13-8. 

40. Fonseca H, Moreira-Gonçalves D, Coriolano H-JA, Duarte JA. Bone Quality:
The Determinants of Bone Strength and Fragility. Sports Medicine. 2014/01/01
2014;44(1):37-53. 

41.  Turner CH. Biomechanics of Bone: Determinants of Skeletal Fragility and 
Bone Quality. Osteoporosis International. 2002/02/01 2002;13(2):97-104. 

42. Cummings SR, Nevitt MC. Non-skeletal determinants of fractures: the potential 
importance of the mechanics of falls. Study of Osteoporotic Fractures Research 
Group. Osteoporosis international : a journal established as result of coopera-
tion between the European Foundation for Osteoporosis and the National Oste-
oporosis Foundation of the USA. 1994;4 Suppl 1:67-70. Epub 1994/01/01. 

43. Yang Y, Hu X, Zhang Q, Zou R. Diabetes mellitus and risk of falls in  older  
adults: a systematic review and meta-analysis. Age and Ageing. 
2016;45(6):761-7. 

44. Johnell O, Kanis JA, Oden A, Johansson H, De Laet C, Delmas P, et al. Predic-
tive value of BMD for hip and other fractures. Journal of bone and mineral 
research : the official journal of the American Society for Bone and Mineral 
Research. Jul 2005;20(7):1185-94. Epub 2005/06/09. 

45. de L, II, van der Klift M, de Laet CE, van Daele PL, Hofman A, Pols HA. Bone 
mineral density and fracture risk in type-2 diabetes mellitus: the Rotterdam 
Study. Osteoporosis international : a journal established as result of cooperation 
between the European Foundation for Osteoporosis and the National Osteopo-
rosis Foundation of the USA. Dec 2005;16(12):1713-20. Epub 2005/06/09. 

83 



  

     
     

   
      

     
      

     
 

 
       

  
   

    

       
  

    
    

 
   

       
     

  
      

 
  

    
       

  
 

   
  

 

         
   

          
   

 
     

         
          

  
 
 

46. Ma L, Oei L, Jiang L, Estrada K, Chen H, Wang Z, et al. Association between 
bone mineral density and type 2 diabetes mellitus: a meta-analysis of observa-
tional studies. Eur J Epidemiol. 2012;27(5):319-32. Epub 2012/03/27. 

47. Bjørnerem Å. The clinical contribution of cortical porosity to fragility fractures. 
Bonekey Rep. 2016;5:846-. 

48. Patsch JM, Burghardt AJ, Yap SP, Baum T, Schwartz AV, Joseph GB, et al. 
Increased cortical porosity in type 2 diabetic postmenopausal women with fra-
gility fractures. Journal of bone and mineral research : the official journal of the
American Society for Bone and Mineral Research. Feb 2013;28(2):313-24. 
Epub 2012/09/20. 

49. Burghardt AJ, Issever AS, Schwartz AV, Davis KA, Masharani U, Majumdar 
S, et al. High-resolution peripheral quantitative computed tomographic imaging 
of cortical and trabecular bone microarchitecture in patients with type 2 diabe-
tes mellitus. J Clin Endocrinol Metab. Nov 2010;95(11):5045-55. Epub 
2010/08/20. 

50. Farr JN, Drake MT, Amin S, Melton LJ, 3rd, McCready LK, Khosla S. In vivo 
assessment of bone quality in postmenopausal women with type 2 diabetes.
Journal of bone and mineral research : the official journal of the American So-
ciety for Bone and Mineral Research. Apr 2014;29(4):787-95. Epub 
2013/10/15. 

51. Vestergaard P. Discrepancies in bone mineral density and fracture risk in pa-
tients with type 1 and type 2 diabetes--a meta-analysis. Osteoporosis interna-
tional : a journal established as result of cooperation between the European  
Foundation for Osteoporosis and the National Osteoporosis Foundation of the 
USA. Apr 2007;18(4):427-44. Epub 2006/10/28. 

52. Hofbauer LC, Brueck CC, Singh SK, Dobnig H. Osteoporosis in patients with
diabetes mellitus. Journal of bone and mineral research : the official journal of 
the American Society for Bone and Mineral Research. Sep 2007;22(9):1317-
28. Epub 2007/05/16. 

53. Schwartz AV, Hillier TA, Sellmeyer DE, Resnick HE, Gregg E, Ensrud KE, et
al. Older Women With Diabetes Have a Higher Risk of Falls. Diabetes Care. 
2002;25(10):1749. 

54. Shanbhogue VV, Mitchell DM, Rosen CJ, Bouxsein ML. Type 2 diabetes and 
the skeleton: new insights into sweet bones. The lancet Diabetes & endocrinol-
ogy. Feb 2016;4(2):159-73. Epub 2015/09/15. 

55. Kalyani RR, Corriere M, Ferrucci L. Age-related and disease-related muscle 
loss: the effect of diabetes, obesity, and other diseases. The lancet Diabetes & 
endocrinology. Oct 2014;2(10):819-29. Epub 2014/04/16. 

56. Park SW, Goodpaster BH, Lee JS, Kuller LH, Boudreau R, de Rekeneire N, et
al. Excessive loss of skeletal muscle mass in older adults with type 2 diabetes. 
Diabetes Care. Nov 2009;32(11):1993-7. Epub 2009/06/25. 

57. Bays HE, Chapman RH, Grandy S, Group SI. The relationship of body mass 
index to diabetes mellitus, hypertension and dyslipidaemia: comparison of data 
from two national surveys. Int J Clin Pract. 2007;61(5):737-47. 

58. Moseley KF. Type 2 diabetes and bone fractures. Curr Opin Endocrinol Diabe-
tes Obes. 2012;19(2):128-35. 

59. Yang L, Lv X, Wei D, Yue F, Guo J, Zhang T. Metabolic syndrome and the 
risk of bone fractures: A Meta-analysis of prospective cohort studies. Bone. 
2016/03/01/ 2016;84:52-6. 

84 



 

      
         

    
       

  
      

    
    

 

    
      

 
          

     

      
    

   
  

  
    

     
 

      
  

   
    

      
   

 
  

        
     

    
         

   
  

   
     

       
 

    
       

      

 

60. Felson DT, Zhang Y, Hannan MT, Anderson JJ. Effects of weight and body
mass index on bone mineral density in men and women: the Framingham study. 
Journal of bone and mineral research : the official journal of the American So-
ciety for Bone and Mineral Research. May 1993;8(5):567-73. Epub 1993/05/01. 

61. Salamat MR, Salamat AH, Janghorbani M. Association between Obesity and 
Bone Mineral Density by Gender and Menopausal Status. Endocrinology and 
metabolism (Seoul, Korea). Dec 2016;31(4):547-58. Epub 2016/11/12. 

62. Reid IR, Plank LD, Evans MC. Fat mass is an important determinant of whole 
body bone density in premenopausal women but not in men. J Clin Endocrinol
Metab. Sep 1992;75(3):779-82. Epub 1992/09/01. 

63. Wang MC, Bachrach LK, Van Loan M, Hudes M, Flegal KM, Crawford PB. 
The relative contributions of lean tissue mass and fat mass to bone density in 
young women. Bone. 2005/10/01/ 2005;37(4):474-81. 

64. Stolk RP, Van Daele PL, Pols HA, Burger H, Hofman A, Birkenhäger JC, et al. 
Hyperinsulinemia and bone mineral density in an elderly population: The Rot-
terdam Study. Bone. Jun 1996;18(6):545-9. Epub 1996/06/01. 

65. Wasnich RD, Benfante RJ, Yano K, Heilbrun L, Vogel JM. Thiazide effect on 
the mineral content of bone. The New England journal of medicine. Aug 11  
1983;309(6):344-7. Epub 1983/08/11. 

