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Abstract

Osteoporosis is a major public health problem, mainly characterized by 

compromised bone strength. The bone strength is determined by many skeletal 

factors, including bone mineral density (BMD), geometric structure, 

microarchitecture, and intrinsic material properties. The BMD and geometric 

structure have been demonstrated to be under strong genetic controls. 

Identification of genetic determinants for these skeletal factors will lead to a 

better understanding of osteoporosis pathophysiology and to the development of 

new diagnostic tools and therapeutic agents. A large number of linkage and 

association studies have been conducted on BMD and several on bone geometry, 

however, relatively little success has been achieved and inconsistent results have 

accumulated. Though the lack of inconsistence may be due to a number of factors, 

one of the main reasons is that most of the previous studies are lack of sufficient 

statistical power to generate reliable and reproducible results. Therefore, in the 

present project, I conducted powerful genome-wide linkage scans for areal BMD, 

areal bone size, and femoral neck cross-sectional geometry in a sample of 79 

multigenerational Caucasian pedigrees. Several promising genomic regions have 

been identified for various skeletal traits. For instance, genomic regions at llq23, 

20pl2-ql2 and on chromosome X may contain genes influencing BMD variation. 

In addition, the regions on 20pl2-ql2 and chromosome X also showed linkage



evidence for several femoral neck cross-sectional geometric variables, suggesting 

that these potential quantitative trait loci (QTLs) may regulate bone geometric 

structure as well. Moreover, gender-specific linkage analyses suggested that 

some of these QTLs may affect these bone phenotypes in a sex-specific manner. 

The significance of these regions was further corroborated by earlier findings or 

by the candidate genes within the regions. Further explorations of these regions 

are warranted. I also identified significant/suggestive linkage evidences at 

several other genomic regions, such as 3p26 for spine BMD, 15q23 for hip BMD, 

14qll for hip bone size, and 8q24 and 10q26 for femoral neck cross-sectional 

geometry. Together with the findings from other studies, the current study has 

further delineated the genetic basis of several osteoporosis-related skeletal traits 

and highlighted the importance of increasing sample size to confirm linkage 

findings and to identify new regions of linkage.
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CHAPTER 1

MOLECULAR GENETICS OF OSTEOPOROSIS
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Definition and Epidemiology

Osteoporosis has been defined as "a skeletal disorder characterized by 

compromised bone strength predisposing a person to an increased risk of 

fracture."(NIH Consensus Development Panel on Osteoporosis Prevention 2001) 

Bone strength is determined by the integration of bone mineral density (BMD) 

and bone quality. Since there is no direct and accurate in vivo measurement of 

overall bone strength and low BMD has been consistently correlated with 

increased facture risk (Cummings et al. 1993; Melton, El et al. 1993; Ross et al. 

1991), BMD is commonly used as a proxy assessment for bone strength. In 1994, 

an expert panel of the World Health Organization (WHO) proposed a clinically 

and operationally useful definition of osteoporosis, which is solely based on 

BMD measurement (Kanis et al. 1994). In this definition, osteoporosis is a 

condition with BMD less than or equal to 2.5 standard deviations (SD) below the 

mean value for young healthy adults (T score <= -2.5).

Osteoporosis can be characterized as primary or secondary. Primary 

osteoporosis can occur in both sexes at all ages, but it is largely due to age- 

related bone loss. It can be further classified as type I and type II (Riggs et al. 

1982). Type I or postmenopausal osteoporosis occurs in those women within 15- 

20 years of menopause, with a peak incidence in the 60s and early 70s. This type 

of osteoporosis reflects a loss of trabecular bone, which results from lack of 

endogenous estrogens after menopause. The mechanism whereby estrogen
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deficiency results in bone loss is unclear, but involves increase in remodeling 

rates. Type II or senile osteoporosis occurs in women or men more than 70 years 

of age and represents a loss of cortical and trabecular bone. Its causes are 

unknown, and it is not clearly distinct from type I osteoporosis with which it 

shows many features, at least one of the contributing causes may be decreased 

production of l,25(OH)2D3 and resultant reduced calcium absorption and 

secondary hyperparathyroidism (Marcus 1996; Riggs et al. 1982). Secondary 

osteoporosis results from the presence of other diseases (e.g., hyperthyroidism), 

medication exposure (e.g., glucocorticoids), or other conditions (e.g., poor 

nutrition) that predispose to bone loss.

The major health consequence of osteoporosis is fracture; the incidence of 

fracture is high in persons with osteoporosis (low BMD) and increases with age 

independent of bone loss but concomitant with it. The primary fracture sites are 

hip, vertebrae and forearm. All three show similar epidemiological features: the 

incidence is higher in women than in men, it increases exponentially with age 

and it occurs at sites with a larger proportion of trabecular bone (Iqbal 2000).

In the United States, osteoporosis is a major public health problem. Ten 

million individuals already have osteoporosis, and ~34 million more have low 

BMD, placing them at increased risk for the disease. Osteoporosis is responsible 

for more than 1.3 million osteoporotic fractures (OF) annually, including
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"300,000 hip fractures and ~700,000 vertebral fractures (Ray et al. 1997). OF could 

cause permanent disabilities, nursing home placement, and even death. In 1995 

alone, osteoporosis incurred an estimated direct cost of ~14 billion dollars in the 

US (Ray et al. 1997). The direct cost rapidly rose to >17 billion dollars in the US in 

1997 (Melton, ID 2003).

A large variation is evident in fracture incidence in race- and sex-different 

populations. The highest incidences are reported in North Europe and the North 

America. The rates are intermediate in Asians and lowest in Black populations 

(Lau 2001). The incidence of osteoporotic fractures in white men is about one 

third that of white women. The female to male ratio for hip fracture also varies 

from about 3:1 in Caucasians to about 1:1 in Chinese and South African Bantu 

population (Lau 2001). The reasons for the geographical variation in hip fracture 

incidence and the gender ratio variation are largely unknown. Bone density 

variation can not explain all of the difference. For example, Japanese women 

have lower BMD than Caucasians, but hip fracture rates in Japan are 

significantly lower than in the West. It might be due to a combination of genetic, 

bone geometry variation, and other environmental factors (Cummings and 

Melton 2002; Melton, HI 2001; Wark 1996).

As the age of the world's population increase the incidence and prevalence of 

osteoporosis and its economic burden on society will escalate. For instance,
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demographic change alone could lead to an increase in the number of 

osteoporotic hip fractures worldwide each year from an estimated 1.7 million in 

1990 to a projected 6.3 million by the year 2050 (Cooper, Campion, and Melton, 

HI 1992). Therefore, Development of preventive strategies for osteoporotic 

fractures is an urgent need.

Risk Factors for Osteoporotic Fractures and Their Genetic Basis

A. Bone Mass

The amount of bone in the skeleton, as measured by BMD, has become the 

most commonly used index to diagnose osteoporosis and predict fracture. The 

loss of BMD is an important feature related to osteoporotic fractures. BMD 

correlated significantly with bone strength (Veenland et al. 1997; Faulkner 2000; 

Hansson, Roos, and Nachemson 1980) and explains a significant portion of the 

risk of osteoporotic fractures (Marshall, Johnell, and Wedel 1996; Cummings, 

Bates, and Black 2002; NIH Consensus Development Panel on Osteoporosis 

Prevention 2001; Cummings et al. 1993). For instance, each 1 SD reduction of 

BMD below young adult normal values is associated with a 1.5- to 2.6-fold 

increase in a patient's risk for fracture, depending on the skeletal site measured 

(Marshall, Johnell, and Wedel 1996). Several different noninvasive techniques 

have been developed to assess BMD, such as Dual energy X-ray absorptiometry

5



(DEXA or DXA), Quantitative computed tomography (QCT), and Ultrasound. 

Each of these techniques has particular advantages and disadvantages 

(Fogelman and Blake 2000). Because of the advantages of high precision, short 

scan time, low radiation dose, and stable calibration, DXA has become the most 

widely used technique for measuring BMD (Miller et al. 1999). DXA measures 

BMD as the average concentration of mineral per unit area (areal BMD, g/cm2). 

BMD can be measured from any site in the skeleton, but the standard sites are 

lumbar spine, proximal femur, and distal forearm (Brunader and Shelton 2002), 

because of their high incidence of osteoporotic fractures.

The changes in areal BMD with age in women and men are shown in Figure

1- 1.

Figure 1-1. Lifetime changes of areal BMD

Bone Mineral Density
Spine or Hip

1.40-F

0.00 — I— I— I— h  
0 10 20 30 40 50 60 70 80 90

Age (yrs)

Mean ± 1 SD for both men and women is shown
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BMD increases progressively with age from infancy to adulthood (Carrascosa 

et al. 1995). During puberty, BMD increases about 3-fold over and reaches the 

'peak bone mass' around age of 25 (Slosman et al. 1994; Bonjour et al. 1991). This 

rapid increase in bone mass is associated with an increased in sex hormone levels 

and the closure of the growth plates. Peak bone mass has been shown to be 

under strong genetic controls, but nutritional, behavioral and environmental 

factors are also of importance (Chesnut, HI 1991; Mundy 1994). Males have 

higher peak BMD than females at the lumbar spine and the proximal femur. This 

difference in BMD results essentially from a longer period of bone mass gain in 

males than in females, resulting in a larger increase in bone size and cortical 

thickness in the former (Seeman 2001a).

After reaching its peak, BMD remains relatively stable until the age of 45-55 

(or the onset of menopause in females) (Recker et al. 1992). Thereafter, BMD 

starts to decline in both men and women (Zmuda et al. 2000; Hui et al. 1982). 

However, the rate and pattern of bone loss differs greatly between men and 

women. In women, there is accelerated bone loss occurs with abrupt estrogen 

withdrawal after the onset of menopause and for 10-15 years after (Kroger et al. 

1994; Nguyen et al. 1995). The accelerated bone loss in women causes the loss of 

25-30% of the skeletal mass over a period of 5-10 years, followed by a slower 

phase with stable bone loss of 0.5-1% per year (Slemenda et al. 1996a; Pouilles, 

Tremollieres, and Ribot 1995). Males do not exhibit accelerated bone loss but,
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rather, a more gradual and stable bone loss rate. Bone loss occurs in the 

postmenopausal women as a result of an increase in the rate of bone remodeling 

and an imbalance between the activities of osteoclasts and osteoblasts. During 

aging, bone resorption on the endocortical, intracortical and trabecular surfaces 

reduce the amount of bone as trabeculae thin and disappear, and as cortices thin 

and become porous (Seeman 2002).

There is a large body of genetic epidemiological evidence that supports a 

major role of genetic influences in determining population variation in areal 

BMD. Compared to age-matched women, daughters of osteoporotic women have 

lower BMD and higher fracture risk in lumbar spine, and femoral neck (Seeman 

et al. 1989). The proportion of the BMD variance attributable to genetic factors, 

which is known as the heritability (h2), has been estimated by many studies. In 

twin studies, the h2 of BMD has been estimated to lie between 70% to 85% at the 

spine and hip, with values of 50-60% for wrist BMD (Smith et al. 1973; Flicker et 

al. 1995; Slemenda et al. 1991; Christian et al. 1989). Family studies also suggest 

that genetic factors have significant effects on BMD variation (Gueguen et al. 

1995; Deng et al. 1999; Deng et al. 2000a; Seeman et al. 1994). For example, Deng 

et al. (2000a) analyzed 40 human pedigrees from the Midwest showing high h2 

(64-86%) for spine and hip BMD. Several studies also showed a high genetic 

correlation between spine and hip BMD (Deng et al. 1999; Nguyen et al. 1998), 

suggesting that some genetic determinations of BMD at different skeletal sites



are shared. Segregation analyses (Gueguen et al. 1995; Deng et al. 2002b; Livshits 

et al. 2004) suggested that there exists at least one major gene for population 

BMD variation.

QCT and QUS can also be used to measure BMD. QCT measures the lumbar 

spine as well as peripheral sites. It can not only determine the true volumetric 

BMD (g/cm3), but also can provide separate analysis of the trabecular or cortical 

bone. The main disadvantages of QCT are high exposure of radiation, difficulties 

with quality control, and high cost compared with DXA (Brunader and Shelton

2002). Because of these limitations, genetic studies on the volumetric BMD 

measured by QCT are rare. A few studies performed in mice (Beamer et al. 1999; 

Beamer et al. 2001) and humans (Lenchik et al. 2004) suggested that volumetric 

BMD is highly heritable. Quantitative ultrasound (QUS) is a non-invasive, non

ionizing radiation technique and can provide some information with respect to 

the bone structural organization in addition to bone mass (Cheng, Tylavsky, and 

Carbone 1997; Njeh et al. 2001). The most widely used parameters of QUS are 

broadband ultrasound attenuation (BUA) and speed of sound (SOS). The 

calcaneus is the primary site of QUS measurement (Gluer 1997). However, the 

precision of QUS measurement is relatively poor (Gluer 1997). Studies have 

shown that QUS parameters are also under substantial genetic controls (Hunter 

et al. 2001; Danielson et al. 1999; Howard et al. 1998; Arden et al. 1996). The 

estimated h2 of SOS and BUA are largely over 50%. Genetic correlations between
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areal BMD and QUS parameters are only modest, suggesting that the genetic 

determinants of QUS are largely different from that of BMD (Howard et al. 1998; 

Knapp et al. 2003).

B. Bone Quality

Though BMD is an important determinant of bone strength and allows a 

reasonable assessment of the risk of fracture. However, a growing body of 

evidence indicates that many factors other than BMD contribute significantly to 

bone strength and fracture risks (Watts 2002; McCreadie and Goldstein 2000). A 

number of clinical findings cannot be explained simply by areal BMD 

measurements. For example:

1) There is a substantial overlap in BMD between subjects who develop a 

fracture and those who do not (Marshall, Johnell, and Wedel 1996; 

Schuit et al. 2004). In other words, many osteoporotic fractures occur 

among patients with normal BMD, whereas some subjects with low 

BMD have no fractures (Ott 1993; Miller et al. 2002)

2) Despite large increases in spine BMD, fluoride treatment did not 

significantly reduce vertebral fracture risk, and may instead increase the 

fracture risks (Hedlund and Gallagher 1989; Riggs et al. 1990; 

Haguenauer et al. 2000a; Haguenauer et al. 2000b).

3) The changes in BMD following antiresorptive therapy explain a small 

proportion (< 30%) of the variance in fracture risk reduction (Cranney et
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al. 2002a; Cummings et al. 2002; Sarkar et al. 2002; Watts et al. 2004; 

Delmas and Seeman 2004). In addition, the reductions in fracture risk 

are evident long before maximal changes in BMD are observed (Pols et 

al. 1999; Black et al. 1996; Watts et al. 2003; Harris et al. 1999).

4) Patients receiving glucocorticoid therapy suffer more osteoporotic 

fractures than individuals of the same BMD but not receiving the 

therapy (van Staa, Leufkens, and Cooper 2002).

To explain these observations, the term so called 'bone quality' has been 

evoked. While a consensus definition of bone quality has not been achieved, it 

normally includes many characteristics of bone, such as bone geometry (size, 

shape, etc.), bone microarchitecture (cortical porosity, trabecular number, 

thickness, connectivity), microdamage accumulation, bone remodeling, and bone 

material properties (proportion of mineral and collagen in bone matrix, degree 

and type of collagen cross-linking, size and structure of mineral crystals and 

degree of mineralization).

Bone Geometry

The bone geometry (also called macroarchitechture) has been recognized as 

an important factor in determining bone strength and the risk of osteoporotic 

fractures (Gluer et al. 1994; Yoshikawa et al. 1994; Biggemann, Hilweg, and 

Brinckmann 1988; Edmondston et al. 1997; Cheng et al. 1997).
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The ability of cortical bone to support the loads of axial compression and 

bending is correlated with the its shape and distribution (Yamauchi, Sugimoto, 

and Chihara 2004; Turner and Burr 1993). Mechanically, axial compression stress 

is proportional to the cross-sectional area (CSA) of the bone. Bending stress 

depends not only on the CSA of the bone, but also on how far the bone mass is 

distributed from the neutral axis (Beck 2003). For resistance of bending, bone 

near the periosteal surface is mechanically more effective than bone near the 

endosteal surface (Turner and Burr 1993). Ideally, cortical bone should be 

distributed as far from the neutral axis as possible; the geometric parameter used 

to describe this distribution property is the cross-sectional moment of inertia 

(CSMI), which is a function of the fourth power of the distance from the neutral 

axis (Beck et al. 2000).

A number of clinical observations support the importance of bone geometry 

on bone strength and fracture risks. During growth, males build a bigger, wider, 

and longer bone than females, but the thickness of the cortex is similar or only 

slightly greater in males (Duan et al. 2003; Seeman 2003). Thus, the higher areal 

BMD in men than in women at puberty is largely due to the larger bone size 

(Gilsanz et al. 1994). The main sex difference in bending strength is achieved, not 

by the thickness of the cortex, but by the placement of the cortex further from the 

neutral axis in males than in females (Duan et al. 2003). This greater radial
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displacement of the cortex also produces a larger CSA in males, upon which 

compressive loads can be distributed. After accounting for gender differences in 

CSA, there is no significant difference in bone compressive strength between 

bone specimens from young men and young women (Ebbesen et al. 1999).

