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Introduction 

Osteoporosis is a common multifactorial disorder of reduced bone strength 
because of reduced bone mass and/or changed quality of bone. Its conse-
quences are fragility fractures. The principal key component causes of an 
osteoporotic fracture are a fragile skeleton and normally a fall. The genetic 
predisposition of both bone quality and propensity to falls, as well as life-
style behavior, might influence fracture risk. When heritability is high, 
screening and primary prevention for osteoporosis is useful. When genetic 
susceptibility is low, lifestyle intervention approaches should be encouraged. 

Osteoporotic fractures have a profound impact on quality of life; only one 
third of patients with these fractures regain their pre-fracture level of func-
tion. 1,2 The most common locations for a fragility fracture are: the hip, the 
forearm, the upper arm and the spine. 3-5 Osteoporosis is common in Swe-
den; every third woman in the age range of 70-79 has osteoporosis when 
performing a DXA-scan at the hip. 6 The lifetime risk of an osteoporotic 
fracture in Swedish women at the age of 50 is 50% and for a Swedish man at 
the same age is 25%. 7 In Sweden the annual number of osteoporotic frac-
tures exceeds 70,000, of which 18,000 are hip fractures, 15,000 are clinical 
vertebral fractures and 25,000 are distal forearm fractures. These figures can 
be compared to the total annual number of breast cancer cases (n=6,500), 
myocardial infarction (n=35,000) or stroke (n=30,000). The incidence of 
fragility fractures of the spine, probably the most common and most impor-
tant fracture when thinking of prevention, is underestimated. Differences in 
longevity between countries cannot explain the huge differences in fracture 
incidences between countries. 8 For hitherto unexplained reasons, Sweden 
and Norway are top-ranked nations regarding high age-adjusted fracture 
incidences. 8 

There are several established risk factors for these fragility fractures. 
Some are possible to influence, such as physical activity, 9,10 low weight, 11,12 
cigarette smoking, 13,14 high alcohol consumption, 15,16 and use of cortisone, 
17,18 whereas other known risk factors cannot be modified, such as high age, 
19,20 female sex, 13,14 a previous fracture, 21,22 and parents with osteoporotic 
fractures. 23,24 

Some fragility fractures can appear spontaneously or after only subtle 
trauma, such as coughing, as for example a vertebral fracture, while most 
others almost every time occur after a fall (hip fracture and fracture of the 
distal forearm). The majority of all clinical vertebral fractures, however, are 
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also associated with a fall. 25 The cause of the fall can be explained by dif-
ferent factors, e.g., impaired balance, weakness of the muscles, or domestic 
risk factors in the home. It is therefore important to both reduce the risk of 
osteoporosis development in the elderly and prevent the elderly from falling, 
in order to reduce the number of fractures in the elderly. 26  

Despite the fact that Sweden is a high incidence area of osteoporotic frac-
tures, the importance of genes for the occurrence of fractures and the devel-
opment of low bone mass and fall risk in this setting is unknown. The herita-
bility can be of crucial importance for the individual future risk of fracture; a 
previous osteoporotic fracture in one parent leads to a doubled risk of a frac-
ture in postmenopausal women and older men, 27 an observation that both 
can be explained by genetic constitution but also by shared lifestyle and en-
vironment. Nevertheless, in non-Scandinavian settings, especially in young 
adults, a dominant proportion of the variation in bone mineral density has 
been explained by genes. Other fracture predisposing factors, such as im-
paired balance, low muscle strength and tallness (of importance for hip frac-
ture risk) might also influence the heritability component of fracture risk. 
This thesis therefore focuses on the genetic and environmental influence on 
fractures, bone mass and impaired balance in Sweden. 

Heritability 
Twins offer a natural study population for evaluating genetic risk because 
monozygotic (MZ) twins are genetically identical, whereas dizygotic (DZ) 
twins share half of their segregating genes. 28 Thus, if heritable factors con-
tribute to, for example, risk of falls, concordance should be greater in 
monozygotic than in dizygotic twin pairs. Twin studies are not confounded 
by age and cohort effects, as in an ordinary family study. In contrast to twin 
studies, in family studies it is not possible to determine what proportion of 
the variance in a trait is heritable and what proportion is due to common 
environment. 

Modern twin studies have shown that almost all traits are in part influ-
enced by genetic differences, with some characteristics showing a strong 
influence, others an intermediate level and some more complex heritability.  

Even in early civilization, scholars such as Hippocrates were interested in 
twins. But the modern history of the twin study derives from Sir Galton, who 
used twins to study the role of genes and environment on human develop-
ment and behavior. Galton was, however, unaware of the genetic difference 
between MZ and DZ twins. 29 The first published twin study utilizing the 
distinction between MZ and DZ twins was in 1924 by H.W. Siemens. 30 

The power of a twin design arises from the fact that twins may be either 
MZ, sharing all of their alleles, or DZ, sharing on average 50% of their al-
leles. These known differences in genetic similarity, together with a testable 
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assumption of equal environments for MZ and DZ twins, create the basis for 
the twin design for exploring the effects of genetic and environmental  
variance on a phenotype. The classic twin study begins with assessing the 
variance of a behavior (phenotype) in a large group and attempts to estimate 
how much that is due to genetic effects (heritability), shared (common) envi-
ronmental effects and unshared (unique individual-specific) environmental 
effects. 31 

Bone densitometry 
Osteoporosis is a condition with reduced bone mass, which compromises 
bone strength and increases the risk of fracture. 32 Bone strength is depend-
ent on bone quality and bone density. To assess bone quality, you have to 
take the architecture of the bone, bone turnover and mineralization into con-
sideration. Bone density reflects the strength of bones as represented by cal-
cium content and is expressed as grams of mineral per area or volume. 

Osteoporosis can be subdivided into two groups: 
1. Primary osteoporosis, which usually affects women after menopause and 

men later in life. 
2. Secondary osteoporosis, a pronounced bone loss due to disease or medi-

cation, is an especially more common explanation in younger women 
and men. 33 

The diagnosis of osteoporosis was defined by the WHO working group in 
1994. 34 They defined osteoporosis according to measurements of bone min-
eral density (BMD) at the hip, the spine or the forearm, using dual energy X-
ray absorptiometry (DXA) in women. The strict definition does not incorpo-
rate men or children. Thus osteoporosis is defined as a bone density value 
lower than 2.5 standard deviations in BMD below normal peak values for 
young women, i.e., the T-score (Table 1). The number of standard deviations 
from an age-matched and weight-adjusted reference population of the same 
sex is termed the Z-score. 