66.  Park J-H, Song  Y-M, Sung J, Lee  K, Kim YS, Kim T, et al. The association 
between fat and lean mass and bone mineral density: The Healthy Twin Study.
Bone. 2012/04/01/ 2012;50(4):1006-11. 

67. Zhao L-J, Liu Y-J, Liu P-Y, Hamilton J, Recker RR, Deng H-W. Relationship 
of obesity with osteoporosis. J Clin Endocrinol Metab. 2007;92(5):1640-6. 
Epub 2007/02/13. 

68. Shi YC, Baldock PA. Central and peripheral mechanisms of the NPY system in 
the regulation of bone and adipose tissue. Bone. Feb 2012;50(2):430-6. Epub 
2011/10/20. 

69. Gilsanz V, Chalfant J, Mo AO, Lee DC, Dorey FJ, Mittelman SD. Reciprocal
relations of subcutaneous and visceral fat to bone structure and strength. J Clin
Endocrinol Metab. 2009;94(9):3387-93. Epub 2009/06/16. 

70. Goodpaster BH, Krishnaswami S, Resnick H, Kelley DE, Haggerty C, Harris 
TB, et al. Association between regional adipose tissue distribution and both 
type 2 diabetes and impaired glucose tolerance in elderly men and women. Di-
abetes Care. Feb 2003;26(2):372-9. Epub 2003/01/28. 

71. Kanabrocki EL, Hermida RC, Wright M, Young RM, Bremner FW, Third JL, 
et al. Circadian variation of serum leptin in healthy and diabetic men. Chrono-
biology international. Mar 2001;18(2):273-83. Epub 2001/05/31. 

72. Hamrick MW, Della-Fera MA, Choi YH, Pennington C, Hartzell D, Baile CA.
Leptin treatment induces loss of bone marrow adipocytes and increases bone 
formation in leptin-deficient ob/ob mice. Journal of bone and mineral research 
: the official journal of the American Society for Bone and Mineral Research. 
Jun 2005;20(6):994-1001. Epub 2005/05/11. 

73. Cornish J, Callon KE, Bava U, Lin C, Naot D, Hill BL, et al. Leptin directly 
regulates bone cell function in vitro and reduces bone fragility in vivo. The 
Journal of endocrinology. Nov 2002;175(2):405-15. Epub 2002/11/14. 

74. Pun KK, Lau P, Ho PW. The characterization, regulation, and function of insu-
lin receptors on osteoblast-like clonal osteosarcoma cell line. Journal of bone 
and mineral research : the official journal of the American Society for Bone and 
Mineral Research. Dec 1989;4(6):853-62. Epub 1989/12/01. 

85 



  

 
  

     
  

  
   

 
   

 
     

 
    

      
 

      
  

 
     

 
     

  
        

   
  

  
  

   
  

   
   

  
 

   
   

   
   

 
        

       

 

     
    

 
      

  

       
  

 

75. Langlois JA, Rosen CJ, Visser M, Hannan MT, Harris T, Wilson PWF, et al. 
Association Between Insulin-Like Growth Factor I and Bone Mineral Density
in Older Women and Men: The Framingham Heart Study1. The Journal of Clin-
ical Endocrinology & Metabolism. 1998;83(12):4257-62. 

76. Hickman J, McElduff A. Insulin Promotes Growth of the Cultured Rat Osteo-
sarcoma Cell Line UMR-106-01: An Osteoblast-Like Cell*. Endocrinology. 
1989;124(2):701-6. 

77. Cornish J, Callon KE, Reid IR. Insulin increases histomorphometric indices of 
bone formation In vivo. Calcif Tissue Int. 1996/12/01 1996;59(6):492-5. 

78. Ma X, Meng J, Jia M, Bi L, Zhou Y, Wang Y, et al. Exendin-4, a glucagon-like 
peptide-1 receptor agonist, prevents osteopenia by promoting bone formation 
and suppressing bone resorption in aged ovariectomized rats. Journal of bone 
and mineral research : the official journal of the American Society for Bone and 
Mineral Research. Jul 2013;28(7):1641-52. Epub 2013/02/22. 

79.  Lu N, Sun H, Yu  J, Wang X,  Liu D,  Zhao L,  et  al. Glucagon-like peptide-1 
receptor agonist Liraglutide has anabolic bone effects in ovariectomized rats 
without diabetes. PloS one. 2015;10(7):e0132744. Epub 2015/07/16. 

80. Grey A. Skeletal consequences of thiazolidinedione therapy. Osteoporosis in-
ternational : a journal established as result of cooperation between the European
Foundation for Osteoporosis and the National Osteoporosis Foundation of the 
USA. Feb 2008;19(2):129-37. Epub 2007/09/29. 

81. Nordklint AK, Almdal TP, Vestergaard P, Lundby-Christensen L, Boesgaard 
TW, Breum L, et al. The effect of metformin versus placebo in combination 
with insulin analogues on bone mineral density and trabecular bone score in 
patients with type 2 diabetes mellitus: a randomized placebo-controlled trial. 
Osteoporosis international : a journal established as result of cooperation be-
tween the European Foundation for Osteoporosis and the National Osteoporosis
Foundation of the USA. Nov 2018;29(11):2517-26. Epub 2018/07/22. 

82. Losada-Grande E, Hawley S, Soldevila B, Martinez-Laguna D, Nogues X, 
Diez-Perez A, et al. Insulin use and Excess Fracture Risk in Patients with Type 
2 Diabetes: A Propensity-Matched cohort analysis. Scientific Reports. 
2017/06/19 2017;7(1):3781. 

83. Riggs BL, Melton Iii LJ, 3rd, Robb RA, Camp JJ, Atkinson EJ, Peterson JM, et 
al. Population-based study of age and sex differences in bone volumetric den-
sity, size, geometry, and structure at different skeletal sites. Journal of bone and 
mineral research : the official journal of the American Society for Bone and  
Mineral Research. Dec 2004;19(12):1945-54. Epub 2004/11/13. 

84. Jepsen KJ, Andarawis-Puri N. The amount of periosteal apposition required to 
maintain bone strength during aging depends on adult bone morphology and
tissue-modulus degradation rate. Journal of bone and mineral research : the of-
ficial journal of the American Society for Bone and  Mineral Research. 
2012;27(9):1916-26. 

85. Seeman E. Periosteal bone formation--a neglected determinant of bone 
strength. The New England journal of medicine. Jul 24 2003;349(4):320-3. 
Epub 2003/07/25. 

86. Ahlborg HG, Johnell O, Turner CH, Rannevik G, Karlsson MK. Bone Loss and 
Bone Size after Menopause. New England Journal of Medicine. 2003/07/24 
2003;349(4):327-34. 

87. Seeman E. Estrogen, androgen, and the pathogenesis of bone fragility in women
and men. Current Osteoporosis Reports. 2004/09/01 2004;2(3):90-6. 

86 



 

      
    

      
    

  

   
      

   
          

    
        

 
       

    
      

  
      

   
   

  
        

         

    
     

 
    

   

         
    

   
    

  
   

    
  

  
 

    
 

  
    

     
  

     
   

 

88. Beck TJ, Looker AC, Ruff CB, Sievanen H, Wahner HW. Structural trends in 
the aging femoral neck and proximal shaft: analysis of the Third National 
Health and Nutrition Examination Survey dual-energy X-ray absorptiometry
data. Journal of bone and mineral research : the official journal of the American 
Society for Bone and Mineral Research. Dec 2000;15(12):2297-304. Epub
2000/12/29. 

89. Cheng XG, Lowet G, Boonen S, Nicholson PH, Brys P, Nijs J, et al. Assessment 
of the strength of proximal femur in vitro: relationship to femoral bone mineral
density and femoral geometry. Bone. Mar 1997;20(3):213-8. Epub 1997/03/01. 