With aging, both the periosteal and endosteal diameters of bone, increase in 

both sexes (Beck, Ruff, and Bissessur 1993; Beck et al. 2000; Boyce and Bloebaum 

1993; Ahlborg et al. 2003). This set of changes results from the combined effects of 

increased bone endosteal resorption and periosteal apposition. The extent of 

endosteal resorption is similar in men and women, but men have greater 

periosteal bone apposition (Duan, Seeman, and Turner 2001; Ruff and Hayes 

1988; Duan et al. 2003). Because bone near the periosteal surface confers more 

bending strength than bone near the endosteal surface, thus the reduced bending 

strength due to loss in bone mass may be partially compensated by the periosteal 

apposition (Ruff and Hayes 1982; Mosekilde 2000). Due to the greater periosteal 

apposition, bending strength is better maintained in men than in women (Duan 

et al. 2003; Seeman 1997; Seeman 2001b). On the other hand, though the bending 

strength of bone can be partially preserved by the periosteal apposition, 

however, in both sexes, the cortical bone is lost in the endosteal surfaces at a 

more rapid rate than it is gained in the periosteal surfaces, thus the cortical bone 

becomes progressively thin with aging (Seeman 1997; Duan et al. 2003). The 

progressive cortical thinning will increase the cortical structural instability and

13



thus leads to failure by local buckling (collapse) during loading (Duan et al. 2003; 

Beck 2003). The cortical structural instability can be characterized by a parameter, 

called bucking ratio (BR) (Beck 2003), which is computed as the ratio of the 

periosteal diameter of the bone to its cortical thickness.

Several different bone geometric parameters have been proposed and 

investigated in relation to fracture risk or bone strength by a number of studies. 

The hip axis length (HAL) has been found to be correlated with the risk of hip 

fractures, as such the longer the HAL, the greater the hip fracture risk (Faulkner 

et al. 1993; Duboeuf et al. 1997; Faulkner, McClung, and Cummings 1994). 

However, other studies reported inconsistent results, some showing no 

significant association between the HAL and hip fracture (Alonso et al. 2000; 

Center et al. 1998; Seeman et al. 2001); others reported that HAL is shorter in the 

fracture patients compared with the controls (Dretakis et al. 1999) and longer 

HAL is associated with higher bone strength (Cheng et al. 1997; Bouxsein, 

Courtney, and Hayes 1995). Similarly, conflicting results have been reported on 

the relationship between hip fracture risk and other simple measurements of hip 

geometry, such as femoral neck width and femoral neck-shaft angle (Cheng et al. 

1997; Dretakis et al. 1999; Faulkner et al. 1993; Duboeuf et al. 1997; Alonso et al. 

2000).

14



In contrast, areal bone size (i.e. projected bone area, cm2) obtained from DXA 

exhibited a more consistent relationship with bone strength and fracture risk. By 

comparing 327 women with osteoporotic fractures and 657 normal age-matched 

controls, Mazess et al. (1994) found that osteoporotic women have smaller 

vertebral area. This result has been confirmed by another study (Duan, Parfitt, 

and Seeman 1999), comparing the estimated vertebral volume (derived from 

projected area3/2) in women with and without spine fractures. Similarly, men 

with vertebral osteoporotic fractures have reduced areal vertebral size compared 

with age-matched controls (Vega et al. 1998).

It has been suggested that biomechanical parameters derived from the bone 

cross-sectional geometric variables would be better indicators of bone strength 

than BMD (Myers et al. 1993; Myburgh et al. 1992). Bone cross-sectional 

geometric parameters can be derived from two-dimensional (2D) images of 

conventional radiograph or DXA (Martin and Burr 1984; Sievanen et al. 1996), or 

directly measured by QCT (Lang et al. 1998; Brunader and Shelton 2002). Based 

on a few simple assumptions regarding to bone geometry and structure, Beck et 

al. (Beck et al. 1990) developed a method to extract the bone cross-sectional 

geometric parameters from hip DXA images. These parameters include CSA, 

CSMI, cortical thickness (CT), endocortical diameter (ED), section modulus (Z, an 

index of bending strength) and BR. Through applying the method, they found 

that the femoral neck CSA declines with aging in both sexes (Beck et al. 1992),
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but CSMI of femoral neck remains relatively stable in men (Beck et al. 1992) and 

in premenopausal women (Beck, Ruff, and Bissessur 1993). In a large scale study 

involving 2719 men and 2904 women aged 20-99 years, Beck and his colleagues 

(Beck et al. 2000) showed that with aging, though femoral neck BMD 

significantly decreases in both sexes, the section modulus only declines 

modestly. As such, femoral neck BMD in the oldest female cohort (>80 years) is 

approximately 32% less than young females (20-29 years), the corresponding 

section modulus is only 13% less. In males, the femoral neck BMD is 22% lower 

in the oldest group (>80 years), whereas the femoral neck section modulus is 

only 4.5% below young males (20-29 years) (Beck et al. 2000). The apparent 

mechanism for the discord between BMD and section modulus is the periosteal 

apposition with aging in both sexes (Beck et al. 2000). Thus, the authors 

suggested that a loss in BMD in the proximal femur does not necessarily mean 

reduced mechanical strength and increased fracture risk. The age- and sex- 

related differences in cross-sectional geometry of femoral neck have been 

confirmed by a recent study (Duan et al. 2003). By using CT, Taaffe et al. (Taaffe 

et al. 2003) also found that men have greater CSA and CSMI than age-matched 

women at femoral mid-shaft. Likewise, the cross-sectional geometry of vertebrae 

(Brinckmann, Biggemann, and Hilweg 1989; Vesterby et al. 1991; Gilsanz et al. 

1995) and forearm (Myers et al. 1993; Myburgh et al. 1992) are important in 

determining their strength. Both CSA at vertebrae (Duan, Seeman, and Turner
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2001) and forearm (Wapniarz et al. 1997; Bouxsein et al. 1994) increase with aging 

but more so in men.

Genetic factors may play a major role in determining bone geometry. Several 

genetic studies have demonstrated that there are strong genetic determinants 

underlying HAL (Flicker et al. 1996; Arden et al. 1996) and areal bone size (Deng 

et al. 2002e; Deng et al. 2002a; Jian, Long, and Deng 2004; Liu et al. 2004). For 

example, in 49 pedigrees, after adjusting for sex, age, weight, height, lifestyle 

factors, and the significant interactions among these factors, the h2 estimates for 

areal bone size at hip, spine, and wrist were 48%, 64%, and 60%, respectively 

(Deng et al. 2002a). So far, genetic studies on bone cross-sectional geometric 

measurements are relatively rare. The a few studies conducted in mice (Klein et 

al. 2002; Volkman et al. 2003) and in humans (Slemenda et al. 1996b; Xu 2004) 

demonstrated that both the QCT measured and the DXA derived cross-sectional 

geometrical parameters are also under strong genetic controls.

Bone Microarchitecture

During aging, the negative balance of bone remodeling results in bone loss 

which produces bone microarchitectural damages, including cortical thinning, 

increasing cortical porosity, trabecular thinning, complete loss of trabecular 

plates, and loss of connective (Parfitt et al. 1983; Weinstein and Hutson 1987).
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These structural damages are certainly contributors to reduced bone strength 

and increased bone fragility (Dempster 2000).

The internal beams or plates of trabeculae form a three-dimensional (3D) 

branching lattice. Independent of the BMD, the deterioration of trabecular 

microarchitecture can lead to a dramatic decline in the load-carrying capacity of 

the skeleton (Mosekilde, Viidik, and Mosekilde 1985; Mosekilde 1989; Goulet et 

al. 1994; Goldstein, Goulet, and McCubbrey 1993). In addition, changes in 

trabecular microarchitectural features with age and differences between males 

and females have been documented (Aaron, Makins, and Sagreiya 1987; 

Birkenhager-Frenkel et al. 1988; Mosekilde 2000; Mosekilde 1989). Women and 

men lose similar amounts of trabecular bone during aging (Seeman 2001b). 

However, trabecular thinning predominates in men, while loss of connectivity 

dominates in women (Aaron, Makins, and Sagreiya 1987; Mosekilde 1989; 

Thomsen, Ebbesen, and Mosekilde 2002). The residual strength of the vertebrae 

decreases more with loss of connectivity than with thinning. The reason is that, 

by Euler's theorem, the strength of a vertical trabecula is inversely proportional 

to the square power of its effective length (Dempster 2003). This means that loss 

of a single horizontal strut or cross-tie increases the effective length of a vertical 

trabecula by a factor of two, but it will reduce its strength by a factor of four.
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Kleerekoper et al. (Kleerekoper et al. 1985) observed a 20% decrease in 

trabecular plate density on iliac crest biopsy specimens from patients with 

osteoporotic fracture compared with those from nonfracture controls who had 

approximately the same BMD. Similarly, Recker (Recker 1993) showed an 11% 

decrease in trabecular number, a 37% decrease in trabecular connecting nodes, 

and a 37% increase in trabecular free ends in osteoporotic bone compared with 

controls with similar BMD. Using microCT, Ciarelli et al. (Ciarelli et al. 2000) 

examined the 3D microarchitecture of trabecular bone in the proximal femur in 

fracture cases and controls. They found that the fracture patients have increased 

anisotropy in trabecular structure (i.e., more trabeculae aligned with the axis of 

primary loading and fewer trabeculae oriented in the transverse direction), even 

when cases and controls matched for BMD (Ciarelli et al. 2000).

The importance of trabecular microarchitecture in bone quality can also be 

reflected from the findings that antiresorptive and anabolic treatments preserve 

or improve the trabecular microarchitecture (Komatsubara et al. 2004; Dalle and 

Giannini 2004; Borah et al. 2004; Boonen et al. 2004; Cummings et al. 2002; 

Dempster et al. 2001; Dempster 2002). Using ovariectomized minipigs, Borah et 

al. (Borah et al. 2002) found that untreated minipigs showed significant 

deterioration of trabecular bone microarchitecture, and those treated with 

antiresorptive drugs had more trabeculae that were thicker, better connected, 

and more platelike. Similar results have been found in postmenopausal women
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with osteoporosis treated for 3 years of antiresorptive drugs (Borah et al. 2004). 

Dempster et al. (Dempster et al. 2001) examined paired iliac crest bone biopsy 

specimens from patients with osteoporosis before and after treatment with PTH 

(1-34). The majority of patients showed an increase in trabecular connectivity 

after treatment (Dempster et al. 2001). These findings may help explain why 

these treatments result in a greater reduction in fracture risk than would be 

expected based on the increase in BMD alone (Cummings et al. 2002).

Cortical porosity is a measure of the prevalence and size of holes within bone 

cortex. Such holes represent Haversian canals, osteocyte lacunae, and cutting 

cones that have been produced by alterations in systemic or local factors favoring 

resorption over bone formation (Martin 1991). Progressively increased cortical 

porosity after age 40 largely reflects an expanded remodeling space resulting 

from an increased remodeling activation rate (Sietsema 1995) and is another 

effect of aging that has a negative impact on bone strength (Bousson et al. 2001). 

Increased cortical bone porosity at the femoral neck has been implicated as a 

possible contributor to hip fracture incidence (Bell et al. 1999a; Bell et al. 2000). 

Antiresorptive agents decrease cortical porosity by decreasing bone turnover and 

allowing filling of existing remodeling spaces. Evaluation of iliac crest biopsy 

specimens showed a 50% decrease in cortical porosity following 2 years' 

treatment with the bisphosphonate alendronate (Roschger et al. 2001).
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Several techniques have been developed to measure bone microarchitecture. 

Histomorphometric assessment of iliac crest bone biopsy specimens has been the 

basis for indirect, 2D assessments of trabecular structure (Muller 2003). However, 

the procedure is invasive and destructive and the specimen preparation is 

tedious and time-consuming. Additionally, changes at the iliac crest may not 

reflect changes at other skeletal sites. Significant progress has been made in 

techniques that allow quantitative assessment of trabecular architecture in 3D. 

Development of micro-computed tomography (microCT) has enabled 3D 

evaluation of trabecular bone specimens in vitro at very high resolution (~2|xm) 

(Dempster 2000). With the use of microCT, trabecular number, thickness and 

connectivity can be assessed (Dempster et al. 2001). High-resolution CT can also 

be used to assess trabecular bone microarchitecture in vivo at lumbar spine and 

hip. However, the resolution (~150nm) normally does not allow accurate 

measurement of trabecular thickness. Recently developed peripheral QCT 

(pQCT) can achieve a resolution of up to 80|j.m with a tolerable radiation limit. 

Such a resolution is high enough for a full characterization of trabecular bone 

architecture (Judex et al. 2003). Noninvasive, nonionizing high-resolution MRI 

can be used to evaluate trabecular bone in vitro and in vivo (Link et al. 1998; 

Genant et al. 1999; Majumdar et al. 1999). Currently, high-resolution magnetic 

resonance imaging (MRI) can only be employed at peripheral sites, including the 

calcaneus, distal radius, and phalanges (Lin et al. 1998; Link et al. 1998; 

Majumdar et al. 1999). In addition, the appearance of the MRI image depends on

21



a number of factors other than image resolution (Majumdar et al. 1995), such as 

the pulse sequence and the magnetic field strength. Thus, the analyses and 

interpretation of MRI images are more complicated than the images of CT. Other 

limitations of this technique include relatively long acquisition time and high 

cost (Wehrli et al. 2002).

Probably because of the difficulties in accurate measurement, few genetic 

studies have been performed on bone microarchitecture, either in humans or 

mice. Studies in mice (Bouxsein et al. 2004; Akhter et al. 2000) suggested that 

bone microarchitecture is under genetic controls.

Microdamage

Bone microdamage is generally defined as matrix failure detectable by light 

microscopy (Burr et al. 1997). Throughout life, physiologic loading of the 

skeleton produces fatigue microdamage in bone (Burr et al. 1997). The age- 

related microdamage accumulation has been reported at several skeletal sites. 

Frost (Frost 1960) first reported that microdamage appeared to accumulate in the 

human rib. Exponential increases in damage occur in the femoral cortical bone of 

both men and women, particularly after the age of 40 years (Schäffler, Choi, and 

Milgrom 1995). The increase in damage with aging in women is more than 50% 

faster than that found in men (Schäffler, Choi, and Milgrom 1995). Similar age- 

associated microdamage accumulation has been found in human trabecular bone
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(Wenzel, Schäffler, and Fyhrie 1996; Mori et al. 1997). It is generally accepted that 

accumulated microdamage weakens bone (Martin 2003). In vitro biomechanical 

studies demonstrated that microdamage reduces stiffness and strength of bone 

tissue (Carter and Hayes 1977; Forwood and Parker 1989; Schäffler, Radin, and 

Burr 1989). Nevertheless, the level of microdamage required to increase 

susceptibility to fracture is unknown (Burr et al. 1997). Bone remodeling is the 

only physiological way to repair microdamage (Martin 2003). However, studies 

suggested that there is a balance between expected accumulation of 

microdamage due to daily loading and its repair (Schäffler 2003). As such, too 

much, as well as too little, remodeling may accelerate microdamage 

accumulation (Schäffler 2003).

By far the most popular method of microdamage detection is the histological 

assessment using light microscopy (Lee et al. 2003). To distinguish the pre

existing physiologic microdamage from the artifactual damage incurred during 

specimen preparation, a technique proposed by Frost (1960) is widely used, 

which is based on bulk staining of bone before the preparation of thin sections. 

So far, a non-invasive method for microdamage measuring has yet to be 

developed.
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Material Properties

Bone quality also depends on the material properties of the bone tissue itself. 

Bone material properties normally include the proportion of mineral and 

collagen in bone tissue, the nature of collagen, degree and type of collagen cross- 

linking, size and structure of hydroxyapatite crystals and degree of 

mineralization.

Bone is composed of an organic and an inorganic phase. The organic 

component is composed largely of type I collagen and a variety of 

noncollagenous proteins, which afford ductility and toughness (Boskey and 

Posner 1984; Zioupos, Currey, and Hamer 1999; Wang et al. 2002). The inorganic 

phase consists of crystalline hydroxyapatite, which provides stiffness and 

strength (Currey 1988). There are tradeoffs between the stiffness and strength 

afforded by high mineralization, and the toughness and energy-absorbing 

qualities associated with less mineralization. If overmineralized, bone will 

become brittle and crack (Currey, Brear, and Zioupos 1996; Currey 1988). If 

undermineralized, bone become too flexible and weak, and will bend too much 

in loading and crack (Turner 2002).

Studies on bone mineral crystal size are relatively rare (Boskey 2003). The 

direct correlation between crystal size and mechanical properties of bone tissue 

has not been established. However, several studies via animal models (Boskey et
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al. 2002; Monier-Faugere et al. 1999; Rohanizadeh et al. 2000; Bohic et al. 2000) 

have suggested that bone mineral crystal size may affect bone mechanical 

strength, and the optimal situation would favor a mixture of broad distribution 

of crystal sizes. In bones of older animals or in osteoporotic animal models, the 

crystal size distribution becomes narrower and shifts to the higher values 

(Boskey 2003). Evaluating iliac crest biopsies from osteoporotic patients and 

normal controls, Paschalis et al. (Paschalis et al. 1997) found that there are 

significant differences in the mineral properties between osteoporotic and 

normal bones, with the mineral from osteoporotic bone being more crystalline 

and mature than the normal.

The age- and disease-related alterations in collagen content and structure may 

be important contributors to fracture risk (Burr 2002). Although collagen may 

have less effect on bone stiffness than does mineral, it may have a profound 

effect on bone toughness (Zioupos, Currey, and Hamer 1999; Wang et al. 2002; 

Wang et al. 2001). When bone is subjected to ionizing radiation that specifically 

damages the collage, bone toughness declines (Currey et al. 1997). Collagen fiber 

orientation has also been shown to affect bone strength (Martin and Ishida 1989). 

Oxlund et al. (Oxlund et al. 1995; Oxlund, Mosekilde, and Ortoft 1996) showed 

that reduced concentrations of collagen cross-links are associated with reduced 

bone bending strength and increased bone fragility.
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The content and composition of bone tissue can be assessed by the infrared 

microspectroscopy (Paschalis et al. 2001; Marcott et al. 1998), since the protein 

and mineral components of bone absorb infrared light at different frequencies. 

However, the technique is invasive. Genetic factors involved in differences in 

material properties of bone are virtually unknown (Currey 2003).