Table 1.  

DXA BMD Values Definition 

T score > - 1.0 S.D Normal bone density
T score between – 1.0 and – 2.5 SD Osteopenia
T score < -2.5 SD Osteoporosis
T score < -2.5 SD with 1 or more fragility 
fractures 

Severe osteoporosis 
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There is no standard definition for men, although fragility fractures are 
common in late life. A Swedish man has half the risk compared with a 
woman to get an osteoporotic fracture during his lifetime. The risk factors 
seem to be similar even if the incidence for men is lower. 35 The BMD val-
ues are not a treatment limit but an indication for further investigation. The 
relative risk of fracture with BMD is only modified by age, with an attenu-
ated influence with increasing age, while the absolute risk of fracture is 
strongly age-dependent. 36 Interestingly, among women aged 65 years or 
older, less than 20% of all fractures are attributable to osteoporosis. 37,38 Im-
portantly, bone antiresorptive treatments for the prevention of fractures in 
the elderly, such as bisphosphonates and denosumab, are only proven effica-
cious in women with osteoporosis and not in those with less marked loss of 
bone. 39-42  

Nonetheless, in clinical praxis, BMD is frequently used to diagnose os-
teoporosis. BMD at the hip and at the lumbar spine are the most validated 
sites in terms of fracture prediction. 43 Low BMD has been regarded, besides 
increasing age, as the most important risk factor for a fragility fracture. Sev-
eral studies have indeed shown that BMD is a good predictor of fracture risk, 
but the individual prediction of fracture risk cannot at present accurately be 
determined. 34,43,44 

Several different types of bone densitometry measurements are available. 
45,46 DXA is the most frequently used and validated method of measuring 
BMD. It has advantages of high precision, short scan times and low radiation 
dose. It allows scanning of the spine and hip, which are the most important 
measurement sites, because they are frequent sites of osteoporotic fractures 
associated with high morbidity and mortality. 46 DXA measures the trans-
mission through the body of x-rays of two different photon energy levels. 47 
It is calculated by dividing the mineral content of the site of bone being as-
sessed by the area of bone and is represented by the units of g/cm2. DXA is 
primarily used for measurements in the femoral neck and the lumbar spine 
but is also possible to measure in the forearm. Hip BMD best predicts hip 
fracture risk, but hip and spine BMD have similar accuracy for predicting 
vertebral fractures and fractures at all sites. 37,43,44 The advantage of hip 
BMD measures over spine BMD for predicting overall risk of fractures, is 
that the femoral neck is not affected by osteoarthritis, as in the spine. Os-
teoarthritis can spuriously increase spinal BMD measures. For each standard 
deviation (SD) below the age adjusted mean for BMD measured at any site, 
there is an approximately 1.5 fold increase in the relative risk of any type of 
fracture. 43 Patients who have an increased risk of osteoporosis should have a 
DXA scan, especially women with an earlier history of a fracture, cortisone 
medication or several relative risk factors. 48 

However, areal BMD measured by DXA does not fully account for the 
size of the bones. One disadvantage of areal BMD is its tendency to overes-



 15

timate bone density in larger persons compared to smaller persons, given 
similar bone density, just because of the larger bone size. Quantitative com-
puted tomography (QCT) provides a three-dimensional measurement of the 
bone (g/cm3) compared to the two-dimensional areal density measured by 
DXA. It provides a true volumetric density measurement of the bone. It 
separates cortical and trabecular bone. 

Peripheral DXA, peripheral QCT and quantitative ultrasound are systems 
for measuring BMD at peripheral sites such as forearm, hand and heel. 49 
These peripheral measurements do not correlate with central DXA 50 and 
cannot predict hip and spine fractures as well as central DXA. 51 

WHO Fracture Risk Assessment Tool-FRAX 
Fracture risk has often been expressed as relative risk estimates but it has 
become more and more evident that absolute fracture risk calculation is a 
valuable complement and even preferable for individual risk prediction. 
FRAX is a computer-based algorithm that provides models for the assess-
ment of fracture probability in men and women   
(http://www.shef.ac.uk/FRAX). 

 Leading developers of this risk calculator have been professor John A. 
Kanis and the late professor Olof Johnell. The approach uses easily obtained 
clinical risk factors to estimate 10-year fracture probability, with or without 
femoral neck bone mineral density (BMD), to enhance individual fracture 
risk prediction. It has been constructed using primary data from large cohorts 
and validated in other independent cohorts around the world. Besides BMD, 
age and gender are clinical easily assessed risk factors; others include low 
body mass index, previous fragility fracture, parental history of hip fracture, 
glucocorticoid treatment, current smoking, alcohol intake (three or more 
units per day), rheumatoid arthritis, and other secondary causes of osteopo-
rosis. Interestingly, this algorithm does not include direct measures of fall 
risk. 

Bone metabolism 
Bone is a dynamic tissue that constantly undergoes remodeling. It is a cou-
pled process in which there is a localized removal of old bone and replace-
ment with newly formed bone. Two principal cell types are found in bone, 
the osteoblast and the osteoclast, which are the major effectors in the turn-
over of bone matrix. 52 This process is complex, requiring interaction be-
tween different hormones, such as parathyroid hormone (PTH), vitamin D 
and calcitonin. The osteoblast also produces growth factors as transforming 
growth factor beta (TGF-beta), and insulin-like growth factors (IGF), and 
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other paracrine acting regulators of bone metabolism (e.g., interleukins). A 
healthy adult has on average a bone turnover of 10% every year, with more 
predominant turnover in cancellous bone than in compact bone. 53 This is 
one explanation of why osteoporosis affects bone comprising a high amount 
of trabecular bone, for example, the spine and the distal forearm. 54 Bio-
chemical monitoring of bone metabolism depends on measurements of en-
zymes and proteins released during bone formation and of degradation prod-
ucts produced during bone resorption. 

  
Figure 1.  