90. Ahlborg HG, Nguyen ND, Nguyen TV, Center JR, Eisman JA. Contribution of
hip strength indices to hip fracture risk in elderly men and women. Journal of 
bone and mineral research : the official journal of the American Society for 
Bone and Mineral Research. Oct 2005;20(10):1820-7. Epub 2005/09/15. 

91. Seeman E, Duan Y, Fong C, Edmonds J. Fracture site-specific deficits in bone 
size and volumetric density in men with spine or hip fractures. Journal of bone
and mineral research : the official journal of the American Society for Bone and 
Mineral Research. Jan 2001;16(1):120-7. Epub 2001/01/10. 

92. Beck TJ, Oreskovic TL, Stone KL, Ruff CB, Ensrud K, Nevitt MC, et al. Struc-
tural adaptation to changing skeletal load in the progression toward hip fragil-
ity: the study of osteoporotic fractures. Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research. 
Jun 2001;16(6):1108-19. Epub 2001/06/08. 

93. Davison KS, Siminoski K, Adachi JD, Hanley DA, Goltzman D, Hodsman AB,
et al. Bone Strength: The Whole Is Greater Than the Sum of Its Parts. Seminars
in Arthritis and Rheumatism. 2006/08/01/ 2006;36(1):22-31. 

94. Hart NH, Nimphius S, Rantalainen T, Ireland A, Siafarikas A, Newton RU. 
Mechanical basis of bone strength: influence of bone material, bone structure 
and muscle action. J Musculoskelet Neuronal Interact. 2017;17(3):114-39. 

95. Ishii S, Cauley JA, Crandall CJ, Srikanthan P, Greendale GA, Huang MH, et 
al. Diabetes and femoral neck strength: findings from the Hip Strength Across 
the Menopausal Transition Study. J Clin Endocrinol Metab. Jan 
2012;97(1):190-7. Epub 2011/11/11. 

96. Shu A, Yin MT, Stein E, Cremers S, Dworakowski E, Ives R, et al. Bone struc-
ture and turnover in type 2 diabetes mellitus. Osteoporosis international : a jour-
nal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. Feb 
2012;23(2):635-41. Epub 2011/03/23. 

97. Colleluori G, Aguirre L, Dorin R, Robbins D, Blevins D, Barnouin Y, et al. 
Hypogonadal men with type 2 diabetes mellitus have smaller bone size and  
lower bone turnover. Bone. Jun 2017;99:14-9. Epub 2017/03/23. 

98. Petit MA, Paudel ML, Taylor BC, Hughes JM, Strotmeyer ES, Schwartz AV, 
et al. Bone mass and strength in older men with type 2 diabetes: the Osteopo-
rotic Fractures in Men Study. Journal of bone and mineral research : the official 
journal of the American Society for Bone and Mineral Research.  Feb 
2010;25(2):285-91. Epub 2009/07/15. 

99. Calvo MS, Eyre DR, Gundberg CM. Molecular basis and clinical application 
of biological markers of bone turnover. Endocrine reviews. Aug 
1996;17(4):333-68. Epub 1996/08/01. 

100. Seeman E. The growth and age-related origins of bone fragility in men. Calcif 
Tissue Int. Aug 2004;75(2):100-9. Epub 2004/09/24. 

87 



  

       
        

     
  

  
    

 
  

     

    
 

  
    

      

  
     

     

  
   

          
   

   
  

    
     

 
       

    
     

   

     
     

  
        

  

        
 

 
       

      
 

 

101. Yamamoto M, Yamaguchi T, Nawata K, Yamauchi M, Sugimoto T. Decreased 
PTH levels accompanied by low bone formation are associated with vertebral 
fractures in postmenopausal women with type 2 diabetes. J Clin Endocrinol 
Metab. Apr 2012;97(4):1277-84. Epub 2012/02/18. 

102. Carnovali M, Luzi L, Banfi G, Mariotti M. Chronic hyperglycemia affects bone
metabolism in adult zebrafish scale model. Endocrine. Dec 2016;54(3):808-17. 
Epub 2016/10/04. 

103. Cunha JS, Ferreira VM, Maquigussa E, Naves MA, Boim MA. Effects of high 
glucose and high insulin concentrations on osteoblast function in vitro. Cell and 
tissue research. Oct 2014;358(1):249-56. Epub 2014/05/27. 

104. García-Martín A, Rozas-Moreno P, Reyes-García R, Morales-Santana S, Gar-
cía-Fontana B, García-Salcedo JA, et al. Circulating levels of sclerostin are in-
creased in patients with type 2 diabetes mellitus. J Clin Endocrinol Metab. Jan 
2012;97(1):234-41. Epub 2011/10/28. 

105. Tanaka K, 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. Biochemical and bio-
physical research communications. May 29 2015;461(2):193-9. Epub 
2015/02/28. 

106. Gaudio A, Privitera F, Battaglia K, Torrisi V, Sidoti MH, Pulvirenti I, et al. 
Sclerostin levels associated with inhibition of the Wnt/β-catenin signaling and 
reduced bone turnover in type 2 diabetes mellitus. J Clin Endocrinol Metab. Oct 
2012;97(10):3744-50. Epub 2012/08/03. 

107. Krakauer JC, McKenna MJ, Buderer NF, Rao DS, Whitehouse FW, Parfitt AM. 
Bone loss and bone turnover in diabetes. Diabetes. Jul 1995;44(7):775-82. Epub 
1995/07/01. 

108. Ardawi MS, Akhbar DH, Alshaikh A, Ahmed MM, Qari MH, Rouzi AA, et al. 
Increased serum sclerostin and decreased serum IGF-1 are associated with ver-
tebral fractures among postmenopausal women with type-2 diabetes. Bone. Oct 
2013;56(2):355-62. Epub 2013/07/13. 

109. Manavalan JS, Cremers S, Dempster DW, Zhou H, Dworakowski E, Kode A, 
et al. Circulating osteogenic precursor cells in type 2 diabetes mellitus. J Clin 
Endocrinol Metab. Sep 2012;97(9):3240-50. Epub 2012/06/29. 

110. Leslie WD, Rubin MR, Schwartz AV, Kanis JA. Type 2 diabetes and bone. 
Journal of bone and mineral research : the official journal of the American So-
ciety for Bone and Mineral Research. Nov 2012;27(11):2231-7. Epub 
2012/10/02. 

111. Schwartz AV. Diabetes Mellitus: Does it Affect Bone? Calcif Tissue Int. Dec 
2003;73(6):515-9. Epub 2003/10/01. 

112. García-Hernández A, Arzate H, Gil-Chavarría I, Rojo R, Moreno-Fierros L. 
High glucose concentrations alter the biomineralization process in human oste-
oblastic cells. Bone. Jan 2012;50(1):276-88. Epub 2011/11/17. 

113. Yano H, Ohya K, Amagasa T. Effects of insulin on in vitro bone formation in 
fetal rat parietal bone. Endocrine journal. Jun 1994;41(3):293-300. Epub 
1994/06/01. 

114. Shanbhogue VV, Finkelstein JS, Bouxsein ML, Yu EW. Association Between 
Insulin Resistance and Bone Structure in Nondiabetic Postmenopausal Women. 
J Clin Endocrinol Metab. Aug 2016;101(8):3114-22. Epub 2016/06/01. 

115. Birkeland KI, Hanssen KF, Torjesen PA, Vaaler S. Level of sex hormone-bind-
ing globulin is positively correlated with insulin sensitivity in men with type 2 
diabetes. The Journal of Clinical Endocrinology & Metabolism.  
1993;76(2):275-8. 