Bone remodeling rate

In addition to the effects of bone mass, microarchitecture, and bone geometry, 

bone quality is also affected by the rate of bone remodeling (Heaney 2003). 

Indeed, one can argue that bone remodeling can affect each of the other 

components of bone quality listed above.

Bone remodeling is a lifelong process by which regeneration continues in a 

small packages in the form of periodic replacement of old bone with new at the 

same location where a quantum of bone was resorbed (Manolagas 2000; Raisz 

and Prestwood 2000). This is an unusual process as bone is the only organ that 

contains a cell type, osteoclast, whose only function is to remove or resorb the 

tissue that supports it (Teitelbaum 2000). The purpose of remodeling in adult 

bone is not entirely clear and is thought to support calcium homeostasis, 

maintain load-bearing capacity of bone by repairing fatigue microdamage, and 

prevent accumulation of old bone (Heaney 2003). Bone remodeling is carried out 

by temporary anatomic structures known as basic multicellular units (BMU),
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which consist of a team of osteoclasts, a team of osteoblasts, a central vascular 

capillary, a nerve supply, and associated connective tissues (Parfitt 1994).

Bone remodeling is initiated by activation of resting osteoclast precursors. 

Activation is a complex process that requires the interaction of osteoblast and 

osteoclast precursors and is regulated by several systemic hormones and locally 

produced factors. Recent research has defined several critical factors that 

regulate the activation, including receptor activator of nuclear factor kappa B 

(NFkB) (RANK), its ligand (RANKL) , osteoprotegerin (OPG) and macrophage 

colony stimulating factor (M-CSF) (Kenny and Prestwood 2000). Once the 

osteoclasts are fully mature, bone resorption occurs. A resorption phase includes 

tight attachment of the activated osteoclasts to bone surface (Lakkakorpi et al. 

1989), followed by actual bone absorption during which solubilization of 

hydroxy apatite crystals is done by acidification of resorption lacuna (Vaananen 

et al. 1990), followed by degradation of organic bone matrix by acid lysosymal 

hydrolases and collagenases (Blair et al. 1986). The regulation of bone resorption 

or the depth and breadth of osteoclastic resorption are not fully understood, but 

factors such as transforming growth factor beta (TGF-ß), interleukin 1 (IL-1), and 

interleukin 6 (IL-6) may play a role (Hughes et al. 1996; Ishimi et al. 1990; 

Manolagas and Jilka 1995). Following osteoclastic resorption, the formation 

phase of remodeling occurs. During this phase, a team of osteoblast precursors 

migrate, differentiate and make new bone at the resorption site. The bone
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formation phase is regulated possibly by locally released growth factors and 

cytokines. As the remodeling process continues, the newly produced 

unmineralized bone matrix eventually fully mineralizes. There is first a rapid 

phase of mineralization (in several weeks), termed primary mineralization. 

Following that is a slower, more prolonged phase of mineralization (in several 

months), termed secondary mineralization (Meunier and Boivin 1997).

Under ideal circumstances, there is equivalence between bone formation and 

bone resorption, so that the amount of bone reabsorbed is equal to the amount of 

bone reformed. If the processes of bone resorption and bone formation are not 

matched, it may result in remodeling imbalance. Bone loss occurs due to a 

negative remodeling balance at the level of the BMU, as the amount of bone 

reabsorbed exceeds the amount replaced. While the remodeling imbalance 

produces bone loss and structural damage, abnormalities in remodeling rate also 

affect the material properties of bone, particularly the degree of bone 

mineralization. When new bone is laid down during the remodeling stage, it is 

relatively undermineralized and requires time to become fully mineralized (i.e. 

secondary mineralization). When rapid remodeling occurs, full mineralization 

cannot occur, because resorption resumes before the process of mineralization is 

complete. Thus, repressing the bone remodeling rate (e.g. antiresorptive 

treatment) will lead to an increase in the average degree of mineralization of the 

bone tissue (Meunier and Boivin 1997; Boivin et al. 2000; Roschger et al. 2001),
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which in turn will increase bone stiffness, but decreased toughness (Currey 

1999a; Currey 1999b). In comparison, intermittent administration of parathyroid 

hormone (PTH) increases bone remodeling rate and in turn reduces the mean 

degree of mineralization (Misof et al. 2003). However, both antiresorptive 

(Cranney et al. 2002b) and PTH (Neer et al. 2001) therapies reduce fracture risk, 

indicating other factors may contribute to the antifracture efficacy (Neer et al. 

2001; Roschger et al. 2001; Borah et al. 2002).

Bone remodeling can be assessed by the measurement of surrogate 

biochemical markers in the blood or urine. These markers include biochemical 

markers of bone formation, such as serum alkaline phosphatase and osteocalcin, 

as well as markers of bone resorption such as serum and urine levels of type I 

collagen C- and N- telopeptides (Bauer et al. 1999; Garnero et al. 1996; Clowes 

and Eastell 2000). Garnero et al. (Garnero et al. 1996) found that increased levels 

of some markers of bone resorption are associated with an increase risk of hip 

fracture that was independent of hip BMD. The levels of these biochemical 

markers may identify changes in bone remodeling within a relatively short 

interval before changes in BMD can be detected (Clowes and Eastell 2000). Thus, 

biochemical markers may be useful in selection of therapy and monitoring 

response to treatment (Seibel 2003). However, due to the day-to-day variability 

of maker assays and the broad range of normal values, biochemical markers are
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of limited values in the clinical diagnosis of osteoporosis (Ju et al. 1997; Smith 

and Shoukri 2000).

A few studies have reported that there is a heritable component to bone 

modeling markers, such as circulating osteocalcin levels (Kelly et al. 1991; 

Livshits, Yakovenko, and Kobyliansky 2000), bone specific alkaline phosphatase 

levels (Harris et al. 1998), and collagen synthesis and degradation products 

(Tokita et al. 1994; Livshits, Yakovenko, and Kobyliansky 2000).

C. Other Risk Factors

A number of other risk factors for osteoporotic fractures has been identified 

(Clowes and Eastell 2000; Kanis 1997; Cummings et al. 1995; Ross 1998; 

Compston 1992), and are summarized in Table 1-1. Many of these factors may 

affect the accumulation of peak bone mass, subsequent bone loss and falls. It is 

notable that several risk factors for falling are independent of those risk factors 

for low BMD, such as impaired eyesight, and use of medications that 

compromise protective neuromuscular reflexes (e.g. long-acting 

benzodiazepines). Although the clinical significance of these factors is not fully 

understood, it has been suggested that the combination of risk factors with BMD 

measurement may help to improve the ability to predict fracture risk (Black et al. 

2001; Kanis 2002; NIH Consensus Development Panel on Osteoporosis 

Prevention 2001).
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Table 1-1. Risk factors for osteoporotic fractures

Category of risk factor Attribute

Bone strength Low BMD

Poor bone quality

Age, ethnic, and genetic factors Female gender

Age

Caucasian race

Low bodyweight

Premature menopause

Increased height

Previous osteoporotic fractures

Family history of osteoporotic fractures

Life style Smoking

Low dietary calcium intake 

Excessive alcohol consumption 

Excessive caffeine ingestion 

Long-term immobilization

Physical condition and medication Impaired vision

Poor physical condition 

Recurrent falls

Diseases associated with secondary 

osteoporosis (e.g. hyperparathyroidism) 

Neuromuscular disorders 

Glucocorticoid therapy 

Use of benzodiazepines or anticonvulsants
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Several noteworthy studies demonstrated that the OF per se is also under 

genetic control (Deng et al. 2000b; Deng et al. 2002c; Andrew et al. 2004; Keen et 

al. 1999; MacGregor, Snieder, and Spector 2000). A maternal history of hip 

fracture is associated with a two-fold increase in the risk of hip fracture 

(Cummings et al. 1995). The increase in fracture risk remained after adjusting for 

BMD, indicating that the genetic susceptibility to fracture may be mediated by 

factors other than BMD. Deng et al. (Deng et al. 2000b) demonstrated that 

approximately 25% of the liability to Colles' fracture is attributable to genetic 

factors in a US Midwestern population. In 50 Caucasian pedigrees, the h2 for hip 

OF estimated to be ~50% (Deng et al. 2002c). Therefore, employing OF per se as a 

direct phenotype deserved more attention in future genetic studies searching for 

genes underlying OF.

Current Status of Gene Mapping for Osteoporosis

Osteoporosis is one of several so-called complex diseases that are influenced 

by multiple genetic and environmental factors, as well as interactions among 

them. In other words, many genetic variants will contribute to the susceptibility 

to osteoporosis, a few with large effects and the majority with modest effects 

(Livshits et al. 2004; Nguyen, Blangero, and Eisman 2000). So far, the majority of 

the gene mapping studies for osteoporosis used BMD as a surrogate, a few 

adopted other risk factors, such as bone size and QUS.
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Three approaches have been commonly employed in searching for genes 

underlying complex diseases/traits in humans: 1) linkage analysis in multi

generation pedigrees or sib-pairs, 2) population-based association studies, 3) 

transmission disequilibrium tests (TDT). Each approach has its own merits and 

disadvantages (Liu et al. 2003b; Recker and Deng 2002; Shen, Recker, and Deng 2003; 

Shen et al. 2004a).

Linkage

Linkage tests whether there is co-segregation or co-inheritance between 

alleles of a gene and a phenotype under study (e.g. BMD) in pedigrees or 

affected relative pairs. Linkage refers to close physical location of such a gene to 

a chromosomal locus (found by the study) that is linked (through its alleles) to 

variation in the trait. The probability that a marker locus is linked to a 

disease /trait locus is expressed by the logarithm of the odds ratio (LOD score). 

Regions of chromosomes that contain genes that influence continuous 

phenotypic traits (e.g. BMD) are termed quantitative trait loci (QTL). The most 

prominent advantage of linkage approach is its ability to scan the entire human 

genome for any QTLs contributing relatively large variation in complex traits, 

without any prior knowledge. For genome-wide linkage analysis in pedigrees, 

LOD scores £ 3.3 and ^1.9 are widely accepted as the criterion of claiming

A. Strategies for identifying osteoporosis genes
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significant and suggestive linkage, respectively (Lander and Kruglyak 1995). 

Correspondingly, the thresholds for whole genome linkage scan (WGS) with sib 

pairs are LOD £3.6 and £2.2 (Lander and Kruglyak 1995). Linkage test also has 

several limitations. First, the genomic regions identified in WGS generally are 

quite large (e.g., ~20-30 cM), which is usually impractical for physical mapping 

(Recker and Deng 2002). Therefore, subsequent finer-scale saturation linkage 

mapping and LD mapping are usually essential steps to eventually identify the 

causal gene(s) (Lander and Schork 1994; Holmans and Craddock 1997; Cardon 

and Bell 2001). Second, in contrast to traits determined by single genes, using the 

linkage approach to search for genes underlying complex traits generally 

requires very large samples screened/genotyped (Allison 1997; Deng and Chen 

2000; Lander and Schork 1994; Risch and Merikangas 1996).

Population-based Association

Population-based association studies test whether particular alleles or 

genotypes of a candidate gene are associated with a higher risk or a larger trait 

value, usually in unrelated population samples. Candidate genes are normally 

chosen a priori based on known biological functions of the gene products. 

Population-based association studies are generally statistically much more 

powerful and the samples are much easier to recruit than is the case for linkage 

studies (Recker and Deng 2002). However, an association usually only reflects 

statistical nonindependence (linkage disequilibrium, LD) between a marker
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allele(s) and a functional mutation(s) underlying the risk or variation of a trait 

and does not necessarily imply causality. Furthermore, population stratification 

may cause false positive as well as false negative results in this approach (Deng 

2001; Deng, Chen, and Recker 2001; Spielman and Ewens 1996). Recently, several 

methods that may be robust to population stratification have been developed 

(Devlin, Roeder, and Bacanu 2001), such as Genomic Control (Devlin and Roeder

1999) and Structured Association (Pritchard and Rosenberg 1999),

TDT

Utilizing nuclear families or discordant relative pairs, TDT can 

simultaneously test both linkage and association between marker alleles and a 

functional variant underlying the study trait. TDT is based on the assumption 

that if a given allele contributes to the trait, then the probability that an affected 

person has inherited the allele from a heterozygous parent should vary from 0.5, 

the value expected under random segregation (Spielman, McGinnis, and Ewens 

1993). This approach is immune to the confounding effects of population 

stratification and would yield significant results only if both linkage and 

association exists (Lander and Schork 1994; Deng and Chen 2000; Allison 1997; 

Risch and Merikangas 1996). The TDT requires existence of LD of adjacent genes 

(or makers with functional mutations) to a trait, and utilization of a much denser 

distribution of genetic markers as compared to conventional linkage studies 

(Recker and Deng 2002). However, this method has rarely been employed in
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bone genetic studies (Liu et al. 2003b; Shen, Recker, and Deng 2003), largely due 

to the difficulties in recruitment of large number of nuclear families.

The three approaches are all useful tools and may complement each other in 

searching for genes underlying osteoporosis. So far, the analysis of genetic 

determinants of BMD and osteoporosis has largely relied on linkage and 

association studies. Currently, the technology for vising the association or TDT 

approaches for whole genome scan is still immature, however, with rapid 

advancement of technology and analysis tools, they are also promising in the 

near future (Hirschhorn and Daly 2005; Wang et al. 2005).

B. WGS studies on osteoporosis-related phenotypes in humans

To date, well-designed WGS studies are still rare in the bone genetics field. 

Within the past decade, nineteen WGS studies for osteoporosis-related 

phenotypes have been published. Among these, twelve were focused on BMD 

(Deng et al. 2002f; Devoto et al. 1998; Econs et al. 2004; Kammerer et al. 2003; 

Karasik et al. 2002a; Koller et al. 2000; Niu et al. 1999; Styrkarsdottir et al. 2003; 

Wilson et al. 2003; Ralston et al. 2005; Shen et al. 2004b; Peacock et al. 2004), four 

on bone size (Deng et al. 2003; Koller et al. 2001; Huang et al. 2004; Koller et al. 

2003), one on serum osteocalcin concentration (Mitchell et al. 2000), and two on 

the QUS (Karasik et al. 2002b; Wilson et al. 2004).
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BMD

Devoto et al. (Devoto et al. 1998) conducted the first WGS study for BMD 

variation in 149 individuals from seven large pedigrees. Several genomic regions 

with evidence of linkage to BMD at different skeletal sites have been identified, 

including lp36 and 4q32-34 for femoral neck BMD, and 2p23-p24 for lumbar 

spine BMD. A similar study was performed in 153 sibling pairs from 96 Chinese 

families, searching for QTLs linked to the wrist BMD variation (Niu et al. 1999). 

Modest evidence of linkage has been found on chromosomes 2p and 13q (Niu et 

al. 1999). Koller et al. (Koller et al. 2000) conducted a WGS for BMD by using 429 

healthy Caucasian sister pairs, and then further tested several genomic regions in 

an expanded sample with 464 Caucasians and 131 African-American sister pairs. 

The strongest evidence was obtained at chromosome lq21-23 with lumbar spine 

BMD. Other suggestive evidence of linkage was observed on 5q33-35 and llq l2 - 

13 for femoral neck BMD, and on 6pll-12 for lumbar spine BMD (Koller et al. 

2000). Deng and his colleagues (Deng et al. 2002f) performed a large-scale 

genome-wide scan in 635 Caucasian subjects from 59 multigeneration pedigrees. 

These pedigrees were identified through probands with extremely low BMD 

values and contained a large number of relative pairs (e.g. more than 1,200 sib 

pairs) informative for linkage analyses. Four genomic regions, including 4q31, 

7p22,12q24, and 13q33-34, were identified as putative QTLs linked to spine BMD 

(Deng et al. 2002f). For hip BMD, evidence of linkage was detected at genomic 

regions 10q26,12ql3, and 17pll. In addition, suggestive evidences of linkage to
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wrist BMD was also observed at several genomic regions, including 3p26, 4q32, 

9p22-24, and 17pl3 (Deng et al. 2002f). Another genome-wide scan for BMD 

variation was performed in a set of 330 healthy Caucasian pedigrees from the 

population-based Framingham Study (Karasik et al. 2002a). The regions that 

showed suggestive linkage evidence to spine and regional hip BMD included 

6pter, 21qter, 12q23, 8q24, and 14q (Karasik et al. 2002a). Wilson et al. (Wilson et 

al. 2003) conducted a WGS for BMD in 1,094 nonidentical twins and 444 

concordant and discordant sib pairs and identified linkage on 3p21 and lp36. In 

a study using 664 subjects from 29 Mexican-American families, linkage was 

detected at 4p for BMD of the midpoint radius (Kammerer et al. 2003).

An exciting finding in gene mapping of osteoporosis was reported in a study 

by Styrkarsdottir et al. (2003). They performed a WGS in a large sample of 207 

Icelandic osteoporotic families (containing 1,323 individuals), using a phenotype 

that combines BMD measurements and osteoporotic fractures. Significant 

linkage was found on chromosome 20pl2.3 (LOD = 5.10). After fine mapping of 

the region by saturating 30 additional markers, they focused on a 6.6-cM 

(centiMorgan) region surrounding the linkage peak that corresponds to a 1.7-Mb 

(megabases) segment. In the follow-up LD mapping and association analyses, 

they found that three variants in the bone morphogenetic protein 2 (BMP2) gene 

were associated with osteoporosis in the Icelandic patients. They further 

replicated the association of the three identified variants in a Danish cohort of
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postmenopausal women. This study was benefited by several aspects: large 

extended pedigrees, homogeneous populations, and excellent genealogical 

record keeping. Though the identified association needs to be confirmed in other 

ethnic groups, and the biological effects of the three putative variants in the 

BMP2 gene have to be determined, this study highlighted an optimistic prospect 

of successful gene identification for osteoporosis via linkage mapping, fine 

mapping and positional cloning.