Bone markers 
Since bone is a dynamic organ, it has eventually become evident that it is 
possible to measure the turnover activity of the bone. Biochemical markers 
of bone turnover are divided into: 
1. Formation markers, e.g., osteocalcin, serum bone alkaline phosphatase, 

serum procollagen 1. 
2. Resorption markers, e.g., urinary type 1 C-telopeptide breakdown prod-

ucts of collagen, pyridinolin, deoxy-pyridinolin, urinary type 1 N-
telopeptide breakdown products of collagen. 55 

Osteocalcin is a small protein synthesized by mature osteoblasts and is con-
sidered a specific marker of osteoblast function; its levels correlate with the 
bone formation rate. Urinary and serum type 1C-telopeptide breakdown 
product (CrossLaps), a resorption marker, is a collagen peptide containing 
cross-links that can be detected by radioimmunoassay technique (ELISA). 
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The concentrations in serum and urine vary with age and they have a cir-
cadian cycle, i.e., time of day for the blood draw can be of importance for 
the interpretation of the results. 56 

Measurements of bone turnover markers in serum or urine are not rou-
tinely performed as part of assessment for osteoporosis. When bone markers 
have been correlated to BMD, there is a negative relation between resorption 
markers and BMD. There is thus far no evidence for using biochemical 
markers in the clinic for individual detection of osteoporosis. 57-59 Neverthe-
less, bone turnover markers are BMD independent predictors of fracture. 60,61 
High levels of resorption markers are predictive of an increased risk of a hip 
fracture independently of the BMD levels. If the BMD levels are also low, 
the future risk of a hip fracture is even greater. 62,63 Moreover, the role for 
bone turnover markers could also be to monitor the success of therapy with 
various treatments for osteoporosis. 

Previous studies on the genetic influence on 
osteoporosis, bone turnover markers, postural balance 
and fractures 

The genetic impact on BMD, bone turnover, fall risk and fractures has not 
been evaluated in a Scandinavian setting. In other parts of the world, BMD 
has a strong heritable component. Twin and family studies (Table 2) have 
indicated that heritability for BMD is 50-80% at the most common fracture 
sites (lumbar spine, hip and radius). The few studies that have evaluated the 
heritability of osteoporotic fractures have concluded considerably lower 
estimates (Table 3). 64  Candidate gene association studies and GWAS 
(genome-wide association studies) have identified several polymorphisms 
that are associated with BMD, bone loss or osteoporotic fractures, 65-67 but 
there has been little consistency between studies. Richards et al. identified 
150 candidate genes that had been associated with BMD; of these, they 
found nine genes that were associated with the regulation of BMD, of which 
four also affected risk for fracture. 65 So far, only 1-3% of the variations in 
BMD and fractures have been explained by specific gene variations. 64 

Besides the high genetic influence on BMD 68,69,70,71 there are also indica-
tions of high heritability of bone size and bone structure that could be of 
importance for fracture risk. Body height, which influences hip fracture risk, 
probably by the correlation to hip axis length, is highly heritable. Addition-
ally, there is a strong heritability of bone structure at the hip and the spine. 
72,73 Most fractures are related to trauma and most fragility fractures are re-
lated to a low-energy trauma such as a fall from a standing height. Fall risk 
measured as postural balance has a moderate heritability (Table 4), but no 
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previous studies have estimated the genetic influence of impaired balance or 
fall frequency. 74,75 

There is a heritable component of the bone markers (Table 5). Earlier 
studies have presented a moderate heritability, 76-78 but so far no studies have 
been done in Sweden or Norway, with the highest incidence of osteoporotic 
fractures. 

 

Table 2. Heritability of BMD (measured at the hip and/or spine by DXA) 

First  
author 

Publication 
year 

Country Number of 
participants 

Mean 
age 

Heritability 
(range) 

Family studies 

Brown 79 2004 USA 929 50 0.63-0.87 
Deng 80 2005 China 1031 51 0.70 
Ng 81 2006 China 3320 49 0.63-0.79 
Havill 82 2007 USA 710 34 0.56 

Twin studies 

Flicker 83 1995 Australia 138 68 0.74 
Arden 72 1996 U.K 500 60 0.78-0.84 
Slemenda 84 1996 USA 154 48 0.94 
Hopper 85 1998 Australia 430 17 High 
Knapp 86 2003 U.K 430 51 0.72-0.77 
Videman 87 2007 Finland 600 49 0.75-0.83 
Tse 88 2008 USA 28 28 0.76-0.93 
Park 89 2011 SouthKorea 2728 44 0.72-0.75 

 

 Table 3. Heritability of fractures 

First 
author 

Publ. 
year 

Country 
Number of 

participants 

Number of 
fracture 

cases 

Mean 
age 

Heritability 
(range) 

Family studies 

Cummings 9 1995 USA 9516 192 72 0.50  hip 
Deng 90  2000 USA 8745 959 66 0.25  forearm 
Liu 91 2011 USA 4099 148 62 0.43  vertebral 

Twin study 

Kannus 24 1999 Finland 15098 786 >50 low   
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Table 4. Heritability of postural balance, twin studies 

First 
author 

P. Year Country 
Number of 

participants 
Mean 
age 

Heritability 
(range) 

Pajala 92 2004 Finland 199 69 0.35 
El Haber 93 2006 Australia 352 50 0.30-0.46 
Pajala 94 2007 Finland 433 68 0.14-0.28 

 

 

 

Table 5. Heritability of  bone markers, twin studies 

First author P. 
Year Country Number of 

participants 
Mean 
age 

Heritability (range) 
Formation/Resorption 

Kelly 95    1991 Australia 140 49 0.80 / NA 
Garnero 76 1996 U.K 240 61 0.37-0.64 / 0.38 
Hunter 77 2001 U.K 2136 46 0.29-0.74 / 0.58 
Donescu 78 2007 Canada 600 48 0.29 / 0.65 

NA; not available 
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Aims 

The specific aims of the papers were: 
 
I. To determine the genetic liability to different categories of fractures 

in men and women after the age of 50. 