88 



 

 
    

         
  

  
       

   
 

  
       

    
       

 
       

   

  
 

  
    

   
  

      
  

     
     

  
     

         
 

 
 

      
   

 
     

 
    

  
   

 
         

   
  

    
    

    

116. Verroken C, Zmierczak HG, Goemaere S, Kaufman JM, Lapauw B. Insulin Re-
sistance Is Associated With Smaller Cortical Bone Size in Nondiabetic Men at 
the Age of Peak Bone Mass. J Clin Endocrinol Metab. Jun 1 2017;102(6):1807-
15. Epub 2016/12/22. 

117. Frassetto LA, Todd KM, Morris RC, Jr., Sebastian A. Worldwide incidence of 
hip fracture in elderly women: relation to consumption of animal and vegetable 
foods. The journals of gerontology Series A, Biological sciences and medical 
sciences. Oct 2000;55(10):M585-92. Epub 2000/10/18. 

118. Sellmeyer DE, Stone KL, Sebastian A, Cummings SR. A high ratio of dietary 
animal to vegetable protein increases the rate of bone loss and the risk of frac-
ture in postmenopausal women. Study of Osteoporotic Fractures Research 
Group. The American journal of clinical nutrition. Jan 2001;73(1):118-22. 
Epub 2000/12/22. 

119. Byberg L, Bellavia A, Larsson SC, Orsini N, Wolk A, Michaëlsson K. Medi-
terranean Diet and Hip Fracture in Swedish Men and Women. Journal of Bone
and Mineral Research. 2016/12/01 2016;31(12):2098-105. 

120. Benetou V, Orfanos P, Feskanich D, Michaëlsson K, Pettersson-Kymmer U, 
Byberg L, et al. Mediterranean diet and hip fracture incidence among older 
adults: the CHANCES project. Osteoporosis international : a journal estab-
lished as result of cooperation between the European Foundation for Osteopo-
rosis and the National Osteoporosis Foundation of the USA. Jul 
2018;29(7):1591-9. Epub 2018/04/16. 

121. Schulman RC, Weiss AJ, Mechanick JI. Nutrition, bone, and aging: an integra-
tive physiology approach. Curr Osteoporos Rep. Dec 2011;9(4):184-95. Epub 
2011/09/29. 

122. Nieves JW. Skeletal effects of nutrients and nutraceuticals, beyond calcium and 
vitamin D. Osteoporosis international : a journal established as result of coop-
eration between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. Mar 2013;24(3):771-86. Epub 
2012/11/16. 

123. Buyken AE, Goletzke J, Joslowski G, Felbick A, Cheng G, Herder C, et al. 
Association between carbohydrate quality and inflammatory markers: system-
atic review of observational and interventional studies. The American journal 
of clinical nutrition. Apr 2014;99(4):813-33. Epub 2014/02/21. 

124. Jacobs DR, Jr., Steffen LM. Nutrients, foods, and dietary patterns as exposures
in research: a  framework for food synergy. The  American journal  of clinical 
nutrition. 2003;78(3):508S-13S. 

125. García-Martínez O, Rivas A, Ramos-Torrecillas J, De Luna-Bertos E, Ruiz C. 
The effect of olive oil on osteoporosis prevention. International journal of food
sciences and nutrition. Nov 2014;65(7):834-40. Epub 2014/07/01. 

126. Fernández-Real JM, Bulló M, Moreno-Navarrete JM, Ricart W, Ros E, Estruch 
R, et al. A Mediterranean diet enriched with olive oil is associated with higher 
serum total osteocalcin levels in elderly men at high cardiovascular risk. J Clin 
Endocrinol Metab. Oct 2012;97(10):3792-8. Epub 2012/08/03. 

127. Esposito K, Kastorini CM, Panagiotakos DB, Giugliano D. Prevention of type 
2 diabetes by dietary patterns: a systematic review of prospective studies and 
meta-analysis. Metabolic syndrome and related disorders. Dec 2010;8(6):471-
6. Epub 2010/10/21. 

128. Buckland G, Bach A, Serra-Majem L. Obesity and the Mediterranean diet: a 
systematic review of observational and intervention studies. Obesity reviews : 
an official journal of the International Association for the Study of Obesity. Nov 
2008;9(6):582-93. Epub 2008/06/13. 

89 



  

   
     
  

   
       

    
     

   

        
        

   
 

      

     

   
       

  
     

 
      

     
      

  
     

 
      

 
   

  
   

     
 

     
   

   
    

   
 

   
  

   
 

        
 

 
 

129. Schienkiewitz A, Schulze MB, Hoffmann K, Kroke A, Boeing H. Body mass 
index history and risk of type 2 diabetes: results from the European Prospective 
Investigation into Cancer and Nutrition (EPIC)-Potsdam Study. The American 
journal of clinical nutrition. Aug 2006;84(2):427-33. Epub 2006/08/10. 

130. Johansson H, Kanis JA, Odén A, McCloskey E, Chapurlat RD, Christiansen C, 
et al. A meta-analysis of the association of fracture risk and body mass index in 
women. Journal of bone and mineral research : the official journal of the Amer-
ican Society for Bone and Mineral  Research. Jan 2014;29(1):223-33. Epub 
2013/06/19. 

131. Shen J, Leslie WD, Nielson CM, Majumdar SR, Morin SN, Orwoll ES. Asso-
ciations of Body Mass Index With Incident Fractures and Hip Structural Pa-
rameters in a Large Canadian Cohort. J Clin Endocrinol Metab. Feb 
2016;101(2):476-84. Epub 2015/12/17. 

132. Compston JE, Watts NB, Chapurlat R, Cooper C, Boonen S, Greenspan S, et 
al. Obesity is not protective against fracture in postmenopausal women: 
GLOW. The American journal of medicine. Nov 2011;124(11):1043-50. Epub
2011/10/25. 

133. Nielson CM, Marshall LM, Adams AL, LeBlanc ES, Cawthon PM, Ensrud K, 
et al. BMI and fracture risk in older men: the osteoporotic fractures in men study
(MrOS). Journal of bone and mineral research : the official journal of the Amer-
ican Society for Bone and Mineral Research. Mar 2011;26(3):496-502. Epub 
2010/09/04. 

134. Lauritzen SL. Graphical Models: Clarendon Press, Oxford; 1996. 
135. Robins JM. Data, design, and background knowledge in etiologic inference. 

Epidemiology (Cambridge, Mass). May 2001;12(3):313-20. Epub 2001/05/08. 
136. Hernán MA, Hernández-Díaz S, Werler MM, Mitchell AA. Causal knowledge

as a prerequisite for confounding evaluation: an application to birth defects ep-
idemiology. American journal of epidemiology. Jan 15 2002;155(2):176-84. 
Epub 2002/01/16. 

137. Pearl J. Causality. Second edition ed: Cambride University Press 2009. p. 16-
8. 

138. Shrier I, Platt RW. Reducing bias through directed acyclic graphs. BMC medi-
cal research methodology. Oct 30 2008;8:70. Epub 2008/11/01. 

139. Cole SR, Platt RW, Schisterman EF, Chu H, Westreich D, Richardson D, et al. 
Illustrating bias due to conditioning on a collider. International journal of epi-
demiology. 2010;39(2):417-20. 

140. Textor J, van der Zander B, Gilthorpe MS, Liśkiewicz M, Ellison GTH. Robust
causal inference using directed acyclic graphs: the R package ‘dagitty’. Inter-
national journal of epidemiology. 2016;45(6):1887-94. 

141. Berzuini C DP, Bernardinelli L. Causality: Statistical Perspectives and Appli-
cations: John Wiley & Sons, Ltd; 2012. 

142. Rothman KJ. CAUSES. American journal of epidemiology. 1976;104(6):587-
92. 

143. Robins JM, Greenland S. Identifiability and exchangeability for direct and in-
direct effects. Epidemiology (Cambridge, Mass). Mar 1992;3(2):143-55. Epub 
1992/03/01. 