Bone size

Koller et al. (Koller et al. 2001) conducted a WGS in 309 white sister pairs, 

searching for QTLs underlying variation of seven femoral structure phenotypes, 

such as HAL, femoral head width, and femoral neck width. Three chromosomal 

regions, 5q, 4q and 17q, were identified as having significant linkage to at least 

one femoral structure phenotype (Koller et al. 2001). The strongest evidence was 

obtained for HAL on chromosome 5q (LOD = 4.3). In 2003, they performed an 

extension study for femoral structures in 437 white and 201 black sister pairs 

(Koller et al. 2003), of which 191 white sister pairs overlapped with their 

previously sample (Koller et al. 2001). Linkage evidence was detected on 

chromosome 3 for femoral head width and femur shaft width, chromosome 7 for 

femoral head width, and chromosome 19 for HAL) (Koller et al. 2003). Deng et al. 

(Deng et al. 2003) performed a WGS in a sample of 53 pedigrees to identify QTLs 

underlying areal bone size variation. The phenotypes were measured by DXA at
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lumber spine (combined projected bone area L1-L4), hip (combined area of 

femoral neck, trochanter and intertrochanteric region), and wrist (ultra-distal 

forearm). Chromosome regions 17q23 and 19pl3 showed linkage evidence for 

wrist bone size and hip bone size, respectively (Deng et al. 2003).

QUS

Karasik et al. (Karasik et al. 2002b) conducted a WGS in 1270 individuals from 

324 families to identify genomic regions that may harbor genes influencing 

variation in calcaneal QUS measurements. Evidence of linkage was detected on 

chromosomes lp36 and 5pl5 (Karasik et al. 2002b). In another study, Wilson et 

al. (Wilson et al. 2004) performed a WGS on QUS measurements in a large cohort 

of dizygotic twins. Multi-point maximum linkage evidence was achieved for 

BUA at 2q33-37 and for SOS at 4ql2-21 (Wilson et al. 2004). Suggestive linkage 

evidence in the cohort indicated five other possible locations of QTLs relevant to 

bone density or structure on chromosomes 1,2,13,14, and X (Wilson et al. 2004).

Serum osteocalcin concentration 

A WGS in 429 individuals from 10 pedigrees revealed significant linkage for 

serum osteocalcin concentration at genomic region 16qll-13 (LOD=3.35), and 

suggestive linkage on 20qll-13 (LOD=2.78) (Mitchell et al. 2000).
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It can be seen that identified significant genomic regions vary widely among 

different linkage studies. Putative genomic regions showing linkage to BMD 

have been identified on every human chromosome except for the Y chromosome 

(Liu et al. 2003b). However, except for limited replications (e.g., Ip36, lq  and 

llql4-23) in only a few studies, the significant genomic regions are largely 

different across various studies. Replication of linkage findings is difficult 

(Altmuller et al. 2001; Deng et al. 2001) and lack of replication is common in 

genetic dissection of complex diseases/traits (Field 2002; Suarez BK, Hampe CL, 

and Van Eerdewegh P 1994). On one hand, this may partially reflect the complex 

nature of osteoporosis, including genetic heterogeneity, epistasis, incomplete 

penetrance, variable expressivity and pleiotropy (Recker and Deng 2002; Shen et 

al. 2004a). On the other hand, from the statistical genetics standpoint, the limited 

statistical power in most of the reported WGS studies is one of the major factors 

contributing to the inconsistency in searching for osteoporosis genes (Recker and 

Deng 2002; Shen et al. 2004a). It is well known that unless h2 attributable to a 

locus is substantial, the power of linkage approach is usually not high (Allison 

1997; Deng and Chen 2000; Lander and Schork 1994; Risch and Merikangas 1996; 

Liu et al. 2003a). For instance, more than 8000 randomly ascertained sibling pairs 

are required in a WGS to detect a major locus with a h2 as large as 30% (Xiong, 

Krushkal, and Boerwinkle 1998). Furthermore, the posterior probability of true 

linkage (i.e. the probability that an observed linkage is true) not only depends on 

the significance level (i.e. LOD score), but also depends on the statistical power
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(Freimer and Sabatti 2004). Thus, a high LOD score alone does not necessarily 

mean that the result is 'true' (Shen et al. 2004a). It is necessary to emphasize that 

in linkage studies, the important feature of sample size is not merely the total 

number of subjects, but also is the relative pairs that are informative for linkage 

analyses. Generally, extended pedigrees can be more powerful than sib-pairs 

because extended pedigrees contain increasingly large numbers of relative pairs 

informative for linkage analyses.

C. Candidate gene studies on osteoporosis-related phenotypes in humans

So far, the majority of genetic studies for osteoporosis are candidate gene 

studies, as such a number of candidate genes (Table 1-2) has been investigated by 

several hundred association studies (Liu et al. 2003b). Those candidate genes 

were selected a priori based on known biological functions of gene products. 

Most of the studies are standard population-based association studies without 

controlling for potential population stratification (Liu et al. 2003b; Audi, Garcia- 

Ramirez, and Carrascosa 1999; Eisman 1999; Stewart and Ralston 2000). A few 

have adopted linkage (Cam et al. 2002; Ota et al. 2000; Ohmori et al. 2002) or TDT 

(Keen et al. 2001; Deng et al. 2002d; Andrew et al. 2002; Sapir-Koren, Livshits, 

and Kobyliansky 2003) approaches.

Two review articles have comprehensively and exhaustively summarized all 

reported genetic studies for osteoporosis (Liu et al. 2003b; Liu et al. 2005).
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Including a comprehensive review of all these candidate gene studies here is 

neither appropriate nor possible. However, it is notable that polymorphisms in 

several candidate genes have been associated with bone size and geometry (Long 

et al. 2004; Rivadeneira et al. 2004; van Meurs et al. 2003), QUS measurements 

(Dick et al. 2003; Nordstrom et al. 2004), bone remodeling rate (Ferrari et al. 2003; 

Zitzmann et al. 2001), and osteoporotic fractures (Villadsen et al. 2004; Ioannidis 

et al. 2004; Fang et al. 2003). Moreover, some of these associations persist even 

after correction for BMD. For instance, Grant et al. (Grant et al. 1996) described 

an association between a guanine-to-thymidine polymorphism in the first intron 

of the Type I collagen a l gene (COL1A1) with BMD and osteoporotic fractures. 

This polymorphism is located at the first base of a binding motif for the 

transcription factor Spl and was thus named as the Spl polymorphism. 

Subsequently, significant associations between the COL1A1 Spl polymorphism 

with BMD and osteoporotic fractures were reported in other studies 

(Uitterlinden et al. 1998; Langdahl et al. 1998; Gerdhem et al. 2004; Mann and 

Ralston 2003). Interestingly, the Spl polymorphism has been shown to predict 

fractures even after correction for BMD variation (Uitterlinden et al. 1998; 

Langdahl et al. 1998). Thus, this polymorphism may affect bone quality, probably 

on the bone tissue material properties (Mann et al. 2001). These findings 

substantiated the speculation that both BMD and bone quality are under genetic 

controls and the genetic factors for them may not be the same.
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Table 1-2. Candidate genes tested in genetic studies for osteoporosis-related phenotypes

Biological Classification Gene Name Gene Products Location
Calciotropic hormones VDR Vitamin-D receptor 12ql2-14
and receptors ER-a Estrogen receptor-a 6q25

ER-ß Estrogen receptor-ß 14q22-24
CT Calcitonin llp l5
CTR Calcitonin receptor 7q21
PTH Parathyroid hormone llp l5
PTHR1 Parathyroid hormone receptor 1 3p22-21
CYP19 Aromatase 15q21
CYP17 17-Alpha-Hydroxylase 10q24.3
CYP1B1 Cytochrome P450 2p22-p21
CASR Calcium-sensing receptor 3ql3-21
AR Androgen receptor Xqll-12
DBP Vitamin D-binding protein 4ql2

Cytokins, growth factors, TGF-ßl Transforming growth factor ß-1 19ql3
and receptors IL-6 Interleukin 6 7p21

IGF-1 Insulin-like growth factor I 12q22-24
IL-1RA Interleukin lreceptor antagonist 2ql4
OPG Osteoprotegerin 8q24
TNF-a Tumor necrosis factor a 6p21
TNFR2 Tumor necrosis factor receptor 2 lp36
GH1 Growth hormone 1 17q22-q24
GnRH Gonadotropin-releasing hormone 1 8p21-pll.2
IGF-E Insulin-like growth factor ii llpl5.5
LEPR Leptin receptor lp31
LRP5 Low density lipoprotein receptor-related protein 5 llql3.4
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Bone matrix proteins COL1A1 Collagen type I a-1 17q21-22
COL1A2 Collagen type I a-2 7q22
MGP Matrix Gla protein 12pl3-12
BGP Osteocalcin lq25-31
AHSG a-2-HS-glycoprotein 3q27

Miscellaneous ApoE Apolipoprotein E 19ql3
MTHFR Methylenetetrahydrofolate reductase lp36
Klotho gene Klotho protein 13ql2
BMP2 Bone morphogenetic protein 2 20pl2
CCR2 Chemokine 3p21
CLCN7 Chloride channel 7 16pl3
COMT Catechol-O-Methyltransferase 22qll.2
CTSK Cathepsin K lq21
DRD4 Dopamine receptor D4 llpl5.5
I-TRAF TRAF family member-associated NF-Kappa-B activator 2q24-q31
LCT Lactase 2q21
MIF Macrophage migration inhibitory factor 22qll.2
MMP-1 Matrix metalloproteinase 1 Ilq22-q23
MMP-9 Matrix metalloproteinase 9; 20qll.2-ql3.1
NCOA3 Nuclear receptor coactivator 3 20ql2
NPY Neuropeptide Y 7pl5.1
OSCAR Osteoclast-associated receptor 19ql3.4
PLOD1 Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase Ip36.3-p36.2
PON1 Paraoxonase 1 7q21.3
RIL LIM Domain protein RIL 5q31.1
SERT Serotonin transporter 17qll.l-ql2
SOST Sclerostin 17ql2-q21
TCIRG1 T Cell immune regulator 1 Ilql3.4-ql3.5
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In association studies, the results have so far largely been inconsistent, mainly 

due to different study design and samples, lack of thoroughness, and/or lack of 

control for potential population admixture and for multiple testing (Ferrari, 

Rizzoli, and Bonjour 1999; Audi, Garcia-Ramirez, and Carrascosa 1999; Eisman 

1999; Stewart and Ralston 2000; Shen et al. 2004a). These problems can be 

considerably minimized by performing powerful, robust and thorough 

candidate gene association analyses (Neale and Sham 2004; Shen et al. 2004a), in 

which a candidate gene is examined for association with effectively all genetic 

variants in the intragenic and regulatory regions using large samples and robust 

experimental and analysis designs. At present, direct association mapping of 

functional variants is limited by incomplete knowledge about functional 

variations. Most current association mapping is indirect with reliance on LD 

between a functional variant and either a single marker allele or a multi-locus 

haplotype. The presence of LD between some nearby variants means that full 

information often can be obtained by genotyping only a subset of the variants 

and by considering their joint haplotypes (Ardlie, Kruglyak, and Seielstad 2002; 

Daly et al. 2001; Gabriel et al. 2002; Johnson et al. 2001; Patil et al. 2001). By use of 

this haplotype-tagging approach, it is possible to study all but rare genetic 

variants by genotyping a limited number of relatively common single nucleotide 

polymorphism (SNPs). Much recent methodological work has been conducted to 

optimize this approach, including the investigation of haplotype-block structure
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and techniques for selecting haplotype-tagging SNP (htSNPs). With the extensive 

and continuously accumulating SNP databases, it becomes feasible for 

association studies to examine all the variants within and around putative genes, 

including the functional variants.

In summary, the current results of gene mapping for osteoporosis are largely 

inconsistent and controversial. The a few linkage studies identified potential 

QTLs on almost every human chromosome, with results being seldom consistent 

across different studies. For candidate genes studies, none of the candidate genes 

or any of their combinations have been established as able to explain >10% 

variation of BMD or other osteoporosis-related phenotypes in any single 

population (Liu et al. 2003b; Liu et al. 2005). This leaves the remainder (>50%) of 

the BMD variation that is attributable to genetic factors unidentified by candidate 

gene studies. Powerful WGS studies are necessary in order to identify genes that 

account for the majority of BMD variation with high certitude. In this project, I 

performed large-scale, powerful genome-wide linkage analyses for BMD, areal 

bone size, and bone cross-sectional geometric parameters, respectively.
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CHAPTER 2 

MATERIALS AND METHODS



Sample Description

The study was approved by the Creighton University Institutional Review 

Board. All the study subjects signed informed-consent documents before 

entering the project. All the study subjects are Caucasians of European origin.

1,816 subjects from 79 pedigrees were included in the present WGS. These 

subjects can be divided into 3 groups:

a) the sample from the previous WGS, i.e., the 53 pedigrees containing 630 

individuals;

b) 128 individuals who are newly recruited but still belong to the original 

53 pedigrees;

c) 26 newly recruited pedigrees containing 1,058 subjects.

These 79 extended pedigrees vary in size from 4 to 416 individuals, with a 

mean of 31.9 (± SD = 48.9) (Table 2-1).

Table 2-1. Pedigree structures of the sample sets

Pedigree Size 
(# of subjects in a pedigree)

# of pedigrees
53

pedigrees
26

pedigrees
Combined 79 

pedigrees
<10 28 (32) 4 32
10-19 14(11) 11 25
20-29 4(6) 3 7
30-39 4(2) 3 7
>50 3(2) 5 8

Note: The numbers in parentheses are for the 53 pedigrees with 630 subjects used 
in the previous WGS.
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Among the 53 pedigrees used in the previous WGS study, 50 pedigrees were 

ascertained through probands with low BMD (Z bmd <-1.28 at the hip or spine, 

belonging to the bottom 10% in the sex- and age-matched population) and 3 

pedigrees were recruited without regard to BMD. Among the 26 new pedigrees, 

25 pedigrees were recruited through probands having high BMD (Z bmd  >+1.28 at 

the hip or spine, belonging to top 10% in the sex- and age-matched population) 

and one pedigree was recruited without regard to BMD values.

To minimize nongenetic influence on BMD and other bone phenotypes, the 

following criteria were applied to exclude individuals with: 1) Serious residuals 

from cerebral vascular disease; 2) Diabetes mellitus, except for easily controlled, 

non-insulin dependent diabetes mellitus; 3) Chronic renal disease manifest by 

serum creatinine>1.9mg/dl; 4) Chronic liver diseases or alcoholism; 5) 

Significant chronic lung disease; 6) Corticosteroid therapy at pharmacologic 

levels currently or for more than six months duration at any time; 7) Treatment 

with anticonvulsant therapy currently or for more than six months duration at 

any time; 8) Evidence of other metabolic or inherited bone disease such as hyper- 

or hypoparathyroidism, Paget's disease, osteomalacia, osteogenesis imperfecta, 

or others; 9) Rheumatoid arthritis or collagen disease; 10) Recent major 

gastrointestinal disease (within the past year) such as peptic ulcer,
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malabsorption, chronic ulcerative colitis, regional enteritis or any significant 

chronic diarrhea state; 11) Significant disease of any endocrine organ that would 

affect bone mass; 12) Hyperthyroidism; 13) Any neurological or musculoskeletal 

condition that would be a nongenetic cause of low bone mass; 14) Any other 

disease, treatment (including bisphosphonates), or condition (such as hormone 

replacement therapy) that would be an apparent nongenetic factor underlying 

the variation of BMD. The exclusion criteria were assessed by nurse- 

administered questionnaires and/or medical records.

Measurement of Bone Phenotypes

Areal BMD

Areal BMDs (g/cm2) of the lumbar spine (Ll-4), total hip (femoral neck, 

trochanter and intertrochanteric region) and wrist (ultra distal region of the 

forearm) were measured by Hologic 1000, 2000+, or 4500 DXA scanners (Hologic 

Corp., Waltham, MA). BMD data obtained from different machines were 

transformed to a compatible measurement using the transformation formula 

described in Genant et al. (Genant et al. 1994). This transformation was based on 

linear regression rules and was demonstrated as a reliable and efficient method 

of calibrating BMD measurements by different DXA machines (Recker et al.

2000). Members of the same pedigree were usually measured on the same type of 

machine. The measurement precision as reflected by coefficients of variation
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(CV) for spine BMD, hip BMD and wrist BMD was 0.9%, 1.4%, and 2.3%, 

respectively. Weight (kg) and height (m) were measured at the same visit of the 

BMD measurement.

Areal Bone Size

A real bone siz e (cm 2)  o f lum bar sp in e (L l-4 ), to ta l h ip  (femoral neck, 

trochanter and intertrochanteric region) and wrist (ultra distal region of the 

forearm) were measured by DXA at the same visit of the BMD measurement. The 

CV of areal bone size at spine, hip, and wrist was 1.11%, 1.94%, and 2.87%, 

respectively. Areal bone size measurements by different scanners in our center 

are highly compatible with one another and are well within the precision limits 

(Deng et al. 2002a). In addition, cross-calibrations were conducted by scan 

technicians using the Gliier's canonical methods (Gluer et al. 1995) for accurate 

and stable results. In particular, members of the same pedigree were usually 

measured on the same type of machine. Therefore, combined analyses of the 

pedigrees measured by different scanners were warranted.

Femoral neck cross-sectional geometric variables

Using DXA-derived areal BMD and areal bone size of the femoral neck, I 

estimated several femoral neck cross-sectional geometric variables. The 

algorithm and the underlying assumptions regarding the geometry and structure 

of femoral neck have been reported earlier (Beck 2003; Duan et al. 2003;
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Rivadeneira et al. 2004). Briefly, the method assumes that the bone within the 

femoral neck region has the configuration of a uniform right circular cylinder, 

60% of the measured bone mass is cortical (i.e. f c = 0.6), and the effective density 

of bone mineral in fully mineralized bone tissue is 1.05 g/cm3 (i.e. pm = 1.05 

g/cm3) (Duan et al. 2003).