II. To evaluate if self-reported impaired balance could be used to pre-
dict the risk of a future fracture. 

III. To estimate the heritability of self-reported impaired balance. 

IV. To estimate the heritability of bone mineral density, bone area and 
markers for bone turnover. 

V. To determine the genetic liability to vertebral fractures and to what 
extent individual-specific environmental factors can explain the 
variance of these fractures. 
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Materials and Methods 

Study population 
Subjects were acquired from the Swedish Twin Registry, the largest twin 
registry in the world. 96,97 The twin registry includes all twins born and living 
in Sweden from 1886 onward. Information on zygosity was obtained at the 
time of registry compilation on the basis of questions about childhood re-
semblance. Four separate validation studies using serologic testing and/or 
genotyping have shown that 95-98% of twin pairs are classified correctly. 
96,97 

Papers I, II, III and V 
Twin pairs born in 1896 to 1944 of whom both co-twins were alive in 1972 
were considered eligible for these studies. In total, 33,432 were found eligi-
ble. A computer-assisted telephone interview, when the twins were 55 years 
of age or older, was conducted between 1998 and 2000. Of the base sample, 
4,156 died before 1998, leaving 29,276 twins for the interview. Of these, 
84% (24,598) agreed to participate in the telephone interview. 

In studies II and III, the study base consisted of the 23,487 twins who an-
swered yes or no to the question: Do you have impaired balance? (2.5% of 
the twins were uncertain and were excluded from the analysis). 

Paper IV 
All intact like-sexed twin pairs born 1965 or earlier, living in the county of 
Uppsala, were invited to participate in the study.  Of a total of 172 twin 
pairs, 102 twin pairs agreed to participate in the clinical examination (59 
female and 43 male). 
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Methods  
Telephone interview (Papers I, II, III and V) 
The telephone interview included a number of items regarding diseases and 
symptoms, prescription and nonprescription medication use, occupation, 
education, physical activity, anthropometric measures and consumption of 
alcohol and tobacco. 96,97 Efforts were made to interview members of a pair 
within one month of each other to minimize the risk of biasing the results by 
different age effects.  

Fractures (Papers I, II and V) 
Fractures were ascertained through the Swedish National Patient Register 
(NPR) and by self-report. During the telephone interview, we asked the 
twins to recall type and number of fractures after the age of 50 (as there is no 
national register for outpatient diagnosis in Sweden).  In validation of these 
answers, the positive and negative predictive values were 1.00 and 0.98, 
respectively. Fractures were grouped into hip fracture, any osteoporotic frac-
ture 98 (hip, pelvis, spine, distal forearm, proximal humerus - International 
Classification of Diseases, Tenth Revision, codes S720-S722, S321-S328, 
S220 and S320, S524-S528, and S422, respectively), and any fracture. The 
records of all twins were also matched to the National Hospital Discharge 
Register and cancer registries for identification of other diagnosis besides 
fractures. 

In study V, fractures of the cervical spine were excluded from the analy-
sis. Thoracic and lumbar fractures were analyzed as vertebral fractures. Only 
3% of the vertebral fractures were identified by self-reports, and the remain-
der via NPR. 

Bone mineral density (Study IV) 
All participants underwent measurements of the bone mineral density 
(BMD, g/cm2) and bone area (cm2) of the total body, femoral neck region of 
the hip, total proximal femur, total legs and arms, the skull and the lumbar 
spine (vertebrae L2-L4), as well as of total and regional lean and fat mass, 
by DXA (Lunar Prodigy, Lunar corp., Madison, WI, USA). When applica-
ble, both extremities were used in the calculation. Height and weight meas-
urements were taken in conjunction with the bone scan. By triple measure-
ments in 15 subjects, the precision error of the DXA measurements in our 
laboratory has been calculated to be between 0.8 and 1.5% for BMD, de-
pending on site, and between 0.7 and 1.6 % for bone areas. Total fat mass 
had a precision error of 1.5% and total lean mass 1.0%. Daily scans of a 
lumbar spine phantom were performed. The long-term coefficient of varia-
tion was less than 1%.  
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Biochemical markers of bone turnover (Study IV) 
BTMs are enzymes or peptides derived from bone cells during the synthesis 
or the resorption of bone. 99 Bone turnover was measured using biochemical 
assays that are indices of bone formation (serum total osteocalcin) or bone 
resorption (serum CrossLaps). Total serum osteocalcin was measured on an 
automatic immune analyzer (Cobas E601, Roche Diagnostics, Basel Swit-
zerland). The detection limit is 0.5 µg/liter. Several different forms of osteo-
calcin can be found in serum, but none of the forms are superior regarding 
bone loss prediction. 100 Bone resorption was assessed by measuring urinary 
type 1 C-telopeptide breakdown products, beta-CrossLaps, with an ELISA 
using an automatic immune analyzer (Cobas E601, Roche Diagnostics, 
Basel, Switzerland). This method is based on an immobilized synthetic pep-
tide with an amino acid sequence specific for a part of the C-telopeptide of 
the alpha-1 chain of type 1 collagen. The detection limit is 10 ng/liter.  

Statistics 
Heritability estimation (Studies I, III, IV and V) 
A classical twin study compares the similarities within pairs of MZ and DZ 
twins. Monozygotic twins are genetically identical, whereas dizygotic twins 
share half of their segregating genes, 28 which makes it possible to determine 
what proportion of the variance in a trait that is explained by heritability and 
what proportion  is due to common environment. A higher correlation, ex-
pressed as the intraclass correlation coefficient (ICC), within MZ twin pairs 
than within DZ twin pairs provides a first indication of genetic influence on 
a phenotype (study IV). To estimate the heritability, we analyzed the data 
according to the classical ACE-model. The ACE-model compares a combi-
nation of heritable factors (A), shared environmental factors (C) and non-
shared or individual-specific environmental factors (E), which refers to the 
contribution of environmental experiences not shared by family members 
and also includes measurement error. Structural equation modeling (SEM) 
implemented in the Mx program was used to estimate age-adjusted heritable 
and environmental influences. 101  Reduced models (i.e., the AE and CE 
models) were compared with the full model (the ACE model). The main 
focus in SEM is the analysis of covariance structures by maximum likeli-
hood estimation. SEM, therefore, also allows determination of standard er-
rors of parameter estimates and of confidence intervals. The method also 
quantifies how well a model describes the data. 101 

Logistic regression analyses (Studies I, II and III) 
Logistic regression analysis is used to investigate the relation between an 
outcome of being an event or a nonevent and a set of prognostic factors. This 
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type of regression is used when the dependent variable is dichotomous and 
the model estimates odds ratios. Odds ratio is a measure of effect size, de-
scribing the strength of association or non-independence between two binary 
data values. The odds ratio is a way of comparing whether the probability of 
a certain event is the same for two groups. We primarily considered a crude 
or age-adjusted logistic regression model and then we adjusted for poten-
tially confounding factors by adding them to the simpler model. If confound-
ing factors are not measured or considered, bias may result in the conclusion 
of the study. All regression analyses were performed by using SAS (version 
9.1; SAS Institute Inc., Cary, North Carolina). 