144. VanderWeele TJ. Explanation in Causal Inference Oxford University Press; 
2015. p. 126-34. 

145. Hernán M A RJM. Causal Inference: What If.: Boca Raton: Chapman & 
Hall/CRC; 2020. 

90 



 

         

   

         
    

    

     
   

  
    

   
 

     
  

      
   

 
  

  
 

  

  
     

    
  

       
    

  
      

   
      

     
     

      
    

     
    

     
    

         
 

146. Baron RM, Kenny DA. The moderator-mediator variable distinction in social 
psychological research: conceptual, strategic, and statistical considerations. 
Journal of personality and social psychology. Dec 1986;51(6):1173-82. Epub 
1986/12/01. 

147. VanderWeele TJ. Marginal structural models for the estimation of direct and 
indirect effects. Epidemiology (Cambridge, Mass). Jan 2009;20(1):18-26. Epub 
2009/02/24. 

148. Cole SR, Hernán MA. Fallibility in estimating direct effects. International jour-
nal of epidemiology. 2002;31(1):163-5. 

149. Robins JM, Hernán MA, Brumback B. Marginal structural models and causal 
inference in epidemiology. Epidemiology (Cambridge, Mass). Sep
2000;11(5):550-60. Epub 2000/08/24. 

150. Nandi A, Glymour MM, Kawachi I, VanderWeele TJ. Using marginal struc-
tural models to estimate the direct effect of adverse childhood social conditions 
on onset of heart disease, diabetes, and stroke. Epidemiology (Cambridge, 
Mass). Mar 2012;23(2):223-32. Epub 2012/02/10. 

151. VanderWeele TJ. Policy-relevant proportions for direct effects. Epidemiology 
(Cambridge, Mass). 2013;24(1):175-6. 

152. Steen J, Loeys T, Moerkerke B, Vansteelandt S. Flexible Mediation Analysis 
With Multiple Mediators. American journal of epidemiology. Jul 15 
2017;186(2):184-93. Epub 2017/05/05. 

153. VanderWeele TJ, Vansteelandt S. Mediation Analysis with Multiple Mediators. 
Epidemiol Methods. 2014;2(1):95-115. 

154. Lazarou C, Panagiotakos DB, Matalas AL. Physical activity mediates the pro-
tective effect of the Mediterranean diet on children's obesity status: The 
CYKIDS study. Nutrition (Burbank, Los Angeles County, Calif). Jan 
2010;26(1):61-7. Epub 2009/07/28. 

155. Scarmeas N, Stern Y, Mayeux R, Luchsinger JA. Mediterranean diet, Alz-
heimer disease, and vascular mediation. Archives of neurology. Dec 
2006;63(12):1709-17. Epub 2006/10/13. 

156. Wehby GL, Ohsfeldt RL, Murray JC. 'Mendelian randomization' equals instru-
mental variable analysis with genetic instruments. Statistics in medicine. 
2008;27(15):2745-9. 

157. Evans DM, Davey Smith G. Mendelian Randomization: New Applications in 
the Coming Age of Hypothesis-Free Causality. Annual review of genomics and 
human genetics. 2015;16:327-50. Epub 2015/05/06. 

158. Thomas DC, Conti DV. Commentary: The concept of ‘Mendelian Randomiza-
tion’. International journal of epidemiology. 2004;33(1):21-5. 

159. Nørgaard M, Ehrenstein V, Vandenbroucke JP. Confounding in observational 
studies based on large health care databases: problems and potential solutions -
a primer for the clinician. Clinical epidemiology. 2017;9:185-93. Epub 
2017/04/14. 

160. Smith GD, Ebrahim S. 'Mendelian randomization': can genetic epidemiology 
contribute to understanding environmental determinants of disease? Interna-
tional journal of epidemiology. Feb 2003;32(1):1-22. Epub 2003/04/12. 

161. Nitsch D, Molokhia M, Smeeth L, DeStavola BL, Whittaker JC, Leon DA. Lim-
its to causal inference based on Mendelian randomization: a comparison with 
randomized controlled trials. American journal of epidemiology. Mar  1  
2006;163(5):397-403. Epub 2006/01/18. 

162. Stearns FW. One hundred years of pleiotropy: a retrospective. Genetics. Nov 
2010;186(3):767-73. Epub 2010/11/11. 

91 



  

         
     

 
    

  

  
   

 
  

       
     

   

          

  
 

     
     

     
    

    
  

    
   

     
 

 
         

     
  

 
     

  
  

  
 

        

     
  
 

    
    

  
  

     
 

   

163. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors for 
causal inference in epidemiological studies. Human molecular genetics. Sep 15 
2014;23(R1):R89-98. Epub 2014/07/30. 

164. Hemani G, Bowden J, Davey Smith G. Evaluating the potential role of pleiot-
ropy in Mendelian randomization studies. Human molecular genetics. Aug 1 
2018;27(R2):R195-r208. Epub 2018/05/18. 

165. Solovieff N, Cotsapas C, Lee PH, Purcell SM, Smoller JW. Pleiotropy in com-
plex traits: challenges and strategies. Nature Reviews Genetics. 2013/07/01 
2013;14(7):483-95. 

166. Ahmad OS, Leong A, Miller JA, Morris JA, Forgetta V, Mujammami M, et al.
A Mendelian Randomization Study of the Effect of Type-2 Diabetes and Gly-
cemic Traits on Bone Mineral Density. Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research. 
May 2017;32(5):1072-81. Epub 2016/12/17. 

167. Trajanoska K, Morris JA, Oei L, Zheng HF, Evans DM, Kiel DP, et al. Assess-
ment of the genetic and clinical determinants of fracture risk: genome wide as-
sociation and mendelian randomisation study. BMJ (Clinical research ed). Aug
29 2018;362:k3225. Epub 2018/08/31. 

168. Michaëlsson K, Wolk A, Byberg L, Mitchell A, Mallmin H, Melhus H. The 
seasonal importance of serum 25-hydroxyvitamin D for bone mineral density 
in older women. Journal of Internal Medicine. 2017/02/01 2017;281(2):167-78. 

169. Michaëlsson K, Lithell H, Vessby B, Melhus H. Serum retinol levels and the 
risk of fracture. The New England journal of medicine. Jan 23 2003;348(4):287-
94. Epub 2003/01/24. 

170. Lind L, Fors N, Hall J, Marttala K, Stenborg A. A comparison of three different 
methods to evaluate endothelium-dependent vasodilation in the elderly: the 
Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study. 
Arteriosclerosis, thrombosis, and vascular biology. Nov 2005;25(11):2368-75. 
Epub 2005/09/06. 

171. Kumar J, Ingelsson E, Lind L, Fall T. No Evidence of a Causal Relationship 
between Plasma Homocysteine and Type 2 Diabetes: A Mendelian Randomi-
zation Study. Frontiers in Cardiovascular Medicine. 10.3389/fcvm.2015.00011 
2015;2:11. 

172. Janghorbani M, Feskanich D, Willett WC, Hu F. Prospective study of diabetes
and risk of hip fracture: the Nurses' Health Study. Diabetes Care. Jul 
2006;29(7):1573-8. Epub 2006/06/28. 

173. Scott RA, Lagou V, Welch RP, Wheeler E, Montasser ME, Luan J, et al. Large-
scale association analyses identify new loci influencing glycemic traits and pro-
vide insight into the underlying biological pathways. Nat Genet. Sep 
2012;44(9):991-1005. Epub 2012/08/14. 

174. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis 
with multiple genetic variants using summarized data. Genetic epidemiology. 
Nov 2013;37(7):658-65. Epub 2013/10/12. 

175. Burgess S, Bowden J, Fall T, Ingelsson E, Thompson SG. Sensitivity Analyses 
for Robust Causal Inference from Mendelian Randomization Analyses with 
Multiple Genetic Variants. Epidemiology (Cambridge, Mass). Jan 
2017;28(1):30-42. Epub 2016/10/18. 

176. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in 
Mendelian Randomization with Some Invalid Instruments Using a Weighted 
Median Estimator. Genetic epidemiology. May 2016;40(4):304-14. Epub
2016/04/12. 

92 



 

        
     

    
   

     
   

     

  
     

      

 
   

     

  
     

      
  

       
      

    

         
 

    

      
     

  
   

    
   

         
 
 

   
   

   
  

    
 

      
        

       

       
   

 

177. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid 
instruments: effect estimation and bias detection through Egger regression. In-
ternational journal of epidemiology. Apr 2015;44(2):512-25. Epub 2015/06/08. 

178. Spiller W, Davies NM, Palmer TM. Software application profile: mrrobust—a 
tool for performing two-sample summary Mendelian randomization analyses.
International journal of epidemiology. 2018;48(3):684-90. 

179. Burgess S, Thompson SG. Interpreting findings from Mendelian randomization 
using the MR-Egger method. European journal of epidemiology. May 
2017;32(5):377-89. Epub 2017/05/21. 

180. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal 
pleiotropy in causal relationships inferred from Mendelian randomization be-
tween complex traits and diseases. Nature genetics. May 2018;50(5):693-8. 
Epub 2018/04/25. 

181. Wood AR, Esko T, Yang J, Vedantam S, Pers TH, Gustafsson S, et al. Defining 
the role of common variation in the genomic and biological architecture of adult
human height. Nat Genet. Nov 2014;46(11):1173-86. Epub 2014/10/06. 

182. Pulit SL, Stoneman C, Morris AP, Wood AR, Glastonbury CA, Tyrrell J, et al.
Meta-analysis of genome-wide association studies for body fat distribution in 
694 649 individuals of European ancestry. Human molecular genetics. Jan 1 
2019;28(1):166-74. Epub 2018/09/22. 

183. Messerer M, Johansson SE, Wolk A. The validity of questionnaire-based mi-
cronutrient intake estimates is increased by including dietary supplement use in 
Swedish men. The Journal of nutrition. Jul 2004;134(7):1800-5. Epub
2004/07/01. 

184. Rautiainen S, Serafini M, Morgenstern R, Prior RL, Wolk A. The validity and 
reproducibility of food-frequency questionnaire-based total antioxidant capac-
ity estimates in  Swedish  women. The American journal  of clinical nutrition. 
May 2008;87(5):1247-53. Epub 2008/05/13. 

185. Bergström L, Kylberg E, Hagman U, Erikson H, Bruce Å. The food composi-
tion database KOST: the National Administration’s information system for nu-
tritive values of food. Swedish Vår Föda. 1991;43:439-47 

186. Willett WC, Howe GR, Kushi LH. Adjustment for total energy intake in epide-
miologic studies. The American journal of clinical nutrition. Apr 1997;65(4 
Suppl):1220S-8S; discussion 9S-31S. Epub 1997/04/01. 

187. Stackelberg O, Björck M, Larsson SC, Orsini N, Wolk A. Alcohol consump-
tion, specific alcoholic beverages, and abdominal aortic aneurysm. Circulation. 
Aug 19 2014;130(8):646-52. Epub 2014/06/27. 

188. Starup-Linde J, Eriksen SA, Lykkeboe S, Handberg A, Vestergaard P. Bio-
chemical markers of bone turnover in diabetes patients--a meta-analysis, and a
methodological study on the effects of glucose on bone markers. Osteoporosis 
international : a journal established as result of cooperation between the Euro-
pean Foundation for Osteoporosis and the National Osteoporosis Foundation of 
the USA. Jun 2014;25(6):1697-708. Epub 2014/03/29. 

189. Wittenbecher C, Kuxhaus O, Boeing H, Stefan N, Schulze MB. Associations of 
short stature and components of height with incidence of type 2 diabetes: me-
diating effects of cardiometabolic risk factors. Diabetologia. 2019/12/01 
2019;62(12):2211-21. 

190. Liu H, Li D, Liu S, Liu Z, Li M. Histochemical evidence of IGF2 mRNA-bind-
ing protein 2-mediated regulation of osteoclast function and adhesive ability. 
Histochemistry and Cell Biology. 2018/04/01 2018;149(4):343-51. 

93 



  

    
  

  
 

      

   
   

     
  

        
    

 
 

  
 

    
     

      
 

        
  

    
     

 
        

    
  

     
        

    
  

    
     

      
 

    
  

 
        

     
 

    
  

      

     
  

 

191. Estrada K, Styrkarsdottir U, Evangelou E, Hsu Y-H, Duncan EL, Ntzani EE, et
al. Genome-wide meta-analysis identifies 56 bone mineral density loci and re-
veals 14 loci associated with risk of fracture. Nature Genetics. 2012/05/01 
2012;44(5):491-501. 

192. Khosla S. Pathogenesis of Age-Related Bone Loss in Humans. The Journals of
Gerontology: Series A. 2013;68(10):1226-35. 

193. Szulc P, Seeman E, Duboeuf F, Sornay-Rendu E, Delmas PD. Bone fragility:
failure of periosteal apposition to compensate for increased endocortical resorp-
tion in postmenopausal women. Journal of bone and mineral research : the of-
ficial journal of the American Society for Bone and Mineral Research. Dec 
2006;21(12):1856-63. Epub 2006/09/28. 

194. Hayes WC, Myers ER, Robinovitch SN, Van Den Kroonenberg A, Courtney
AC, McMahon TA. Etiology and prevention of age-related hip fractures. Bone. 
Jan 1996;18(1 Suppl):77s-86s. Epub 1996/01/01. 

195. Beck T. Measuring the structural strength of bones with dual-energy X-ray ab-
sorptiometry: principles, technical limitations, and future possibilities. Osteo-
porosis international : a journal established as result of cooperation between the 
European Foundation for Osteoporosis and the National Osteoporosis Founda-
tion of the USA. Sep 2003;14 Suppl 5:S81-8. Epub 2003/09/25. 

196. Valente MJ, Pelham WE, Smyth H, MacKinnon DP. Confounding in statistical 
mediation analysis: What it is and how to address it. J Couns Psychol. 
2017;64(6):659-71. 

197. Reid IR. Relationships among body mass, its components, and bone. Bone. Nov 
2002;31(5):547-55. Epub 2002/12/13. 

198. Chandler JM, Zimmerman SI, Girman CJ, Martin AR, Hawkes W, Hebel JR, et 
al. Low Bone Mineral Density and Risk of Fracture in White Female Nursing 
Home Residents. Jama. 2000;284(8):972-7. 

199. Basu S, Michaëlsson K, Olofsson H, Johansson S, Melhus H. Association be-
tween oxidative stress and bone mineral density. Biochemical and biophysical
research communications. Oct 19 2001;288(1):275-9. Epub 2001/10/12. 

200. Michaëlsson K, Wolk A, Byberg L, Ärnlöv J, Melhus H. Intake and serum con-
centrations of α-tocopherol in relation to fractures in elderly women and men: 
2 cohort studies. The American journal of clinical nutrition. 2014;99(1):107-
14. Epub 2013/11/13. 

201. Andersson T, Ahlbom A, Carlsson S. Diabetes Prevalence in Sweden at Present 
and Projections for Year 2050. PloS one. 2015;10(11):e0143084. Epub 
2015/12/01. 

202. Levin KA. Study design III: Cross-sectional studies. Evidence-Based Dentistry. 
2006/03/01 2006;7(1):24-5. 

203. Burgess S, Labrecque JA. Mendelian randomization with a binary exposure 
variable: interpretation and presentation of causal estimates. Eur J Epidemiol. 
2018/10/01 2018;33(10):947-52. 