I calculated five femoral neck cross-sectional geometric variables: 1) Cross- 

sectional area (CSA): the area with mineralized bone tissue, excluding bone 

marrow space; 2) Endocortical diameter (ED): an estimate of medullary bone 

thickness; 3) Cortical thickness (CT); 4) Buckling ratio (BR): an index of bone 

geometric instability; and 5) Section modulus (Z): an index of bending resistance. 

These variables were computed as follows:

BMDxWCSA = ------------; where W is the femoral neck periosteal diameter and can be

approximated by dividing the areal bone size of femoral neck by the width of the 

region of interest (in Hologic DXA systems, the width of the femoral neck region 

is standardized at 1.5cm).

cr= Z z m
2
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BR = w 12

z =

CT

CSMI
W /2

Where CSMI is the cross-sectional moment of inertia, CSMI n W
2 I P,[ 2

ED

pt is the trabecular porosity, p, — I —
(1 - f c)xCSA

7ÜX ED

The basic characteristics of study subjects were summarized in Table 2-2.
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Table 2-2. Basic characteristics of the study subjects

53 pedigrees 26 pedigrees Combined 79 pedigrees

Total Males Females
Age (years) 49.4 ±15.5 (48.3 ±15.4) 47.6 ± 15.6 48.2 ± 15.6 48.2 ±15.6 48.1 ± 15.6
Height (m) 1.69 ± 0.10 (1.69 ± 0.10) 1.70 ±0.10 1.69 ± 0.10 1.78 ± 0.07 1.64 ±0.07
Weight (kg) 76.2 ± 16.7 (75.9 ± 16.4) 80.8 ± 17.8 79.0 ± 17.6 89.2 ± 15.1 71.7 ±15.3
BMD (g/cm2)

Spine 0.99 ±0.17 (0.98 ±0.17) 1.07 ±0.16 1.04 ±0.17 1.08 ± 0.16 1.01 ±0.17
Hip 0.92 ± 0.17 (0.91 ± 0.16) 1.00 ±0.16 0.97 ±0.17 1.05 ±0.15 0.92 ±0.16
Wrist 0.45 ± 0.09 (0.45 ± 0.09) 0.49 ± 0.09 0.47 ±0.09 0.53 ± 0.08 0.43 ±0.07

Bone Size (cm2)
Spine 61.64 ± 8.58 (61.39 ± 8.46) 64.79 ± 8.28 63.63 ± 8.52 70.51 ± 6.33 58.58 ± 6.00
Hip 37.21 ± 6.44 (36.92 ± 6.42) 39.05 ± 6.59 38.44 ±6.57 44.61 ± 4.50 33.90 ± 3.34
Wrist 3.89 ±0.56 (3.88 ±0.55) 3.93 ± 0.55 3.92 ± 0.55 4.35 ±0.44 3.58 ± 0.36

Cross-sectional
geometry

CSA (cm2) — — 2.84 ± 0.62 3.24 ± 0.54 2.55 ±  0.49
ED (cm) — — 3.31 ± 0.40 3.60 ± 0.33 3.08 ± 0.29
CT (cm) — — 0.16 ± 0.03 0.16 ± 0.03 0.15 ±0.03
BR — — 11.94 ± 2 .68 12.31 ± 2.50 11.66 ± 2.78
Z (cm3) - - 1.86 ± 0.54 2.29 ± 0.46 1.54 ± 0.34

Note: Values are means ± SD of the raw data without adjustment for covariates. The numbers in 
parentheses are for the 53 pedigrees with 630 subjects used in the previous WGS.
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Genotyping

For each subject, DNA was extracted from the whole blood by employing the 

Puregene DNA isolation kit (Gentra Systems, Inc., Minneapolis, MN). All the 

subjects were genotyped with 451 microsatellite markers, including 432 from 

autosomes and 19 from chromosome X. These markers are from ABI PRISM® 

Linkage Mapping Sets Version 2.5 (Applied Biosystems, Foster City, CA). 

Generally, these markers are ~10cM apart. However, around 10 genomic regions 

(4q31, 7p22, 9p24,10q26, 12q24 and 13q33 for BMD; 2p25, 2q37, 9qll-12,17q22, 

and 19pl3 for areal bone size) that were shown to be of potential importance for 

BMD or bone size in the previous WGS studies (Deng et al. 2002f; Deng et al.

2003), denser markers (~5cM apart) were genotyped. The overall marker density 

is ~8.1 cM per marker. Markers have been grouped into 28 panels based on the 

length of their PCR products and color (labeled with different fluorescence dye), 

thus, within each panel, different markers can be examined in a single 

electrophoresis.

The PCR reaction setup was performed automatically by using a Tecan 

Genesis Robotic Sample Processor RSP 150 (Tecan US. Inc., Durham, NC). The 

total PCR reaction cocktail is 20 jiL with final concentrations: IX PCR Buffer II, 

2.5 mM MgCk, 250 [lM dNTPs, 10 pmoles of each primer, 100 ng of DNA and 0.6 

units of AmpliTaq Gold DNA Polymerase. PCRs were performed on GeneAmp® 

PCR System 9700 Thermal Cyclers (Applied Biosystems, Foster City, CA,).
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Thermal cycling conditions were programmed as: 94°C for 10 minutes, followed 

by 10 cycles of 94°C for 15 sec, 55°C for 30 sec, 72°C for 1 minute; followed by 20 

cycles of 89°C for 15 sec, 55°C for 30 sec, 72°C for 1 minute; followed by a 10 

minute extension at 72°C. After cycling, the reactions are cooled to 4°C until 

removed from the thermal cyclers. Then, PCR products of makers within the 

same panel were pooled at the following ratios: 4 jil of each 'blue' marker, 2 (il of 

each 'green' maker and 6 |xl of each 'yellow' marker. Pooled PCR products were 

stored at -20°C until electrophoresis.

For electrophoresis, first, 1.0 |il of pooled PCR products is added to 9.0 |j.l of 

loading buffer containing deionized formamide, and GeneScan™ 500 LIZ™ size 

standards (Applied Biosystems, Foster City, CA). After heating at 95°C for 5 

minutes to denature the pooled PCR products, the sample is placed on ice for ten 

minutes and then electrophoresed on the ABI PRISM® 3700 DNA Analyzer 

(Applied Biosystems, Foster City, CA). After electrophoresis, the data were 

analyzed using GeneScan® Analysis (v3.7) and Genotyper® (v3.7) software 

(Applied Biosystems, Foster City, CA). Within the GeneScan® Analysis software, 

I randomly chose one lane to define the size standard and analyze the data. I 

imported all data including dye color, sample fragment size and sample 

information into Genotyper® for allele identification. Within the Genotyper® 

software, sample fragments were labeled and the data, including height of peak, 

allele size, and marker information were created. I included a control DNA (from
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CEPH Individual 1347-02) sample (Applied Biosystems, Foster City, CA) with 

known allele sizes for each marker panel to provide verification of accurate allele 

calling. These standard samples were generated by performing a batch of 

duplicate PCR, pooling the duplicates, and loading each gel with an aliquot of 

the pool. Initially, lanes containing reference CEPH DNA samples were imported 

into the Genotyper®. The fragment sizes of the CEPH were applied to adjust the 

samples and determine the allele size, which allowed me to adjust for the gel-to- 

gel variation using the offset features of the program. Gels were first labeled 

automatically using the Genotyper® software. After automatic labeling, each 

sample was checked manually by reading the gel to verify that the software had 

made the correct allele calls. I then manually re-labeled those peaks that the 

software had incorrectly labeled. As each marker was analyzed, a data table was 

constructed that contained sample identifiers and corresponding allele sizes, 

peak fluorescence. These data were then exported and stored in a Microsoft Excel 

file format pending further analyses.

A genetic database management system (GenoDB) (Li et al. 2001) was 

employed to manage the genotype data. PedCheck (O'Connell and Weeks 1998) 

was employed for checking the Mendelian inheritance pattern at all the marker 

loci and for confirming the alleged relationships of family members within 

pedigrees. After three rounds of data checking and re-genotyping, the data that 

could still not pass the PedCheck or missing will be counted as the genotype
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missing and error data, its rate was ~0.3%. All the 451 markers were successfully 

genotyped. These markers have an average population heterozygosity of ~0.79.

Statistical Analyses

The informative relationships for linkage analyses contained in the 53 original 

pedigrees, the 26 new pedigrees, and the combined 79 pedigrees were listed in 

Table 2-3. Notably, the number of informative relative pairs for linkage analyses 

in the combined 79 pedigrees was much larger than in the initial 53 pedigrees. 

For instance, the number of sib pairs in the 79 pedigrees was more than tripled 

that in the initial 53 pedigrees. This was mainly due to the larger sample size and 

incorporation of some large families in the newly recruited 26 pedigrees.

Table 2-3. The informative relationships contained in the sample sets

53 pedigrees 26 pedigrees Combined 79 pedigrees
# of subjects 758(630) 1,058 1,816

Relative pairs

Siblings 1,348 (1,249) 2,498 3,846

Grandparent-grandchild 1,232 (1,098) 2,486 3,718

Avuncular 2,132 (1,993) 5,038 7,170

First cousins 2,870 (2,589) 8,046 10,916

Second cousins 2,586(1,971) 17,762 20,348

First cousins, once removed 1,998 (1,607) 13,165 15,163

Second cousins, once removed 66 (12) 20,045 20,111

Total 12,232(10,519) 69,040 81,272

Note: The numbers in parentheses are for the 53 pedigrees with 630 subjects used in the previous

WGS.

59



After applying the histogram check and the Grubbs's test (threshold p < 0.01) 

(Grubbs 1969), I excluded two spine high BMD outliers and four areal bone size 

outliers (one extremely low value for spine bone size, two extremely low and one 

extremely high values for wrist bone size) from the linkage analyses.

A variance component linkage analysis for quantitative traits (Almasy and 

Blangero 1998; Amos 1994; Amos, Zhu, and Boerwinkle 1996) was performed. 

The program employed was SOLAR (Sequential Oligogenic Linkage Analysis 

Routines) (Almasy and Blangero 1998), which is available online 

(http://www.sfbr.org/sfbr/public/software/solar/solar.html). Age, sex, height, 

weight and sex-by-age interaction were tested for importance on various 

phenotypes and significant factors (p <0.05) were adjusted as covariates for these 

raw phenotype values. Two- and multi-point linkage analyses were performed 

for all tested phenotypes, respectively. I also examined genetic heterogeneity in 

the combined 79 pedigrees by using the program HOMO (Smith 1963) that was 

integrated in SOLAR.

In the combined 79 pedigrees, the kurtosis values of adjusted areal BMD at 

spine, hip, and wrist were 0.91,0.45 and 1.38, respectively. The kurtosis values of 

adjusted areal bone size and femoral neck cross-sectional geometry also ranged 

0.37-1.39. These values were also quite similar to those in the initial 53 pedigrees 

and the 26 new pedigrees (data not shown). Though the variance component
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analyses implemented in SOLAR are quite robust to reasonable violations of 

normality of the data (kurtosis < 2.0) (Allison et al. 1999), to accommodate the 

observed deviation from normality in the phenotype data, I estimated correction 

constants for LOD scores using the procedure "lodadj" implemented in SOLAR 

(Blangero, Williams, and Almasy 2000). This procedure simulated a fully- 

informative marker, unlinked to the phenotype of interested in 10,000 replicates. 

For each marker, IBDs (identity by descent) were calculated and a LOD score 

was computed. For the combined 79 pedigrees and the subgroups, the correction 

constants for LOD scores ranged from 0.99 to 1.07. All LOD scores given in the 

text were empirically adjusted LOD scores. In addition, I calculated empirically p 

values by carrying out the "empp" command in SOLAR.

For the chromosome X, SOLAR can only handle two-point analyses. Other 

software, such as GENEHUNTER and MERLIN (Abecasis et al. 2002), which can 

perform multi-point linkage analysis on chromosome X, unfortunately are not 

good at handling large pedigrees that make up most of the present study sample. 

Therefore, I applied the program FASTER (Family Smart Eliminator, available at 

http://www.hoschl.cz/faster/), to break down those large pedigrees into 

smaller ones, by splitting families and/or deleting family members whilst 

keeping as many members with genotypes as possible. All pedigrees which 

would be employed in multi-point analyses must meet the criteria 2N-F< 20, in 

which N is number of non-founders (individuals with at least one parent) and F
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is number of founders (individuals without parents). Eventually, multi-point 

linkage analyses on chromosome X were performed in 121 'derivative' pedigrees 

(including 60 intact pedigrees and 61 'new' pedigrees) with 920 subjects via 

variance component method implemented in Merlin.

Because of gender-specific influences on BMD (Duncan et al. 2003; Karasik et 

al. 2003; Orwoll, Belknap, and Klein 2001), bone size and geometry (Klein et al. 

2002; Seeman 2001a; Taaffe et al. 2003), I also conducted linkage analyses for 

BMD, areal bone size, and femoral neck cross-sectional geometry in men and 

women separately in the combined 79 pedigrees. In the sex-specific analyses, the 

corresponding phenotype values for individuals of the opposite sex were 

recorded as missing data. I did not perform sex-specific linkage analyses in the 

26 new pedigrees or in the expanded 53 pedigrees because of concern for the 

small sample sizes in each such subgroup.
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CHAPTER 3

A Genome-wide Linkage Scan for Bone Mineral Density: 

Evidence for Linkage on llq23  and Xq27
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Introduction

Osteoporosis is a systemic skeletal disease, largely characterized by low BMD 

(Consensus development conference: diagnosis, prophylaxis, and treatment of 

osteoporosis 1993). It is a major public health problem and results in more than 

1.3 million fractures per year. It incurs an estimated direct cost of ~17.5 billion 

dollars in the US alone in 1997 (Ray et al. 1997; Melton, El 2003).

Extensive studies have established high degree of h2 (>60%) in BMD. Several 

WGS studies have been performed to search for QTLs underlying BMD variation 

(Devoto et al. 1998; Deng et al. 2002f; Kammerer et al. 2003; Karasik et al. 2002a; 

Koller et al. 2000; Niu et al. 1999; Styrkarsdottir et al. 2003; Wilson et al. 2003; 

Econs et al. 2004). The genomic regions revealed are largely inconsistent (Liu et 

al. 2003b), which may reflect the complexity of the genetic inheritance of BMD. 

Other possible reasons may lie in the diversity of study designs, ethnic 

heterogeneity, samples with insufficient power, various ascertainment schemes 

and statistical analyses used. As a result, significant or suggestive linkage claims 

should be subjected to extension or replication studies with large samples to test 

for their validity (Vieland 2001). From the statistical genetics point of view, the 

statistical power issues involved are of critical importance in interpreting the 

inconsistency across different studies.

Deng et al. (Deng et al. 2002f) conducted a pilot WGS for BMD variation with
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630 subjects from 53 pedigrees. Several potentially important genomic regions 

have been suggested. In order to confirm the previous findings as well as to 

identify new genomic regions for BMD variation, I performed a WGS study with 

denser markers (in the regions suggested earlier) and with a sample whose size 

is nearly tripled.

Results

For BMD, linkage analyses were performed in the total 79 pedigrees, 26 new 

pedigrees and expanded 53 pedigrees, respectively. Linkage analyses on 

different subsets of the sample may decompose the linkage signals detected in 

the combined 79 pedigrees, providing information on the relative contribution of 

the different subsets to the total linkage signals. In addition, the 26 new 

pedigrees are independent of the sample for the previous WGS. Linkage analyses 

on these 26 independent pedigrees provided an independent assessment of the 

previous linkage findings and may tease out potential false positive results.

Figure 3-1 summarizes the linkage signals (multi-point LOD scores) for 

autosomes in the combined 79 pedigrees. For comparison, this figure also shows 

the linkage results found in the previous WGS in the 53 pedigrees with 630 

subjects (Deng et al. 2002f) as well as in the 26 new pedigrees. Two-point (from 

SOLAR) and multi-point (from Merlin) LOD scores of the markers on 

chromosome X are shown in Figure 3-2. The genomic regions that had MLS >1.5
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in the combined 79 pedigrees or in the 26 new pedigrees at any one of the three 

skeletal sites are summarized in Table 3-1. For chromosomes showing at least 

suggestive linkage evidence (LOD > 1.9) in the combined 79 pedigrees or in the 

26 new pedigrees, I also plotted the results of multi-point linkage analyses in 

different sample sets in Figure 3-3.
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Table 3-1. Genomic Regions with LOD scores >1.5 for BMD detected in the 26 new pedigrees or in the 79 combined pedigrees

Phenotype Chrom.
26 new pedigrees Combined 79 pedigrees 1st WGS

Location a Markerb LOD P value' Location a Marker b LOD P value0 LOD
Spine BMD 4 - - - - 4q32 (157 cM) D4S413 1.54 0.004 3.08

7 7pl5 (42 cM) D7S2496 2.11 0.0009 7pl4 (60 cM) D7S691 2.64 0.0003 1.48
11 llq23 (99 cM) D11S908 3.10 <0.0001 llq23 (100 cM) D11S908 3.13 <0.0001 0.8
12 - - - - 12q24 (162 cM) D12S1723 1.50 0.0044 2.96
20 20pl2 (30 cM) D20S186 2.26 0.0006 — — — — —

Hip BMD
4 4q35 (201 cM) D4S1535 2.14 0.0009 — — _ — —

6 6q22 (21 cM) D6S289 1.57 0.0036 — — — — _

10 - - - - 10pl2 (55 cM) D10S197 1.56 0.0035 —

11 1 lql2 (66 cM) D11S987 2.04 0.0011 — _ _ _ _

15 15q23 (68 cM) D15S131 2.00 0.0012 — — — — —

20 20pl2 (27 cM) D20S112 2.33 0.0006 — - — — —

X d Xq21 (95.9 cM) DXS986 1.62 Xpll (86.9 cM) DXS991 2.15 0.0008 —

- - - - Xq22 (115.1 cM) DXS1106 1.61 0.0030 -

Xq26 (150.3 cM) DXS1047 2.23 Xq26 (150.3 cM) DXS1047 1.53 0.0039 —

Xq27 (183.8 cM) DXS998 1.65 Xq27 (183.8 cM) DXS998 2.57 0.0003 —

Wrist BMD
2 2pl2 (91 cM) D2S286 1.86 0.0015 2pll (lOOcM) D2S2333 1.86 0.0021 _

15 15q25 (71 cM) D15S979 1.68 0.0023 - - — — —

20 20pl3 (p ter) D20S117 2.55 0.0002 - - — — —

20pl2 (28 cM) D20S186 1.57 0.0031 - - — — —

X d - - - - Xp21 (46.2 cM) DXS1214 1.80 0.0024 —

Xq21 (104.9 cM) DXS990 1.99 0.0010 Xq21 (95.9 cM) DXS986 2.54 0.0004 —

Xq25 (148.4 cM) DXS8009 2.81 0.0001 Xq26 (150.3 cM) DXS1047 2.87 0.0002 —

Xq27 (183.8 cM) DXS998 3.35 <0.0001 Xq27 (183.8 cM) DXS998 4.30 <0.0001 -

a The numbers in parentheses are genetic distance of the LOD peak from the most p-terminal marker on the chromosome. 
b The nearest marker from the LOD peak. 
c Pointwise empirical p  value estimated by SOLAR.
d For chromosome X, the reported data are two-point analysis LOD scores and the corresponding marker location.