Regarding the evaluation of impaired balance correlates (Study III), in 
view of the correlation within twin pairs, odds ratios were estimated using 
generalized estimating equations models by applying the generalized linear 
model (GENMOD) procedure of SAS software. For the associations in Stud-
ies I (part of), II and III (part of), due to the matched design, we used condi-
tional logistic regression to estimate odds ratios and 95% confidence inter-
vals. A disadvantage of the matched analytical approach is broad confidence 
intervals and in the case of high heritability, an underestimation of the risk. 
Assets of the conditional model are instead the reduced likelihood of bias 
and unmeasured confounding as well as residual confounding in comparison 
with an ordinary non-matched analysis. 
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 Results 

 Genetic liability to fractures in the elderly (Paper I) 

The genetic influence on osteoporotic fractures has been unclear. The pur-
pose of the present twin study was therefore to estimate the genetic impact 
on fractures at various ages.  

From registry data and self-reports, we identified 6,021 twins with any 
fracture. Of these, a total of 3,599 osteoporotic fracture cases were identi-
fied, and 1,055 were hip fractures, the most important osteoporotic fracture. 
The age-adjusted heritability for osteoporotic fractures was moderate (0.27; 
95% CI, 0.09-0.28), whereas almost half of the variance in liability to hip 
fractures was due to genetic factors (0.48; 95% CI, 0.28-0.57). Categorized 
by age, if the first hip fracture within a twin pair occurred after the age of 79 
years, the individual-specific environmental influence contributed to nearly 
all of the variance. Between the ages of 69 and 79 years, half of the total 
variance was explained by genetic factors and before the age of 69 years the 
heritability was even stronger. The same pattern was also evident for osteo-
porotic fractures. The relative risk of a hip fracture in the second twin if the 
first twin had had a hip fracture was 7.91 in MZ, compared to 3.75 in DZ. 
The difference in OR was not that pronounced for osteoporotic fractures. 

In conclusion, the heritability for fracture is dependent on site and age. 
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Figure 2. The age-adjusted heritability, shared environmental influence and non-
shared environmental influence of hip fracture by age at first fracture within each 
twin pair. 

 

 
Figure 3. The age-adjusted heritability, shared environmental influence and non-
shared environmental influence of osteoporotic fracture by age at first fracture 
within each twin pair. 
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Simply ask them about their balance - future fracture risk in a 
nationwide cohort study of twins (Paper II) 

Most low trauma fractures in elderly people occur after a fall, and the 
strongest single risk factor for fracture is falling. 26 A measured impaired 
balance is associated with increased risk of falls, 102,103 and self-reported falls 
have also been reported as a risk factor for fracture, 104,105 but we are not 
aware of any previous studies that have evaluated the future risk of fractures 
by measuring self-reported impaired balance. We therefore conducted a twin 
study to estimate the future risk of fractures among twins who were discor-
dant with regard to self-reported balance. 

In the hip fracture analysis, twins with self-reported impaired balance had 
three times as large a fracture risk as their co-twins without impaired balance 
(OR=3.13, 95% CI: 1.62, 6.05). For any osteoporotic fracture, the OR was 
2.39 (95% CI: 1.49, 3.82) and slightly lower for the overall fracture analysis. 
For all three categories, the risk of fracture became larger with increasing 
age. 

In conclusion, an elderly person who answers yes to a question regarding 
impaired balance has an increased risk of suffering a fracture in the future. 

Table 6. Odds ratios for hip fracture in persons with impaired balance, as compared 
with those with normal balance among twin pairs discordant with regard to self-
reported balance status, Swedish Twin Registry, 1998-2000. 

 Sex- and Age-Adjusted Model 

 
No. of      
Discordant 
Twin Pairs 

No. of 
Twins 
With Frac-
ture

OR 95% CI 

All twin pairs 864 77 3.13 1.62,  6.05
Like-sexed 
twins 552 52 2.46 1.22,  4.95

Women 400 40 2.56 1.18,  5.52

Men 152 12 2.00 0.37, 10.92
 
Baseline age< 
75 years 
 
Baseline age> 
75 years 
 

 
 
764 
 
 
100 

 
 
40 
 
 
37 

 
 
2.98 
 
 
3.50 

 
 
1.31, 
 
 
1.15, 

 
 
  6.79 
 
 
10.63 
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Heritability of impaired balance: a nationwide cohort study in 
twins (Paper III)  

The principal causes of an osteoporotic fracture are a fall and weakened 
bone strength. Only a few previous studies have investigated the heritability 
for factors affecting the risk of falls, 92-94 and we have recently shown that 
self-reported impaired balance was associated with an increased risk of fu-
ture fracture. The aim of this study was therefore to evaluate the genetic and 
environmental influence on impaired balance. 

An impaired balance was reported by 12.3% of the twins. Impaired bal-
ance was more widespread among women and became more common with 
increasing age. The tetrachoric correlation for impaired balance was only 
slightly higher for monozygotic twins (0.36), compared to like-sex dizygotic 
twins (0.31).  By structural equation modeling techniques in which age ef-
fects were taken into account, we found that non-shared environmental in-
fluences accounted for 66% of the total variance in impaired balance occur-
rence. 

In conclusion, self-reported impaired balance has a modest genetic influ-
ence in older subjects.                                                                                                                

  

Table 7. Age- and sex-adjusted estimates of heritability and 

environmental influence on balance 

Proportion of variance explained (95%CI) 

Type of 
model 

Genetic 
factors (A) 

Shared 
environmental 
factors (C) 

Non-shared 
environmental 
factors (E) 

 
ACE 

 
0.27 (0.01-0.45) 

 
0.07 (0.00-0.25) 

 
0.66 (0.65-0.66) 

 
AE 

 
0.37 (0.28-0.39) 

 
------ 

 
0.63 (0.55-0.72) 

 
CE 

 
------ 

 
0.24 (0.18-0.24) 

 
0.76 (0.70-0.76) 
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Genetic influence on bone phenotypes and body composition: A 
Swedish twin study (Paper IV) 

Bone mineral density, bone size and bone turnover are independent determi-
nants of fractures in the elderly. 43,51,60,61,81,106-109 Sweden and Norway have 
the highest incidence of osteoporotic fractures in the world but the genetic 
impact on BMD, bone area and markers of bone turnover has not been 
evaluated in Sweden. We therefore used data from the Swedish Twin Regis-
ter to estimate the genetic influence of BMD, bone area and markers for 
bone turnover. 