204. Burgess S. Sample size and power calculations in Mendelian randomization 
with a single instrumental variable and a binary outcome. International journal
of epidemiology. 2014;43(3):922-9. Epub 2014/03/06. 

205. Poulsen P, Kyvik KO, Vaag A, Beck-Nielsen H. Heritability of type II (non-
insulin-dependent) diabetes mellitus and abnormal glucose tolerance--a popu-
lation-based twin study. Diabetologia. Feb 1999;42(2):139-45. Epub 
1999/03/04. 

206. Paternoster L, Tilling K, Davey Smith G. Genetic epidemiology and Mendelian 
randomization for informing disease therapeutics: Conceptual and methodolog-
ical challenges. PLOS Genetics. 2017;13(10):e1006944. 

94 



 

   
  

    

         
 

   
 

    
   

 
 

     

       
    

      
 

       
    

   
          

   

    
      

        
     

        
 

     

     
   

        
       

   
     

      
 

 

          
        

   
 

      
 

207. Smith GD, Ebrahim S. Mendelian randomization: prospects, potentials, and 
limitations. International journal of epidemiology. Feb 2004;33(1):30-42. Epub 
2004/04/13. 

208. Smith GD, Ebrahim S. Data dredging, bias, or confounding. BMJ (Clinical re-
search ed). Dec 21 2002;325(7378):1437-8. Epub 2002/12/21. 

209. Palmer TM, Lawlor DA, Harbord RM, Sheehan NA, Tobias JH, Timpson NJ, 
et al. Using multiple genetic variants as instrumental variables for modifiable 
risk factors. Statistical methods in medical research. Jun 2012;21(3):223-42. 
Epub 2011/01/11. 

210. Mozaffari H, Djafarian K, Mofrad MD, Shab-Bidar S. Dietary fat, saturated 
fatty acid, and monounsaturated fatty acid intakes and risk of bone fracture: a 
systematic review and meta-analysis of observational studies. Osteoporosis in-
ternational : a journal established as result of cooperation between the European
Foundation for Osteoporosis and the National Osteoporosis Foundation of the 
USA. Sep 2018;29(9):1949-61. Epub 2018/06/28. 

211. Sadeghi O, Djafarian K, Ghorabi S, Khodadost M, Nasiri M, Shab-Bidar S. 
Dietary intake of fish, n-3 polyunsaturated fatty acids and risk of hip fracture: 
A systematic review and meta-analysis on observational studies. Critical re-
views in food science and nutrition. 2019;59(8):1320-33. Epub 2017/12/16. 

212. Fewell Z, Davey Smith G, Sterne JA. The impact of residual and unmeasured 
confounding in epidemiologic studies: a simulation study. American journal of 
epidemiology. Sep 15 2007;166(6):646-55. Epub 2007/07/07. 

213. Lim S, Wyker B, Bartley K, Eisenhower D. Measurement error of self-reported
physical activity levels in New York City: assessment and correction. American 
journal of epidemiology. 2015;181(9):648-55. Epub 2015/04/08. 

214. Clark PI, Gautam SP, Hlaing WM, Gerson LW. Response error in self-reported
current smoking frequency by black and white established smokers. Annals of 
Epidemiology. 1996/11/01/ 1996;6(6):483-9. 

215. Didelez V. Defining causal mediation with a longitudinal mediator and a sur-
vival outcome. Lifetime data analysis. Oct 2019;25(4):593-610. Epub
2018/09/16. 

216. Vansteelandt S, Linder M, Vandenberghe S, Steen J, Madsen J. Mediation anal-
ysis of time-to-event endpoints accounting for repeatedly measured mediators 
subject to time-varying confounding. Statistics in Medicine. 2019/10/30 
2019;38(24):4828-40. 

217. VanderWeele TJ. Concerning the Consistency Assumption in Causal Inference.
Epidemiology (Cambridge, Mass). 2009;20(6). 

218. Rehkopf DH, Glymour MM, Osypuk TL. The Consistency Assumption for 
Causal Inference in Social Epidemiology: When a Rose is Not a Rose. Curr 
Epidemiol Rep. 2016;3(1):63-71. Epub 2016/02/16. 

219. Cole SR, Hernán MA. Constructing Inverse Probability Weights for Marginal
Structural Models. American journal of epidemiology. 2008;168(6):656-64. 

220. Greenland S, Robins JM, Pearl J. Confounding and Collapsibility in Causal In-
ference. Statist Sci. 1999/02 1999;14(1):29-46. 

221. VanderWeele TJ. Mediation Analysis: A Practitioner's Guide. Annual Review 
of Public Health. 2016/03/18 2016;37(1):17-32. 

222. Harris H HN, Olofsson C, Stackelberg O, Julian B, Åkesson A, Wolk A. . The 
Swedish mammography cohort and the cohort of Swedish men: study design 
and characteristics of two population-based longitudinal cohorts. . OA Epide-
miology 2013;1(2):16. 

223. Grimes DA, Schulz KF. Bias and causal associations in observational research. 
Lancet (London, England). Jan 19 2002;359(9302):248-52. Epub 2002/01/29. 

95 



  

           

     
 

  
           

 
      

         

       
  

 
  

        
 

  
 

    
 

 
 

   
        

   
  

 
  

  
   

       
      

       
   

       
     

      

           
    

    
 

224. Berrington de Gonzalez A, Hartge P, Cerhan JR, Flint AJ, Hannan L, MacInnis 
RJ, et al. Body-Mass Index and Mortality among 1.46 Million White Adults. 
New England Journal of Medicine. 2010/12/02 2010;363(23):2211-9. 

225. Jackson JM, DeFor TA, Crain AL, Kerby TJ, Strayer LS, Lewis CE, et al. Va-
lidity of diabetes self-reports in the Women's Health Initiative. Menopause 
(New York, NY). Aug 2014;21(8):861-8. Epub 2014/02/06. 

226. Shim J-S, Oh K, Kim HC. Dietary assessment methods in epidemiologic stud-
ies. Epidemiol Health. 2014;36:e2014009-e. 

227. Willett W. Nutritional Epidemiology: OUP USA; 2013. 
228. Heitmann BL, Lissner L. Dietary underreporting by obese individuals--is it spe-

cific or non-specific? BMJ (Clinical research ed). Oct 14 1995;311(7011):986-
9. Epub 1995/10/14. 

229. Sallé A, Ryan M, Ritz P. Underreporting of food intake in obese diabetic and 
nondiabetic patients. Diabetes Care. Dec 2006;29(12):2726-7. Epub 
2006/11/30. 

230. Kimokoti RW, Newby PK, Gona P, Zhu L, Campbell WR, D'Agostino RB, et 
al. Stability of the Framingham Nutritional Risk Score and its component nu-
trients over 8 years: the Framingham Nutrition Studies. Eur J Clin Nutr. 
2012;66(3):336-44. Epub 2011/10/05. 

231. Winkvist A, Klingberg S, Nilsson LM, Wennberg M, Renström F, Hallmans G, 
et al. Longitudinal 10-year changes in dietary intake and associations with car-
dio-metabolic risk factors in the Northern Sweden Health and Disease Study. 
Nutrition Journal. 2017/03/28 2017;16(1):20. 

232. Hamann C, Kirschner S, Günther KP, Hofbauer LC. Bone, sweet bone--osteo-
porotic fractures in diabetes mellitus. Nature reviews Endocrinology. Jan 17 
2012;8(5):297-305. Epub 2012/01/18. 

233. Mazess RB, Hanson JA, Payne R, Nord R, Wilson M. Axial and total-body 
bone densitometry using a narrow-angle fan-beam. Osteoporosis international : 
a journal established as result of cooperation between the European Foundation 
for Osteoporosis and the National Osteoporosis Foundation of the USA. 
2000;11(2):158-66. Epub 2000/05/04. 