67



Figure Legend

Figure 3-1. Linkage signals for BMD on autosomes. Linkage signals on autosomes were 

illustrated for the 53 pedigrees with 630 subjects (green) (published earlier in Deng et al.

2002), the 26 new pedigrees (red), and the combined 79 pedigrees (black).

Figure 3-2. Linkage signals for BMD on chromosome X. Figure 2A illustrates two- 

point LOD scores obtained by SOLAR from the original 53 pedigrees (green), 53 

extended pedigrees (blue), 26 new pedigrees (red), and 79 pedigrees (black). Figure 2B 

shows the multi-point LOD scores calculated by Merlin from the 'derivative' pedigrees 

(See Chapter 2. Material and Methods).

Figure 3-3. Genomic regions with LOD > 1.9 in multi-point analyses detected in the 26 

new pedigrees or in the combined 79 pedigrees. Plots A-D show the results of 

chromosomes 7 and 11 for spine BMD, and chromosomes 4 and 15 for hip BMD, 

respectively. In plots A-D, the samples were indicated as original 53 pedigrees (green), 

53 extended pedigrees (blue), 26 new pedigrees (red), and 79 pedigrees (black). Plot E 

shows the multi-point analysis results on chromosome 20 in the 26 new pedigrees for 

spine BMD (red), hip BMD (green) and wrist BMD (black), respectively.
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Figure 3-1. Linkage signals for BMD on autosomes.
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Figure 3-2. Linkage signals for BMD on chromosome X.
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Figure 3-3. Genomic regions with LOD > 1.9 for BMD in multi-point analyses 
detected in the 26 new pedigrees or in the combined 79 pedigrees.
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The most significant linkage result, a two-point LOD score of 4.30 (pointwise 

empirical p < 0.0001), was achieved on Xq27 at marker DXS998 for wrist BMD in 

the combined 79 pedigrees (Table 3-1, Figure 3-2A). The marker DXS998 was not 

genotyped in the previous WGS. In the 53 extended pedigrees and 26 new 

pedigrees, the two-point LOD scores for DXS998 were 0.55 and 3.35, respectively 

(Table 3-1, Figure 3-2A). For this result, the stepping-up of linkage signals with 

the increase in sample size is evident (Figure 3-2A). For hip BMD, the linkage 

signals on Xq27 also showed stepping-up with the increase of sample size. The 

two-point LOD scores at DXS998 were 0.69 in the extended 53 pedigrees, 1.65 in 

the 26 new pedigrees and 2.57 in the combined 79 pedigrees (Table 3-1, Figure 3- 

2A). In addition to Xq27, several other regions on chromosome X also showed 

suggestive linkage for wrist and hip BMD (Table 3-1, Figure 3-2A). The multi

point LOD scores on chromosome X calculated in 'derivative' pedigrees are 

largely below 1.0 (Figure 3-2B), but there are still nominal linkage evidence 

retained at genomic regions around marker DXS998 for hip BMD (LOD = 0.76) 

and wrist BMD (LOD = 1.02).

In the combined 79 pedigrees, suggestive evidence of linkage for spine BMD 

was detected on chromosome llq23 (LOD = 3.13, pointwise empirical p < 0.0001) 

(Table 3-1, Figure 3-3B). In the previous WGS, nominal linkage evidence was 

detected at llq l4  near marker D11S901 (LOD = 0.80) for spine BMD (Deng et al. 

2002f). With 128 new subjects added into the 53 pedigrees, the highest linkage
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signal on chromosome 11 for spine BMD was achieved at the same location, but 

increased to a LOD of 1.02 (Figure 3-3B). In the 26 new pedigrees, the linkage 

signals increased to LOD = 3.10 with the location shifting to llq23 near the 

marker D11S908 (16 cM distal to D11S901) (Table 3-1, Figure 3-3B). The 

difference in position probably reflects better localization of the QTL(s) in the 26 

new pedigrees and the total 79 pedigrees with both increased sample sizes and 

denser markers, as suggested by Roberts et al. (Roberts et al. 1999). 

Heterogeneity testing at this region did not reveal any significant genetic 

heterogeneity (p = 0.31) between sub-samples.

On chromosomal region 7pl4, an LOD of 2.64 (pointwise empirical p = 0.0003) 

was achieved near the marker D7S691 for spine BMD in the total 79 pedigrees 

(Table 3-1, Figure 3-3A). At this region, linkage signals were detected with an 

LOD of 1.48, 1.27 and 2.11, respectively, in the original 53 pedigrees (with 630 

subjects), the 53 pedigrees expanded by 128 new subjects, and the 26 new 

independent pedigrees (Table 3-1, Figure 3-3A).

In the 26 new pedigrees, suggestive linkage signals were also found on 

several other genomic regions, including 20pl2 for spine and hip BMD (LOD = 

2.26 and 2.33, respectively), 4q35 (LOD = 2.14) and llq l2  (LOD = 2.04) for hip 

BMD, and 20pl3 (LOD = 2.55) for wrist BMD (Table 3-1). The results of the 

expanded 53 pedigrees (data not shown) were generally in accord with the
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results of the initial WGS, while the LOD scores were somewhat increased or 

decreased and the location variation has also been observed.

The results of sex-specific linkage analyses for BMD in 79 pedigrees are 

summarized in Figure 3-4. A significant linkage for spine BMD was detected on 

3p26 near marker D3S3630 (LOD = 3.29) in females, but not in males and barely 

in the combined sample (Figure 3-4A). Similar patterns of the linkage signals 

were also shown on 13q33 for spine BMD (LOD =2.70 in males), and 3q26 (LOD 

= 2.27 in females) and 15q23 (LOD = 2.45 in males) for hip BMD (Figure 3-4D, -4E 

and -4F). These results suggest that sex-specific QTLs may exist at these genomic 

regions. On the other hand, comparing with the linkage peaks achieved on 7pl4 

and llq23 for spine BMD in the combined samples, the signals detected in sex- 

specific linkage analyses are lower, especially in males (Figure 3-4B & 4C), 

suggesting that the potential QTLs at these two regions may influence both 

females and males, but more so in females (LOD = 1.96 and 2.17 for 7pl4 and 

llq23, respectively). Interesting results were also detected on chromosome X in 

sex-specific two-point linkage analyses (Figure 3-4G, -4H, and -41). While I only 

detected weak linkage signals for spine BMD on chromosome X in the combined 

sample, several markers on chromosome X showed very strong linkage with 

spine BMD in females (LOD = 7.55 at DXS986) and suggestive linkage in males 

(Figure 3-4G). For hip and wrist BMD, sex-specific linkage analyses suggested 

that the signals observed in the combine sample are driven by QTLs largely
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affecting males (Figure 3-4H & -41). The LOD scores on chromosome X in sex- 

specific multi-point linkage analyses (by Merlin) are largely lower than 1.0 (data 

not shown).
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Figure 3-4. Genomic regions with LOD > 1.9 for BMD in sex-specific linkage analyses in 79 pedigrees.
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Figure 3-4 (continue). Genomic regions with 1 

LOD > 1.9 for BMD in sex-specific linkage I 

analyses in 79 pedigrees. The samples are I 

indicated as: combined 79 pedigrees (black 

line), females in 79 pedigrees (red line), and 

males in 79 pedigrees (blue line). Figure G-I 

are for two-point linkage results on 

chromosome X.
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Discussion

Previously, our group conducted a WGS for BMD variation in 53 pedigrees 

with 630 subjects (Deng et al. 2002f). Subsequently, the sample was expanded 

from 53 pedigrees to 79 pedigrees and the total sample size was increased from 

630 to 1816 subjects. I have also increased the number of microsatellite markers 

from 380 to 451. In particular, the marker density at genomic regions suggested 

in the first WGS has been about doubled. On the enlarged sample and with the 

increased number of markers, I performed the present WGS on BMD.

I detected significant / suggestive significant two-point linkage signals at 

several regions on chromosome X for wrist and hip BMD (Figure 3-2A & 2B). 

Although multi-point LOD scores calculated for chromosome X by Merlin were 

much lower than two-point LOD scores obtained from SOLAR; however, this 

reduction was probably owing to a considerable decrease in the number of 

relative pairs in the 'derivative' pedigrees, which in turn would cause drastic loss 

of statistical power. For instance, there are only 603 siblings contained in the 

'derivative' pedigrees, compared with 3846 siblings in the combined 79 

pedigrees. The importance of chromosome X for bone mass is strengthened by 

the earlier findings that the genes for two rare skeletal dysplasia syndromes have 

been mapped to the Xq27 region (Dlouhy et al. 1987; Zhang et al. 2000).
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I also found suggestive linkage on chromosome 11 for spine BMD. The 1-LOD 

support interval (corresponding to ~95% confidence interval) around the LOD 

score peak was mapped to a 33-cM region on Ilql4-q23, which is bounded by 

markers D11S901 and D11S925. On the chromosome region llql4-23, several 

other studies also found linkage signals. Devoto et al. (Devoto et al. 1998) 

reported a maximum LOD score of 2.08 at marker CD3D, which was mapped to 

~5cM distal to marker D11S908. Klein et al. (Klein et al. 1998) detected a potential 

QTL in mice near marker D7Mit234 (p = 0.0007), which was in a region 

homologous to human chromosome Ilql4-q21. The promising candidate genes 

for BMD variation located in this region include a cluster of matrix 

metalloproteinase (MMP) genes, such as MMP8, MMP10, and MMP13. The 

enzymes encoded by these genes are involved in the breakdown of bone 

extracellular matrix in normal physiological processes, such as degrading 

proteoglycans, and type I, II and III collagens (Sasano et al. 2002).

Another interesting finding was on chromosome 20pl2, because LOD>1.5 has 

been achieved near marker D20S186 for BMDs at all the three skeletal sites in the 

26 new pedigrees. A MLS of 2.26 was achieved at the spine, 2.33 at the hip and 

1.57 at the wrist (Figure 3-3E). Linkage signals detected in 26 new pedigrees were 

even stronger than in the combined sample (LOD = 0.09, 1.25 and 1.38 at the 

spine, hip and wrist, respectively). This was probably because the region was not 

detected in the previous WGS or in the 53 extended pedigrees, which may
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"neutralize" linkage signals achieved in the 26 new pedigrees when the two sub

samples were combined. Such a discordant distribution of linkage signals for 

different sub-samples may suggest genetic heterogeneity at this region. Recently, 

Styrkarsdottir et al. (Styrkarsdottir et al. 2003) detected a significant linkage 

signal on 20pl2 (LOD = 5.10, pointwise p = 6.3xl0-7) to osteoporosis risk in the 

Icelandic population. They applied a novel definition of the osteoporosis 

phenotype, based on combined osteoporotic fractures and BMD measurements 

at both the hip and the spine (Styrkarsdottir et al. 2003). Subsequent LD mapping 

indicated that the BMP2 gene is significantly associated with osteoporosis risk as 

well as BMD and can account for part of the observed linkage signal 

(Styrkarsdottir et al. 2003). An independent association study in a group of 

Danish postmenopausal women also confirmed those findings (Styrkarsdottir et 

al. 2003). Taken together, the 20pl2 region is highly likely to contain a gene or 

genes contributing to osteoporosis risk, and the BMP2 gene is at least one of 

these genes. I believed in the importance of using osteoporotic fractures as a 

phenotype for mapping genes underlying osteoporosis risk (Deng et al. 2000b; 

Deng et al. 2002c; Recker and Deng 2002), unfortunately, I do not have enough 

information on osteoporotic fractures in the current study. However, my results 

on 20pl2, do replicate the findings of Styrkarsdottir et al. (Styrkarsdottir et al. 

2003) to some extent and suggest pleiotropic effects of a gene or a cluster of genes 

within this region underlying BMD variation at multiple skeletal sites.
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Replication of WGS studies for complex traits has been proven to be difficult, 

mainly due to the potential polygenic nature of inheritance and the limited 

power of the current WGS studies (Recker and Deng 2002). As we know, the 

power and the robustness of the linkage results critically depend on the study 

sample size employed, among other things. Compared with previous WGS 

studies in bone genetic field or even in the human genetics field in general, the 

sample employed in the current WGS represents one of the largest. The large 

sample size and complex relationship in these multi-generation families provide 

enormous numbers of relative pairs that are informative for linkage analyses 

(Table 2-3). These copious relative pairs render the current study with 

exceptionally high statistical power (Figure 3-5). For instance, assuming the total 

heritability of BMD to be 75%, the combined 79 pedigrees may provide 75-97% 

power to detect linkage (LOD > 3.3) for a QTL accounting for 15% or more of the 

total trait variance; however, the power is modest for a QTL with smaller effects 

(e.g. 27-55% power for QTL with h2 = 10%). With such fairly high statistical 

power and consistent evidence across different studies (Devoto et al. 1998; Klein 

et al. 1998), I am reasonably confident that regions on chromosomes 11 and X 

may contain gene(s) underlying BMD variation; whilst, the fact that no 

significant linkage signal has been achieved around some well-known candidate 

genes, such as COL1A1 gene and estrogen receptor alpha (ER-a) gene, suggests 

that those genes may not be major QTLs for BMD variation in general 

populations, but may instead have weak or even modest effects in specific
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sample groups.
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Figure 3-5. The statistical power of WGS in the original 53 

pedigrees (with 630 subjects) and the current combined 79 

pedigrees. For power comparison, the power estimation was 

conducted by using the same set of assumed parameters. The 

overall trait heritability is set as 75%. The QTL is assumed to 

have two alleles and the frequency of the allele causing a 

decrease in BMD is 0.4. For the simulated marker, six alleles with 

equal frequencies are assumed, and the recombination fraction 

(0) between the QTL and the marker is 0.05.
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On the other hand, no definitive statement can be made on chromosomes 4 

and 12. These two regions achieved the highest LOD scores (3.08 and 2.96, 

respectively) in the previous WGS (Deng et al. 2002f) but showed dramatically 

decreased LOD in the combined sample of this study (1.54 and 1.50, respectively). 

Given the large sample size and the high statistical power of the current study, it 

is unlikely that the remarkable reduction of linkage signals was merely due to 

random fluctuation. Several factors together may lead to the drop of LOD scores:

1) Genetic heterogeneity is probably one of the principal reasons for failure 

of replication of the initial findings. Although all the study subjects are 

Caucasians of European origin and the heterogeneity test using HOMO 

does not reveal significant evidence of heterogeneity. However, it has 

been pointed out that the heterogeneity test using the admixture model 

introduced by Smiths (Smith 1963), as employed by HOMO, may have 

some deficiencies. For example, the validity of the assumptions are 

unknown and hard to test and the estimates of the proportion of families 

that segregate mutations of interest may be based on incorrect likelihood 

models (Whittemore and Halpem 2001). In addition, the heterogeneity 

test is based on parametric linkage analysis that is notorious for loss of 

power and robustness due to violation of the assumption and incorrect 

specification of inheritance model for complex traits. Hence, I cannot rule 

out the potential effects of genetic heterogeneity. Nevertheless, I assume
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that it is unlikely that this potential genetic heterogeneity arises solely 

from the recruitment strategy. Though the initial 53 pedigrees were 

mainly recruited through probands with low BMD and the 26 new 

pedigrees were enrolled via probands with high BMD. However, for 

complex traits determined by multiple genes, sampling sibships or 

pedigrees through extreme probands (high and/or low) generally can 

only change the heterozygosity of these genes for their efficient 

identification in study samples by linkage analyses (Risch and Zhang 1995; 

Gu, Todorov, and Rao 1997). The sampling scheme will not change the 

identity of loci segregating to determine the variation of the traits for the 

normal population and thus will not introduce heterogeneity of loci in 

various samples segregating in determining the traits. This is true even for 

the smallest sampling units such as sib pairs and even when the 

heritability of a segregating locus is as high as 30% (Risch and Zhang 1995; 

Gu, Todorov, and Rao 1997). Moreover, because only one subject (i.e. the 

proband) in each pedigree was ascertained for extreme values, the effects 

of sampling through extreme probands will diminish with larger and 

more complex pedigrees.