Our results show a stronger correlation for BMD at all sites within MZ 
twin pairs than within DZ twin pairs, suggesting a strong genetic influence. 
The difference in correlation for bone area and hip geometry was not as 
marked as for BMD, even though they presented high values. Correlations 
for markers for bone turnover were lower than for BMD. Through age- and 
sex- adjusted structural equation modeling analysis, we found that there was 
a strong heritability for BMD at all locations. Bone area also displayed a 
strong genetic influence, whereas almost two-thirds of the variance in liabil-
ity to markers of bone turnover was due to genetic factors. 

In conclusion, the heritability of BMD, bone area and bone turnover are 
high in middle-aged and older Swedish people. 

Table 8. The genetic and environmental influence on bone mineral densities and 
bone turnover markers in Swedish adult twins 

Proportion of variance explained (95%) 
 

 Heritable 
Factors (A) 

   Shared 
Environmental 

   Factors (C) 

Nonshared 
Environmental 
Factors (E) 

BMD  
femoral neck 

 
0.75 (0.62-0.83) 

 
       NA 

 
0.25 (0.17-0.38) 

BMD 
Proximal femur 

 
0.84 (0.74-0.90) 

 
       NA 

 
0.16 (0.10-0.26) 

BMD  
Lumbar spine 

 
0.85 (0.54-0.90) 

 
       NA 

 
0.15 (0.10-0.25) 

Serum 
osteocalcin 

 
0.69 (0.53-0.80) 

 
       NA 

 
0.30 (0.20-0.46) 

Serum  
CrossLaps 

 
0.58 (0.33-0.75) 

 
       NA 

 
0.42 (0.25-0.67) 

Heritable and environmental factors in the causation of clinical 
vertebral fractures (Paper V) 

Vertebral fractures are common osteoporotic fractures, and low bone mineral 
density at the lumbar spine is strongly associated with an increased risk of 
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vertebral fracture. 68,110 The heritability of BMD is large, 70 but the genetic 
influence on vertebral fractures is unclear. The primary objective of this 
study was therefore to determine the genetic liability to vertebral fractures. 

Our results show that the individual-specific environmental influence ac-
counted for 70% of the total variance in low-energy vertebral fractures. The 
individual-specific environmental influence was strongly dependent on the 
age at which the first twin had had the first fracture. Among those aged over 
80, the individual-specific environmental influence was 0.83 (95% CI 0.48-
1.00), compared to 0.33 (95% CI 0.16-0.56) before the age of 70. 

In conclusion, the occurrence of clinical vertebral fractures is largely ex-
plained by individual-specific environmental influences such as lifestyle 
behaviors. 

Table 9. Age-adjusted estimates of heritable and environmental factors on occur-
rence of vertebral fractures.  

Proportion of variance explained (95% CI)  
 

 Heritable  
Factors (A) 

Shared 
 Environmental 
 Factors (C) 

Nonshared  
Environmental 
 Factors (E) 

Low energy 
trauma 

 
0.24 (0.00-0.47) 

 
0.07 (0.00-0.29) 

 
0.69 (0.53-0.86) 

Any cause 
of injury 

 
0.17 (0.00-0.40) 

 
0.07 (0.00-0.26) 

 
0.76 (0.60-0.91) 

 

  



 31

Discussion  

Osteoporotic fractures are a tremendous problem worldwide. These fractures 
have a big impact on quality of life, 1,2 and there is also an increase in risk of 
death due to hospitalization and immobilization. 111 Women in Scandinavia 
have the highest incidence of hip fractures in the world 112 and the highest 
incidence of vertebral fractures in Europe. 113 The main causes of an osteo-
porotic fracture are not only a low bone mass 43,51,106 but also a fall. 26 The 
term osteoporotic fracture is actually a misnomer, since most fractures in the 
elderly are not caused by osteoporosis. 37,38,43 Moreover, BMD predicts frac-
ture risk but does not accurately identify individuals who will fracture. 43 
This is partially explained by fall risk-related factors but also by other bone-
related factors that predict fracture independently of BMD, such as markers 
for bone turnover. 60,61 Multiple environmental and lifestyle risk factors are 
involved in the incidence of fractures, but genetic risk factors may also play 
a large role. 70 The genetic impact on BMD, bone turnover, fall risk and frac-
tures has not been evaluated in a Scandinavian setting. In order to evaluate 
the heritability for fractures and phenotypes predicting fracture risk we used 
a population-based cohort from the Swedish Twin Registry.  

Osteoporotic Fractures (Papers I and V) 

It is important to find effective interventions against osteoporotic fractures. 
If heritability for osteoporotic fractures is high, the search for fracture sus-
ceptibility genes is of main interest. On the other hand, if individual-specific 
environmental influence dominates, the focus should be on lifestyle inter-
ventions.  

BMD, the most well-known risk factor for osteoporotic fractures, 68,69 has 
a strong genetic influence. 70,71 Assuming BMD to be the most important 
cause of osteoporotic fractures, the genetic liability to osteoporotic fractures 
ought to be reflected by the high heritability for BMD. Instead, a low genetic 
predisposition of fractures is well explained by lifestyle and environmental 
influences related to fracture risk but not to BMD, 9,114 such as balance-
related disorders, that may be the main risk factor for osteoporotic fractures. 

Our results demonstrate that heritability for osteoporotic fracture is de-
pendent on site and age, and that primary prevention of fractures in the eld-
erly should be focused on lifestyle interventions. Cummings et al. showed 
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that a maternal history of hip fracture doubles the hip fracture risk independ-
ently of bone density, 9  also indicating that other heritable risk factors than 
BMD, such as a tendency to fall, indeed contribute to fracture risk. 