234. Bazzocchi A, Ponti F, Albisinni U, Battista G, Guglielmi G. DXA: Technical 
aspects and application. European journal of radiology. Aug 2016;85(8):1481-
92. Epub 2016/05/10. 

235. Michaelsson K, Melhus H, Ferm H, Ahlbom A, Pedersen NL. Genetic liability 
to fractures in the elderly. Archives of internal medicine. Sep 12 
2005;165(16):1825-30. Epub 2005/09/15. 

236. Bergstrom MF, Byberg L, Melhus H, Michaelsson K, Gedeborg R. Extent and 
consequences of misclassified injury diagnoses in a national hospital discharge 
registry. Injury prevention : journal of the International Society for Child and 
Adolescent Injury Prevention. Apr 2011;17(2):108-13. Epub 2010/11/30. 

237. Michaelsson K, Baron JA, Farahmand BY, Johnell O, Magnusson C, Persson 
PG, et al. Hormone replacement therapy and risk of hip fracture: population 
based case-control study. The Swedish Hip Fracture Study Group. BMJ. Jun 20 
1998;316(7148):1858-63. Epub 1998/06/19. 

238. Gedeborg R, Engquist H, Berglund L, Michaelsson K. Identification of incident
injuries in hospital discharge registers. Epidemiology (Cambridge, Mass). Nov 
2008;19(6):860-7. Epub 2008/10/22. 

239. Pearl J MD. The Book of Why. The New Science of Cause and Effect Penguin 
Books; 2019. p. 259-98. 

96 



 

         

    
  

 
       

         
     

 
    

    

     
   

     
 

 
    

   
   

  
     

    
    

 
   

       
    

  

   
 

    

  

      
  

  

 
 

   
 

          

 

240. Daniel RM, De Stavola BL, Cousens SN, Vansteelandt S. Causal mediation 
analysis with multiple mediators. Biometrics. Mar 2015;71(1):1-14. Epub 
2014/10/30. 

241. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-
sample Mendelian randomization. Genetic epidemiology. 2016;40(7):597-608. 
Epub 2016/09/14. 

242. Stearns FW. One Hundred Years of Pleiotropy: A Retrospective. Genetics. 
2010;186(3):767. 

243. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors for 
causal inference in epidemiological studies. Hum Mol Genet. 
2014;23(R1):R89-R98. Epub 2014/07/04. 

244. Hemani G, Bowden J, Davey Smith G. Evaluating the potential role of pleiot-
ropy in Mendelian randomization studies. Hum Mol Genet. 2018;27(R2):R195-
R208. 

245. Cardon LR, Palmer LJ. Population stratification and spurious allelic associa-
tion. Lancet (London, England). Feb 15 2003;361(9357):598-604. Epub
2003/02/25. 

246. Turner CH, Burr DB. Basic biomechanical measurements of bone: a tutorial. 
Bone. Jul-Aug 1993;14(4):595-608. Epub 1993/07/01. 

247. Jørgensen PH, Bak B, Andreassen TT. Mechanical properties and biochemical 
composition of rat cortical femur and tibia after long-term treatment with bio-
synthetic human growth hormone. Bone. 1991;12(5):353-9. Epub 1991/01/01. 

248. Oxlund H, Ejersted C, Andreassen TT, Tørring O, Nilsson MH. Parathyroid 
hormone (1-34) and (1-84) stimulate cortical bone formation both from perios-
teum and endosteum. Calcif Tissue Int. Dec 1993;53(6):394-9. Epub 
1993/12/01. 

249. Kim YA, Lee Y, Lee JH, Seo JH. Effects of physical activity on bone mineral 
density in older adults: Korea National Health and Nutrition Examination Sur-
vey, 2008–2011. Archives of osteoporosis. 2019/10/26 2019;14(1):103. 

250. Stattin K, Michaëlsson K, Larsson SC, Wolk A, Byberg L. Leisure-Time Phys-
ical Activity and Risk of Fracture: A Cohort Study of 66,940 Men and Women.
Journal of bone and mineral research : the official journal of the American So-
ciety for Bone and Mineral Research. Aug 2017;32(8):1599-606. Epub 
2017/05/02. 

251. Colberg SR, Sigal RJ, Yardley JE, Riddell MC, Dunstan DW, Dempsey PC, et 
al. Physical Activity/Exercise and Diabetes: A Position Statement of the Amer-
ican Diabetes Association. Diabetes Care. 2016;39(11):2065. 

252. Gan W, Clarke RJ, Mahajan A, Kulohoma B, Kitajima H, Robertson NR, et al. 
Bone mineral density and risk of type 2 diabetes and coronary heart disease: A 
Mendelian randomization study. Wellcome open research. 2017;2:68. Epub 
2017/10/11. 

253. Vo T-T, Superchi C, Boutron I, Vansteelandt S. The conduct and reporting of 
mediation analysis in recently published randomized controlled trials: results 
from a methodological systematic review. Journal of Clinical Epidemiology. 
2020/01/01/ 2020;117:78-88. 

254. VanderWeele TJ. Invited Commentary: Frontiers of Power Assessment in Me-
diation Analysis. American journal of epidemiology. 2020. 

255. Palomeras-Vilches A, Viñals-Mayolas E, Bou-Mias C, Jordà-Castro MÀ,
Agüero-Martínez MÀ, Busquets-Barceló M, et al. Adherence to the Mediterra-
nean Diet and Bone Fracture Risk in Middle-Aged Women: A Case Control 
Study. Nutrients. 2019;11(10):2508. 

97 



 

   

    

    

Acta Universitatis Upsaliensis 
Digital Comprehensive Summaries of Uppsala Dissertations 
from the Faculty of Medicine 1695 

Editor: The Dean of the Faculty of Medicine 

A doctoral dissertation from the Faculty of Medicine, Uppsala 
University, is usually a summary of a number of papers. A few 
copies of the complete dissertation are kept at major Swedish 
research libraries, while the summary alone is distributed 
internationally through the series Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of 
Medicine. (Prior to January, 2005, the series was published 
under the title “Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Medicine”.) 

ACTA 
UNIVERSITATIS 

UPSALIENSIS 
UPPSALA 

2020 
Distribution: publications.uu.se 

urn:nbn:se:uu:diva-423106 

https://publications.uu.se

	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Background
	Type 2 diabetes mellitus
	T2DM and hip fracture
	T2DM and BMD
	T2DM and bone area
	T2DM and bone turnover
	Glucose, insulin and bone
	Diet, T2DM, BMI and hip fracture
	Directed acyclic graphs
	Causal inference and mediation analysis
	Mendelian randomisation

	Aims
	Paper I
	Paper II
	Paper III
	Paper IV

	Methods
	Cohorts
	Swedish Mammography Cohort (SMC)
	Swedish Mammography Cohort Clinical (SMCC)
	Uppsala Longitudinal Study of Adult Men (ULSAM)
	Prospective Investigation in the Vasculature of Uppsala Seniors (PIVUS)
	Cohort of Swedish Men (COSM)

	Fasting glucose and T2DM
	Dual energy X-ray absorptiometry (DXA)
	Genotyping
	Paper I
	Statistical analyses

	Paper II
	Statistical analyses

	Paper III
	Statistical analyses

	Paper IV
	Statistical analyses

	Ethical approval
	Statistical analyses

	Results
	Paper I
	Paper II
	Paper III
	Paper IV

	Discussion
	Main findings
	Paper I
	Paper II
	Paper III
	Paper IV
	Methodological considerations
	Paper I
	Paper II
	Paper III
	Paper IV
	Study populations
	T2DM definition
	Mediterranean diet
	Dual energy x-ray absorptiometry (DXA)
	Hip fracture identification
	Confounding
	Causal inference and mediation analysis
	Mendelian randomisation

	Clinical implications
	Implications for future research
	Summary and conclusion
	Acknowledgements
	References