2) The marker allele frequencies may fluctuate in the current and previous 

studies; in other words, different samples of pedigrees from the same 

population may yield (by chance) different allele frequencies of markers.
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As IBD inference critically depends on allele frequencies, such a change 

may affect IBD estimation and consequently, the linkage results. Also, the 

allele frequencies of the QTLs could be changed in the same manner. 

Consequently, linkages to QTLs with low frequencies or weak effects are 

difficult to replicate (Deng et al. 2001).

3) Genotyping errors may also influence linkage results by deflating power 

and inflating recombination fraction estimates in linkage analyses 

(Terwilliger, Weeks, and Ott 1990; Buetow 1991). Despite the similar 

genotyping error rate (~0.3%) controlled in the current and the previous 

WGS studies, the distribution of genotyping errors in the samples may 

vary between the two studies, thus may also leading to variation of 

linkage results.

4) Because of relatively low statistical power of the previous WGS, I cannot 

exclude the possibility that the initial findings are false positive or true 

positive findings for QTLs of small to moderate effects. It is well known 

that replication of linkage is much harder than initial findings (Risch and 

Merikangas 1996; Suarez BK, Hampe CL, and Van Eerdewegh P 1994).

All the above attest to the necessity of enrolling large samples along with 

maximizing sample homogeneity by recruiting subjects from the same ethnic
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group and rigorously controlling possible environmental factors in WGS for 

robust results. Subgroup analyses conditional on given genetic or environmental 

factors may yield more homogeneous samples, however, such studies would 

require an even larger sample size to ensure that individual subgroups retain 

adequate power to detect significant and robust results.

Epidemiological evidence has demonstrated lower risk of osteoporosis in 

males than females of comparable age. Sex-specific genetic regulation of bone 

mass and bone loss has been suggested in several genetic studies (Ginsburg et al. 

2001; Livshits, Karasik, and Kobyliansky 2002; Karasik et al. 2003; Duncan et al. 

2003; Karasik et al. 2003; Orwoll, Belknap, and Klein 2001). Therefore, in this 

study, I also performed linkage analyses in males and females, respectively. On 

several genomic regions, such as 7pl4, llq23, and chromosome X (for hip and 

wrist BMD), sex-specific linkage analyses decomposed the signals observed in 

the combined sample, suggesting that the potential QTLs may affect both males 

and females, but with larger effects on one specific gender. In contrast, at several 

other genomic regions, such as 3p26 and chromosome X for spine BMD and 

15q23 for hip BMD, linkage signals boosted up dramatically in sex-specific 

linkage analyses. These results should be treated with caution, because though 

sex-specific linkage analyses may yield more homogeneous samples and thus 

may improve the QTL identification, they also suffer the inflated false-positive 

and/or false-negative rates due to increased multiple comparisons and



insufficient power in individual subgroups.

In summary, I conducted a WGS study on BMD variation in an extended 

sample of 79 Caucasian pedigrees. My findings highlight the importance of 

increasing sample size to confirm linkage results and identify new regions of 

linkage. Chromosomes Xq27 and llq23 have been suggested to contain QTLs for 

BMD. The significance of these regions was corroborated by earlier findings or 

by the candidate genes within the regions. Further explorations of these regions 

are warranted.
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CHAPTER 4

A Genome-wide Linkage Scan for Areal Bone Size 

Variation in 79 Multiplex Pedigrees



Introduction

Osteoporosis is a major public health problem and results in more than 1.3 

million fractures per year in the US with an estimated direct cost of over $17 

billion (Ray et al. 1997; Melton, ID 2003). Low BMD is known to be an important 

risk factor for osteoporotic fractures and has been widely used in characterizing 

osteoporosis (Cummings et al. 1993; Consensus development conference: 

diagnosis, prophylaxis, and treatment of osteoporosis 1993; Ross et al. 1991; 

Melton, m et al. 1993). However, the pathogenesis of osteoporotic fracture is 

heterogeneous, and low BMD has been shown not the solely important risk 

factor for osteoporotic fractures (Schuit et al. 2004; Nielsen 2000; McCreadie and 

Goldstein 2000). Many studies have suggested that bone geometry per se may 

also play an important role in determining bone strength and risks for fractures 

(Duan, Parfitt, and Seeman 1999; Augat, Reeb, and Claes 1996; Seeman et al. 

2001; Vega et al. 1998; Gilsanz et al. 1995).

Being 3D, the geometry of bone can be measured as volume (cm3), projected 

area (cm2), cross-sectional parameters, or length (or diameter). All these 

measurements reflect various bone properties. Areal bone size measured by DXA 

may be interesting. First, compared with other measurements, areal bone size 

measured by DXA is relatively precise and involves less radiation (Kalender 

1992; Genant et al. 1996), making it more convenient for clinical practice. Second, 

several studies have demonstrated that areal bone size measured by DXA is



highly correlated to bone strength (Yang et al. 1998) and osteoporotic fractures 

(Vega et al. 1998; Mazess et al. 1994; Deng et al. 2002e). The effect is largely 

independent from that of BMD (Vega et al. 1998; Mazess et al. 1994; Deng et al. 

2002e). However, genetic studies on areal bone size variation are rather rare. 

Areal bone size variation is under strong genetic controls. Generally, the h2 of 

bone size variation at spine, hip and wrist is over 50% (Deng et al. 2002a; Jian, 

Long, and Deng 2004; Liu et al. 2004). A few candidate genes, such as VDR gene 

(Need et al. 1996), LRP5 gene (LRP5) (Ferrari et al. 2004), and COL1A1 gene 

(Long et al. 2004), have been shown to be associated with areal bone size 

variation.

Deng et al. (Deng et al. 2003) reported a pilot WGS for areal bone size 

variation with 630 subjects from 53 pedigrees. Several potentially important 

genomic regions have been suggested. In this study, with an intention to confirm 

the previous findings as well as to identify new genomic regions for areal bone 

size variation, I performed a WGS study with denser markers (in the regions 

suggested earlier) and with a sample whose size is nearly tripled compared with 

the previous WGS.

Results

The multi-point LOD scores for autosomes in the combined 79 pedigrees are 

summarized in Figure 4-1. The genomic regions that have LOD scores > 1.5 in the
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combined 79 pedigrees or in the 26 new pedigrees at any one of the three skeletal 

sites are summarized in Table 4-1. For chromosomes showing at least suggestive 

linkage evidence (LOD > 1.9) in the combined 79 pedigrees or in the 26 new 

pedigrees, I also plotted the results of multi-point linkage analyses in different 

sample sets in Figure 4-2. I also conducted two-point and multi-point linkage 

analyses on chromosome X and all those LOD scores are less than 0.5 (data not 

shown).
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Table 4-1. Regions with LOD>1.5 for bone size detected in the 26 new pedigrees or in the 79 combined pedigrees

Phenotypes Chrom. 26 new pedigrees Combined 79 pedigrees 53 pedigrees

Locationa Marker LOD P valuec Locationa Marker LOD P value0 LOD (cM)

Spine Bone Size 3 3q28 (203 cM) D3S1580 0.90 0.021 3q28 (204 cM) D3S1580 1.71 0.0030 0.93 (204)

5 5pter (0 cM) D5S1981 1.54 0.0050 5q31 (139 cM) D5S2115 1.93 0.0019 1.99(140)

17 17pl3 (18 cM) D17S1791 2.06 0.0007 17pl3(20 cM) D17S1791 0.91 0.024 1.14(114)

Hip Bone Size

5 5ql4 (98 cM) D5S428 1.07 0.013 5q22 (121 cM) D5S2027 1.82 0.0014 2.06(161)

Wrist Bone Size

7 7q36 (171 cM) D7S798 1.24 0.0077 7q36 (171 cM) D7S798 1.92 0.0014 0.52(165)

9 9p21 (24cM) D9S171 0.66 0.038 9pl3 (55 cM) D9S1874 1.51 0.0034 2.48 (60)

11 llp l2  (53 cM) D11S905 1.44 0.0047 llp l2  (46 cM) D11S905 2.49 0.0005 1.64(34)

16 16ql2 (51 cM) D16S3136 1.94 0.0013 16ql2 (52 cM) D16S3136 2.00 0.0012 0.21 (80)

19 19ql3 (79 cM) D19S571 0.97 0.016 19ql3 (78 cM) D19S571 1.74 0.0021 0.98 (76)

a The numbers in parentheses are genetic distance of the LOD peak from the most p-terminal marker on the chromosome. 

b The nearest marker from the LOD peak. 

c Pointwise empirical p  value estimated by SOLAR.
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Figure Legend

Figure 4-1. Linkage signals for bone size on autosomes in the combined 79 

pedigrees.

Figure 4-2. Genomic regions with LOD > 1.9 for bone size in multi-point 

analyses detected in the 26 new pedigrees or in the combined 79 pedigrees. The

samples were indicated as: combined 79 pedigrees (black line), 53 expanded 

pedigrees (red line), and 26 new pedigrees (blue line).
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Figure 4-1. Linkage signals for bone size on autosomes in the 79 pedigrees.
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Figure 4-2. Genomic regions with LOD > 1.9 for bone size detected in the 26 
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The highest LOD score was achieved at 46 cM from pter on chromosome 11 

for wrist bone size (LOD = 2.49, pointwise empirical p = 0.0005) in the combined 

79 pedigrees (Table 4-1, Figure 4-2E). The linkage peaks at this region are broad 

and complex, where there are other two slightly lowered LOD score peaks at 36 

cM (LOD = 2.47) and 52 cM (LOD = 2.48), respectively. Therefore, two or more 

independent QTLs may exist at this location. This possibility may be 

substantiated by the fact that in the 53 expanded pedigrees and the 26 new 

pedigrees, the highest LOD scores achieved on chromosome 11 for wrist bone 

size are at 34 cM (LOD = 1.64) and 53 cM (LOD m 1.44), respectively, though 

these two peaks are largely overlapping (Figure 4-2E). This region harbors two 

important candidate genes for bone development and metabolism, the TRAF6 

(TNF receptor-associated factor 6) gene and the EXT2 (exostosin 2) gene. The 

TRAF6 can activate the NF-kappaB (nuclear factor-kappa-B) and is a critical 

factor in the RANKL-RANK induced osteoclastogenesis (Takayanagi et al. 2000). 

The EXT2 gene has been shown to be involved in regulation of bone growth 

(Morimoto et al. 2002).

In the combined 79 pedigrees, suggestive evidence of linkage for wrist bone 

size was also detected on chromosome 7q36 (LOD = 1.92, pointwise empirical p = 

0.0014) and on 16ql2 (LOD = 2.00, pointwise empirical p = 0.0012). For the signal 

on 7q36, the linkage peaks exhibited a clear stepping-up pattern with the increase
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in sample size (Table 4-1, Figure 4-2D), as such the highest LOD scores achieved 

in the 53 expanded and the 26 new pedigrees are 0.52 and 1.24, respectively. On 

chromosome 16,1 detected little evidence for linkage with wrist bone size in the 

previous WGS or in the 53 expanded pedigrees (Table 4-1, Figure 4-2F). 

However, with the 26 new pedigrees, a suggestive linkage (LOD = 1.94) was 

found at 16ql2 near marker D16S3136. This signal remained at the same location 

and approached slightly higher in the combined 79 pedigrees, suggesting that a 

QTL at the region 16ql2 may actually exist but with very weak effects in the 53 

pedigrees. Other noteworthy regions for wrist bone size include 9pl3 and 19ql3, 

where the former achieved a LOD of 2.48 in the 53 expanded pedigrees, and the 

latter showed a consistent linkage tendency at the same location with the two 

sub-samples and the combine 79 pedigrees (Table 4-1).

For spine bone size variation, suggestive linkage signals were detected on 

chromosome 5q31 (LOD = 1.93, pointwise empirical p = 0.0019) in the combined 

79 pedigrees and on chromosome 17pl3 (LOD = 2.06, pointwise empirical p = 

0.0007) in the 26 new pedigrees (Table 4-1, Figure 4-2A & -2B). However, 

subgroup linkage analyses gave strong discrepant results at both regions for 

spine bone size (Figure 4-2A & -2B). While the linkage signal on 5q31 mainly 

arose from the 53 expanded pedigrees (LOD = 1.99), the observed peak on 17pl3 

almost entirely relied upon the 26 new pedigrees. Several candidate genes reside 

in the region 5q31, including SMAD5 (mothers against decapentaplegic homolog
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5) (Liu and Mao 2004), GM-CSF (granulocyte-macrophage colony stimulating 

factor) (Postiglione et al. 2003), and GR (glucocorticoid receptor) (Chen, Aronow, 

and Feldman 1977). For spine bone size, the chromosome region 3q28 is also 

notable, where LOD scores approached 1.0 in both of the 53 expanded pedigrees 

and the 26 new pedigrees and reached 1.71 in the combined sample (Table 4-1). 

A candidate gene in this region is osteocrin, a novel vitamin D-regulated bone- 

specific protein that acts as a soluble osteoblast regulator (Thomas et al. 2003).

No significant or suggestive linkage for hip bone size variation was observed 

in the 26 new pedigrees or in the combined 79 pedigrees. Among the 53 

expanded pedigrees, the 26 new pedigrees, and the combine 79 pedigrees, the 

highest linkage peaks for hip bone size were all obtained on chromosome 5 

(Table 4-1, Figure 4-2C). The pattern of those linkage peaks seems complex, 

suggesting the possibility of two or more QTLs located nearby.

The major results of sex-specific linkage analyses are summarized in Figure 4- 

3. A suggestive linkage for spine bone size was detected on 3q28 in the female 

sub-sample (LOD = 1.95), but not in the male group (Figure 4-3A). Interestingly, 

this region also showed some evidences in the combined 79 pedigrees (Figure 4- 

3A), suggesting the signal observed in the combine sample is largely driven by a 

QTL unique to females. Similar results were also found on chromosome 9q21 for 

wrist bone size in females (LOD = 2.02) and on 14qll for hip bone size in males



(LOD = 2.64) (Figure 4-3C & -3D). Additionally, I detected sex-specific suggestive 

linkage evidence, which is not reflected by the total sample results, on 15qll for 

spine bone size in females (LOD = 1.93) (Figure 4-3B).
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Figure 4-3. Genomic regions with LOD > 1.9 in sex-specific linkage analyses
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Discussion

Areal bone size is an important determinant of bone strength and 

osteoporotic fractures (Yang et al. 1998; Vega et al. 1998; Mazess et al. 1994; Deng 

et al. 2002e). On the basis of the previous WGS (Deng et al. 2003), I performed the 

present WGS on areal bone size with enlarged sample and with increased 

number of markers.

Though the samples used in this study were identified through probands 

with low or high BMD (see Chapter 2 Materials and Methods), such a sampling 

scheme would be expected to cast little influence on studies for areal bone size 

variation. First, although areal bone size is a component of BMD, previous 

studies suggested that the contribution of areal bone size to BMD variation is 

small, particularly at hip and wrist (Deng et al. 2002e). In fact, the difference on 

areal bone size between probands with high BMD and low BMD is largely 

insignificant (Xu et al. 2004). Second, since only one subject (i.e. the proband) in 

each pedigree was ascertained for extreme values, the effects of sampling 

through extreme probands would diminish with large and complex pedigrees.

On several genomic regions, such as 3q for spine bone size, 7q and lip  for 

wrist bone size, I observed generally consistent linkage evidence across the 53 

expanded pedigrees, the 26 independent pedigrees, and the combined 79 

pedigrees. The dramatically increased linkage peaks in the combined 79
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pedigrees may reflect the enhanced statistical power (Figure 3-4). On the other 

hand, several genomic regions exhibited subgroup-specific linkage results in the 

53 expanded pedigrees and in the 26 new pedigrees, such as 5q31 for spine bone 

size, 9pl3 and 16ql2 for wrist bone size. In addition, on chromosome 19pl3 and 

17q23, where the two highest MLS were achieved in the previous WGS (630 

subjects from 53 pedigrees) for bone size (Deng et al. 2003), I detected little 

evidence in the 26 new pedigrees. Possible reasons for such a discordant 

distribution of linkage signals from different sub-samples of the same ethnicity 

may include genetic heterogeneity, fluctuation of marker allele frequency, 

genotyping errors, false positive, etc(Risch and Merikangas 1996; Suarez BK, 

Hampe CL, and Van Eerdewegh P 1994).

The current study is the first to identify the sex-specific QTLs for bone size 

variation in humans. Because gender differences are known to exist in bone size 

and geometry (Seeman 2001a; Taaffe et al. 2003), it is expected that the genetic 

determinants of bone size variation would be influenced by gender. On one hand, 

sex-specific linkage analyses may help to reflect genuine etiological 

heterogeneity. This gender-related heterogeneity may be overlooked when all 

the family members are analyzed together, nevertheless, existence of such an 

effect can be shown when sex-stratified subsample is analyzed separately. For 

instance, at several chromosome regions where I only detected weak evidence in 

the total sample, the sex-specific analyses showed much stronger evidence at the
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same region in specific genders (e.g. 3q28 for spine bone size in females, 14qll 

for hip bone size in males). This may suggest that the linkage signals at these 

regions are more likely to be sex-specific. In addition, I also identified several 

potential sex-specific QTLs which are not reflected in the total sample analyses, 

such as 15qll for spine bone size in females. This finding may reflect genuine 

etiological heterogeneity. On the other hand, these results should be treated with 

caution because of the inflated false-positive and/or false-negative rates due to 

increased multiple comparisons and insufficient power in individual subgroups.

Interestingly, none of these bone-size QTLs identified in the current study has 

been detected in the WGS study for BMD variation using the same sample. 