Impaired balance (Papers II and III)  

In the elderly, most osteoporotic fractures occur after a fall from a standing 
height. 115,116 Previous studies on risk factors for fracture among older peo-
ple, show that falling, and not osteoporosis, is the strongest risk factor, and 
that over 80% of low trauma fractures occur in people who do not have os-
teoporosis. 26  Falls increase with age and are more common in women than 
men. 70  Falls are a phenotype with multiple environmental risk factors, such 
as impaired balance. 102,103 Through training, balance and muscle strength 
can be improved and the number of falls reduced, 117,118  resulting in fewer 
fractures, 119,120 in addition to positive effects on BMD. 121  

For the assessment of the risk of falling, Nguyen et al. identified a fall in 
the past year and prior fractures as independent risk factors for hip fracture. 
122 Other interventions for preventing falls are withdrawal of medications 
that increase the risk of falls, modifications at home, and vision aids. We 
thought that another readily accessible risk factor could be self-reported im-
paired balance. A measured impaired balance is associated with increased 
risk of falls, 102,103 but direct measurement of balance is not easy to accom-
plish, even though it might be preferable. Our results indicate that elderly 
persons who answer yes to the question regarding impaired balance have a 
considerably higher risk of fracture.  

If the heritability for impaired balance is high, the risk of fracture due to 
impaired balance could have been underestimated by analyzing within-twin 
pair differences, but as shown in Paper III, the heritability of self-reported 
impaired balance is modest. The genetic influence on factors affecting the 
risk of falls has only been investigated in a few previous studies. Perform-
ance-based measured balance in women has a low to moderate genetic liabil-
ity. 92-94 Our results agree with earlier studies with directly measured out-
comes. The modest genetic influence on self-reported impaired balance, 
together with interventional results, 117-120 implies that physical training to 
improve balance should be recommended to the elderly in order to prevent 
future fractures. 

BMD and markers for bone turnover (Paper IV) 

The genetic impact on BMD, bone area and bone turnover has not been 
evaluated in Sweden or Norway, where the worldwide highest incidence of 
osteoporotic fractures are found. BMD predicts fracture risk, 43 and previous 
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twin studies 72,87,123,124 in  countries with lower incidences of osteoporotic 
fractures have demonstrated a high genetic contribution to BMD. In Sweden 
the genetic liability to fractures is modest. 125  We therefore hypothesized the 
genetic influence on BMD to be lower in Sweden compared to other coun-
tries.  

Our results demonstrated, contrary to our hypothesis, a high heritability 
for BMD (and bone area), which agrees with earlier findings. This, in con-
junction with the modest genetic influence on osteoporotic fractures, indi-
cates that BMD has a fairly small influence on fracture risk in the elderly 
population in Sweden. 

 Bone turnover is a risk factor for fracture, independent of BMD. 60,61 
Garnero et al. have presented results indicating a rapid increase of bone 
turnover that is maintained for several years after menopause. The increased 
bone turnover results in a faster bone loss and higher risk of osteoporosis. 58 
Several studies have demonstrated a high correlation between bone turnover 
markers and rates of bone loss, 126 and four prospective studies have showed 
that increased levels of bone resorption markers are associated with a two- 
fold higher risk of fractures. 60,61,127,128 For markers of bone formation, the 
relationship to fracture risk is more uncertain. A number of studies have 
reported a heritable component to bone turnover markers in pre- and post-
menopausal women and in men. 76-78,95 Our results are consistent with these 
findings, demonstrating a high heritability for both formation and resorption 
markers, with no indication of gender differences. 

Strengths and limitations 
The main advantage of our studies is the twin design. Twin studies are not 
confounded by age and cohort effects, as in an ordinary family study. In 
contrast to family studies, it is possible in twin studies to separate what pro-
portion of the variance in a trait is explained by heritability and what propor-
tion is due to early familial environment. 129-131 This is due to the fact that the 
twin model assumes that Mz twins share 100% of their genes, Dz twins 
share on average 50% of their genes, and Mz and Dz twins share the com-
mon environment to the same degree. The classical twin-design includes 
only twins raised in their biological family, which is a limitation of the pos-
sible genetic and environmental relationships.  To estimate correlations be-
tween genes and environment, adoption models or children-of-twins designs, 
are required.   

 All our cohorts are population-based, meaning that a sample of a defined 
population is selected for assessment of exposure-outcome relations, and the 
comparison group may be the general population from which the cohort is 
drawn, or it may be another cohort of persons thought to have had little or no 
relation to the exposure under investigation, but otherwise similar. Some 
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authors 132 are of the opinion that twins are not a random sample of the popu-
lation but measured studies on the personality and intelligence suggests that 
twins differ very little from non twin siblings. 133  

The cohorts included a large number of twins (Papers I, II, III and V), re-
ducing the effect of random errors. The advantage of the prospective cohort 
design is that the participants are exposed at baseline before the occurrence 
of the outcome and can be followed until the occurrence of the outcome. 

The individual personal registration number provided to all Swedish citi-
zens enabled complete identification of fractures and other diseases in the 
NPR.  

Confounding is a systematic error that can be prevented by randomiza-
tion, but since randomization can only be used in experimental trials, other 
methods such as stratification by age, restriction and the use of regression 
models have been used in these cohort studies in order to deal with measured 
and unmeasured confounding. In Paper II, we chose to include only twins 
discordant to impaired balance to minimize confounding, even though we 
ended up with few fracture cases and broad confidence intervals. 

The participation rate was high (84%) in the cohort used in Papers I, II, III 
and V, reducing a potential selection bias. In paper IV the participation rate 
was lower (59%), and it could be that the oldest were less willing to partici-
pate due to, for example, illness or having to undergo different examinations. 
On the other hand, another possibility is that those who were worried or cu-
rious about their BMD status were keener on participating.  

In the telephone interview the twins answered yes, no or uncertain to the 
question: Do you have impaired balance? To evaluate whether misclassifica-
tion were present, an identical second interview was performed among 105 
twins two weeks after the first interview. The kappa statistic was 0.81, indi-
cating almost perfect agreement (Paper II). In Paper V we only included 
clinical vertebral fractures in the analysis. Twins with pain in the thoracic or 
lumbar region will not be diagnosed with a vertebral fracture until a radio-
graphic examination is performed, a possible misclassification. However, in 
our previous analysis of hip fractures (Paper I), there was no such detection 
bias. It would have been preferable to confirm the fractures identified by the 
NPR by radiograph report but this was not feasible, and NPR and other pa-
tient registers are valid for identifying cases of vertebral fracture. 134-138 

In summary 
Heritability of fractures is dependent on site and age. Our results imply that 
the genetic influence to osteoporotic fractures, at least in the oldest old, and 
impaired balance in the elderly are of minor significance, which is important 
when it comes to fracture prevention. The strong association between im-
paired balance and risk for future fracture suggests that strategies for pre-
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venting falls might be just as important as actions for increasing BMD. The 
relatively high heritability of BMD and the low heritability of osteoporotic 
fractures underline the importance of shifting focus and making efforts to 
encourage strength and balance training in order to prevent falls. 
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Conclusions 

The genetic influence on susceptibility to fractures is dependent on the type 
of fracture and age at the fracture event (Paper I). 
 
Elderly persons who state that their balance is impaired have a substantially 
increased risk of a future osteoporotic fracture, independently of previously 
recognized risk factors (Paper II). 
 
Most of the variation in self-reported balance disturbance among those older 
than 55 is explained by non-shared environmental influences and not by 
genetic constitution (Paper III). 
 
The heritability of bone phenotypes and body composition is high in Swed-
ish middle-aged and older men and women (Paper IV). 
 
Clinical vertebral fractures, especially in old age, are largely explained by 
individual-specific environmental influences such as lifestyle behaviors and 
not by genetic constitution (Paper V). 
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Future Perspectives 

Considering the above discussion, future research should aim at: 

• Evaluating if balance training, bone-specific treatment (bisphospho-
nates) or both are the most effective management in order to prevent 
fractures in the oldest old by a randomized clinical trial (RCT). 

• Searching for genotypes and gene-environmental interactions that 
affect osteoporotic fracture risk in younger ages. 

• Elucidating specific genetic pathways responsible for the differences 
in BMD. 

• Clarifying whether there is a gender difference in the heritability for 
BMD and if the heritability is different in the oldest old. 

• Evaluating if non-trauma vertebral fractures have a stronger genetic 
influence than clinical vertebral fractures. 
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Sammanfattning 

Bakgrund 
Det övergripande syftet med avhandlingsarbetet var att undersöka ärftlighe-
tens betydelse för osteoporosfrakturer, bentäthet, balansförmåga och markö-
rer för benomsättning. I Sverige är benskörhet bland äldre med åtföljande 
frakturer ett omfattande och ökande problem. Sverige och Norge har av 
oklar anledning den högsta incidensen av osteoporosfrakturer i hela världen. 
De vanligaste orsakerna till en osteoporosfraktur är inte bara ett skört skelett 
utan också vanligen en fallolycka. En fallolycka kan orsakas av olika fakto-
rer ex dålig balans. Det genetiska inflytandet på en sjukdom eller riskfaktor 
analyseras bäst inom en tvillingstudie. Användandet av tvillingstudier base-
rar sig på det faktum att enäggstvillingar är genetiskt identiska och att två-
äggstvillingar delar hälften av genomet samt att tidiga familjära omgivnings-
faktorer delas lika inom tvillingparet oberoende av zygositet. Det svenska 
tvillingregistret är det största av sitt slag i världen. Till de genomförda studi-
erna har data samlats från detta register. 

Studiepopulation samt metoder 
Personer valdes ut från det Svenska Tvillingregistret. Alla tvillingpar födda 
1896-1944 där båda individerna inom paret var vid liv 1972 (33 432 tvilling-
ar) ingick i studiebasen. En telefonintervju av 24598 tvillingar utfördes mel-
lan 1998 och 2000. Frakturdata hämtades från två källor: slutenvårdsregistret 
och självrapportering vid telefonintervju. 3599 osteoporos frakturer identifi-
erades, varav 1055 var höftfrakturer och 1037 var kotfrakturer. Den egna 
upplevelsen av dålig balans fick vi fram genom telefonintervjun där delta-
garna fick svara ja, nej eller osäker på frågan: Har du dålig balans? 102 tvil-
lingpar boendes i Uppsala genomgick mätningar av bentäthet och benarea 
med DXA (Lunar Progedy). Markörer för benformation (osteocalcin) och 
benresorption (CrossLaps) mättes i blod. 
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Resultat 
Ärftligheten för frakturer varierade beroende på ålder och typ av fraktur. 
Ärftligheten hade störst inverkan på höftfrakturer (0.48; 95 % CI, 0.28-0.57) 
samt om höftfrakturen inträffade före 70 års ålder. För kotfrakturer var ärft-
ligheten lägre (0.24; 95 % CI, 0.00-0.47) och vid en kotfraktur före 70 års 
ålder förklarades ca en tredjedel av variansen av det genetiska inflytandet. 
Om frakturerna inträffade efter 79 års ålder var ärftlighetens inverkan 
obetydlig.  Detta talar för att fokus bör ligga på livsstilsfaktorer vid preven-
tion av frakturer hos äldre. 

Dålig balans var vanligare hos kvinnor och äldre. I studien använde vi oss 
av tvillingpar som var diskordanta för självrapporterad dålig balans dvs. den 
ena tvillingen i paret uppgav dålig balans och den andra tvillingen uppgav 
bra balans. Genom samkörning av registerdata identifierade vi frakturfall 
som uppkommit efter telefonintervjun. Tvillingen med dålig balans hade tre 
gånger så stor risk att få en höftfraktur som tvillingen med bra balans. Dessa 
resultat visar att en enkel fråga om dålig balans kan vara värdefull i samband 
med riskvärdering för framtida frakturrisk. 

Ärftlighetens inverkan på självrapporterad dålig balans var måttlig hos 
äldre individer (0.27; 95 % CI, 0.01-0.35). Eftersom självrapporterad dålig 
balans är en stark riskfaktor för framtida fraktur hos äldre, kan dessa resultat 
eventuellt förklara varför ärftligheten för osteoporosfrakturer endast är mått-
lig även om bentäthet, som är en viktig orsak till osteoporosfrakturer, har en 
hög ärftlighet. 

Mätningar av BMD och benarea utfördes på sex stycken olika anatomiska 
regioner. I ländryggen, lårbenshalsen och övre delen av lårbenet, som är de 
vanligaste lokalisationerna för osteoporosfrakturer, var ärftligheten hög. För 
benomsättningsmarkörerna var ärftligheten något lägre. Dessa resultat över-
ensstämmer med tidigare studier från andra länder, där dock incidensen för 
osteoporosfrakturer är lägre än i Sverige. Hög ärftlighet för bentäthet och 
svagt genetiskt inflytande på osteoporosfrakturer i hög ålder, indikerar att 
framtida forskning bör fokusera mer på fallpreventiva åtgärder. 
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