However, given the low correlation between areal bone size and BMD (Deng et 

al. 2002e), it is not surprising that there is little overlap in the regions linked to 

BMD and areal bone size. This distinction has also been found in other linkage 

studies for bone size and BMD (Klein et al. 2002; Koller et al. 2001), suggesting 

the genes underlying bone size variation would be largely, if not entirely, 

different from those that regulate BMD variation. It is well known that 

replication of genetic studies for complex traits is difficult (Suarez BK, Hampe 

CL, and Van Eerdewegh P 1994; Recker and Deng 2002), as such the genomic 

regions identified in this study and in other genetic studies for bone size 

variation (Ferrari et al. 2004; Long et al. 2004; Need et al. 1996; Klein et al. 2002; 

Koller et al. 2001; Koller et al. 2003; Volkman et al. 2003) are not surprisingly
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largely inconsistent. However, ignoring the difference of the various bone size 

phenotypes employed, several genomic regions identified in this study have 

shown linkage evidence in other genetic studies, including 7q (Klein et al. 2002), 

14q (Volkman et al. 2003), 15qll (Volkman et al. 2003), 16ql2 (Volkman et al. 

2003), and 19q (Koller et al. 2003). This may support the potential importance of 

these genomic regions on bone size variation.

In summary, I reported a WGS study on areal bone size variation in an 

extended sample of 79 Caucasian pedigrees. I also performed the first sex- 

specific genome-wide linkage analyses for bone size in humans. Several 

chromosome regions such as llp l2  have been suggested to contain QTLs for 

areal bone size variation. The significance of these regions was corroborated by 

earlier findings or by the candidate genes within the regions. On the other hand, 

because of the complexity of the inheritance pattern of bone size and the 

difficulty in genetic dissection of complex traits, evaluation of my findings in 

other sufficiently powered samples may be necessary.
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CHAPTER 5

Mapping Quantitative Trait Loci for Cross-sectional 

Geometry of Femoral Neck
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Introduction

Although osteoporotic fractures can occur at various skeletal sites, hip 

fractures are of special interest since they are commonly associated with 

substantial pain, cost more to repair, and cause more morbidity as well as 

mortality than any other type of osteoporotic fractures. Nearly one third of 

patients with hip fractures become totally dependent and ~20% of patients will 

die within one year after sustaining an osteoporotic hip fracture (Cummings and 

Melton 2002; Lau 2001).

A number of studies have demonstrated that the bone cross-sectional 

geometry is an important determinant of bone strength and risk of fracture. From 

a mechanical perspective, bone strength is correlated with the shape and 

distribution of bone (Yamauchi, Sugimoto, and Chihara 2004; Turner and Burr 

1993; Beck 2003). It has been suggested that biomechanical parameters derived 

from the bone cross-sectional geometric variables would be a better indicator of 

bone strength than BMD (Myers et al. 1993; Myburgh et al. 1992). During growth, 

the bone strength is greater in males than females. This is mainly due to males 

build a bigger bone than females, not because the bone in males is denser (Duan 

et al. 2003; Seeman 2003). With aging, the periosteal diameter of bone increases in 

both men and women, but more so in men (Duan, Seeman, and Turner 2001; Ruff 

and Hayes 1988; Duan et al. 2003). The periosteal apposition may partially 

compensate for the loss of bone strength due to net loss of bone mass (Beck, Ruff,
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and Bissessur 1993; Beck et al. 2000; Boyce and Bloebaum 1993; Ahlborg et al.

2003). The higher hip fracture rate in elderly women is partially due to the less 

compensatory geometric restructuring with aging (Beck et al. 1992). Compared 

with age-match controls, patients with hip fractures have less favored femoral 

neck cross-sectional structure (Duan et al. 2003). Similar findings were also 

found in vertebral and wrist fractures (Duan, Seeman, and Turner 2001; 

Wapniarz et al. 1997).

Femoral neck cross-sectional geometry can be directly measured by CT (Lang 

et al. 1998). However, because of the limitations associated with this technique 

(e.g. high radiation dose and long scan time) (Lang et al. 1998), it has not been 

widely used in large-scale epidemiological or genetic studies in humans (Taaffe 

et al. 2003). On the other hand, the two-dimensional images from DXA contain 

partial information on the bone structure and distribution. Thus, based on a few 

simple assumptions regarding to bone geometry, several femoral neck cross- 

sectional geometric parameters can be approximated from hip DXA images (Beck 

et al. 1990; Duan et al. 2003).

So far, there have been relatively few genetic studies on femoral neck cross- 

sectional geometry. The a few studies conducted in mice (Klein et al. 2002; 

Volkman et al. 2003) and in humans (Slemenda et al. 1996b; Xu 2004) 

demonstrated that the variations of the femoral neck cross-sectional geometry are
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under strong genetic controls. However, no genome-wide mapping has been 

reported for femoral neck cross-sectional geometry in humans.

In this study, I estimated five parameters (CSA, ED, CT, Z, and BR) of the 

femoral neck cross-sectional geometry for 1,816 subjects from 79 pedigrees and 

conducted the first WGS study for femoral neck cross-sectional geometry.

Results

The basic characteristics of the five femoral neck cross-sectional geometric 

variables in the study subjects stratified by age and sex are summarized in Table 

5-1. The variable dynamics with gender and aging in the 79 pedigrees are largely 

consistent with pervious reports (Riggs et al. 2004; Beck, Ruff, and Bissessur 1993; 

Beck et al. 2000; Duan et al. 2003; Taaffe et al. 2003). Males generally have larger 

geometric variables than females. While CSA, CT and Z decrease with the 

advance of age, ED and BR increase with aging. The estimated h2 for BR, CSA, 

CT, ED, and Z are 0.59,0.50,0.62,0.48, and 0.37, respectively.
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Table 5-1. Basic characteristics of the femoral neck cross-sectional geometric 
variables in the study subjects stratified by age and sex

Age_Group Ages Height Weight CSA ED Z CT BR
(years) (m) (Kg) (cm2) (cm) (cm3) (cm)

Male
20-29 25.11 ±2.78 1.81 ±0.07 86.06±14.80 3.59±0.56 3.47±0.29 2.44±0.48 0.19±0.03 10.43±1.79
[109]
30-39 35.53±2.86 1.80±0.08 89.42±14.15 3.34±0.49 3.56±0.31 2.34±0.44 0.17±0.02 11,62±1.94
[206]
40-49 44.97±2.84 1,79±0.07 89.96±13.60 3.23±0.53 3.58±0.32 2.28±0.46 0.17±0.03 12.16±2.24
[260]
50-59 54.37±3.02 1.78±0.07 90.99±13.63 3.18±0.50 3.62±0.29 2.26±0.41 0.16±0.03 12.58±2.39
[146]
60-69 64.96±2.72 1.76±0.07 89.65±14.53 3.04±0.49 3.70±0.36 2.20±0.43 0.15±0.03 13.57±2.67
[115]
70-79 73.82±2.60 1.74±0.05 86.44±11.83 3.08±0.57 3.75±0.36 2.26±0.51 0.15±0.03 13.83±2.63
[89]
80+ 83.64±2.61 1.71 ±0.07 79.04±8.35 2.87±0.58 3.78±0.36 2.15±0.53 0.14±0.03 14.95±2.98
[25]

Female
20-29 25.69±2.86 1.66±0.06 66.79±13.90 2.76±0.43 2.96±0.23 1.60±0.31 0.17±0.02 9.96±1.69
[150]
30-39 35.73±2.73 1.66±0.07 70.34±13.95 2.72±0.44 3.04±0.27 1.63±0.34 0.16±0.03 10.62±1.97
[295]
40-49 44.72±2.87 1.65±0.06 72.16±15.53 2.61 ±0.42 3.06±0.29 1,57±0.33 0.16±0.02 11.09±2.08
[328]
50-59 54.38±3.00 1.63±0.05 75.67±16.02 2.51 ±0.44 3.09±0.25 1.52±0.31 0.15±0.03 11,76±2.48
[187]
60-69 64.82±2.93 1.62±0.06 70.04±16.74 2.30±0.48 3.20±0.29 1.45±0.35 0.13±0.03 13.56±2.81
[172]
70-79 74.40±2.77 1.59±0.06 73.17±12.79 2.20±0.48 3.21 ±0.32 1.39±0.34 0.13±0.03 14.12±3.41
[111]
80+ 84.42±4.03 1.53±0.07 66.39±17.00 2.05±0.51 3.20±0.29 1.31 ±0.37 0.12±0.03 15.67±3.70
[34]

Note: For each trait, data are presented as Mean ± SD. The numbers in the brackets are

sample size in each age group. There are a total of 2227 subjects from the 53 pedigrees 

summarized for this table. Though only 1816 subjects have direct genotype data, 

however, genotypes of the remaining subjects may be inferred from their relatives and 

thus these subjects could be useful in linkage analyses. Therefore, their phenotype data 

are also included in the summary for this table.
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The linkage results for autosomes showing at least suggestive linkage 

evidence (LOD > 1.9) in multi-point linkage analyses for any one of the five 

femoral neck cross-sectional variables are summarized in Figure 5-1. Because the 

current version of SOLAR cannot perform multi-point linkage analyses on 

chromosome X and a two-point LOD score of 3.45 was achieved at marker 

DXS991 for CT, I also plotted the two-point LOD score results for the 

chromosome X and presented it in Figure 5-1. The multi-point linkage results for 

the other autosomes are summarized in Figure 5-2. The genomic regions (for 

autosomes) or markers (for chromosome X) that have LOD >1.5 for any one of 

these variables are also summarized in Table 5-2.

110



Table 5-2. Genomic regions with LOD scores >1.5 for femoral neck cross- 
sectional geometric variables

Variables Chromosome Locationa Marker b LOD P  value c

BR 10 10q26 (173 cM) D10S212 3.27 <0.001
20 20qll (50 cM) D20S195 1.94 0.0015
X Xq22 (115 cM) DXS1106 1.81 0.0021

CSA 1 lq32 (218 cM) D1S249 1.71 0.0019
8 8q24 (138 cM) D8S284 1.88 0.0013
10 10q23 (100 cM) D10S1686 1.62 0.0024
18 18pll (31 cM) D18S464 1.82 0.0015
20 20pl2 (32 cM) D20S186 2.33 0.0004
X Xq26 (150 cM) DXS1047 1.62 0.0024

CT 10 10pl2 (56 cM) D10S197 1.51 0.0033
12 12ql3 (66 cM) D12S368 1.60 0.0030
18 18pll (30 cM) D18S464 1.64 0.0029
20 20pl2 (38 cM) D20S195 2.09 0.0007
X Xp22 (16 cM) DXS8051 1.84 0.0017

Xp21 (46 cM) DXS1214 2.39 0.0003
X p ll (66 cM) DXS993 1.72 0.0022
X p ll (87 cM) DXS991 3.45 <0.0001
Xq21 (96 cM) DXS986 1.87 0.0017
Xq22 (115 cM) DXS1106 2.82 0.0001
Xq23 (127 cM) DXS8055 2.63 0.0001
Xq25 (148 cM) DXS8009 1.76 0.0021
Xq26 (150 cM) DXS1047 2.17 0.0005

ED 7 7q31 (123 cM) D7S2459 1.52 0.0032

Z 4 4pl6 (2 cM) D4S412 1.73 0.0021
a The numbers in parentheses Eire genetic distance of the LOD score peak from the most p- 

terminal marker on the chromosome.

The nearest marker from the LOD peak.

c Pointwise empirical p  value estimated by SOLAR.

d For chromosome X, the reported data are two-point analysis LOD scores and the corresponding 
marker location.
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Figure 5-2. Autosomes with multi-point LOD < 1.9 for femoral neck cross-sectional geometric variables
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The most significant linkage result, a two-point LOD score of 3.45, was 

achieved on Xpll at marker DXS991 for CT (Table 5-2, Figure 5-ID). In addition, 

several other markers on chromosome X also showed suggestive linkage for CT 

(Table 5-2, Figure 5-ID). The two-point LOD scores for other four cross-sectional 

geometric variables exhibited a similar pattern as that of CT, but none exceeds 

the threshold of suggestive linkage (Figure 5-ID). All the multi-point LOD scores 

calculated on chromosome X in 'derived' pedigrees (See Chapter 2. Materials and 

Methods) are less than 0.5 (data not shown), probably because of the 

dramatically reduced statistical power in the 'derived' pedigrees.

Significant linkage evidence was also identified on chromosome 10q26 (LOD 

= 3.27) near marker D10S212 for BR (Figure 5-1B, Table 5-2). Two other variables, 

CT and ED also showed some evidence at the same region (Figure 5-1B), though 

the linkage signals were fairly low. I also found suggestive evidence of linkage 

on chromosomes 8 and 20 (Figure 5-1A and -1C, Table 5-2). The former achieved 

a LOD of 1.88 at 8q24 near marker D8S284 for CSA and showed some weak 

evidences of linkage for CT and Z at the same region (Figure 5-1A). The results 

on chromosome 20 is interesting, as a relatively broad genomic region showed 

suggestive linkage to three femoral neck cross-sectional geometric variables, 

including CSA (LOD = 2.33, near markers D20S186), CT (LOD = 2.09, near 

marker D20S112), and BR (LOD = 1.94, near marker D20S107) (Figure 5-1C, Table 

5-2). The linkage peaks of the three variables substantially overlapped (Figure 5-
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1C), encompassing a ~40 cM region on 20pl2-ql2. For variables ED and Z, 

linkage analyses in the 79 pedigrees did not indicate any significant or suggestive 

linkage regions across the entire human genome, probably due to the relatively 

low heritability of these two traits.

The major results of sex-specific linkage analyses are summarized in Figure 5- 

3. The most interesting results were observed on chromosome 20, where both 

males and females showed significant or suggestive linkage for BR and CT, 

respectively (Figure 5-3C & -3G). For instance, a significant linkage evidence was 

detected for BR on 20ql2 near marker D20S107 in females (LOD = 5.00); whilst a 

nearly significant linkage evidence was also obtained in males for BR at 20pl2 

near marker D20S186 (LOD = 3.18) (Figure 5-3C). Both of the two sex-specific 

linkage peaks largely overlapped with the linkage peak detected in the entire 79 

pedigrees (Figure 5-3C). A very similar situation occurred for CT on 

chromosome 20, where suggestive linkage was detected in females near marker 

D20S107 (LOD = 2.74) and in males near marker D20S186 (LOD = 1.88) (Figure 5- 

3G). In addition, I also detected suggestive linkage evidence on several genomic 

regions in females (Figure 5-3), including 2q37 (LOD =2.39), 10pl5 (LOD = 2.19), 

and 10q26 (LOD = 1.92) for BR; 8q24 (LOD = 2.27) and 16ql2 (LOD = 2.03) for 

CT; and 2q32 (LOD = 1.97) for ED. Similarly, potential male-specific QTLs were 

identified on 15q21 (LOD = 2.87) for CT and 4pl6 (LOD = 2.86) for Z. On most of
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these regions, the linkage analyses in the entire 79 pedigrees showed similar 

linkage peak patterns but the signals were normally much weaker.
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Figure 5-3. Genomic regions with LOD > 1.9 in sex-specific linkage analyses for cross-sectional geometric variables
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Discussion

It has long been accepted that bone geometric structure is an important 

determinant of bone strength and fracture resistance (Smith and WALKER 1964; 

Gluer et al. 1994; Biggemann, Hilweg, and Brinckmann 1988; Edmondston et al. 

1997). Hip geometric structures have been reported in association with hip 

fracture incidence, largely independent of the effect of BMD (Beck et al. 1996; 

Partanen, Jamsa, and Jalovaara 2001; Duan et al. 2003; Gluer et al. 1994; Augat, 

Reeb, and Claes 1996). Bone geometry has been suggested to be influenced by 

genetic factors (Akhter et al. 2000; Klein et al. 2002; Volkman et al. 2003), 

however, few genetic study has been conducted for mapping these genetic 

factors. In this study, using a method described previously (Beck 2003; Duan et al. 

2003), I estimated five femoral neck cross-sectional geometric variables from the 

DXA-derived data, and conducted the first genome-wide linkage mapping for 

femoral neck geometric structure in 1816 subjects from 79 pedigrees.

Significant linkages were identified on chromosome X for CT and 10q26 for 

BR. The former should be treated with caution, as neither multi-point linkage 

analyses (by Merlin) nor sex-specific two-point linkage analyses showed 

supportive evidence on chromosome X. However, this lack of support could also 

be due to dramatically reduced linkage power in these subgroup analyses. In 

addition, a previous study in mice also reported a strong linkage between 

femoral midshaft CSA and mouse chromosome X (Klein et al. 2002), which is
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highly homologous to human chromosome X. On 10q26,1 detected a significant 

linkage for BR in the 79 pedigrees. Subsequent sex-specific linkage analyses 

showed suggestive linkage evidence at the same region in females, but not in 

males, suggesting that the potential QTL may have larger effects on females than 

males.

Another interesting finding is on chromosome 20pl2-ql2, which showed 

suggestive linkage for three femoral neck cross-sectional geometric variables, 

CSA, BR, and CT. The linkage peaks at this region for the three variables are 

relatively broad and complex, though largely overlapped, suggesting two or 

more QTLs may reside in this area. Subsequent sex-specific linkage analyses 

substantiate this speculation. In fact, comparing with the linkage peaks observed 

in the entire sample, the signals obtained for BR and CT in the sex-specific 

analyses are generally much stronger and with more clear patterns. In females, 

both the linkage peaks of BR and CT shifted to the region of 20ql2, whereas in 

males, the peaks shifted to the region of 20pl2. Interestingly, previous findings in 

Icelandic population have shown that this region is significantly linked to 

osteoporotic fractures and a gene located in this region, BMP2, can partially 

account for this linkage (Styrkarsdottir et al. 2003). These results make the region 

20pl2-ql2 a very promising candidate for identifying genes of bone geometric 

structures. Assessing the importance of BMP2 on bone geometry and searching 

for other genetic determinants at this region are certainly worth further pursuing.
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On 8q24, I also detected suggestive linkage evidence for CSA in the 79 

pedigrees. While sex-specific linkage analyses for CSA did not provide 

suggestive linkage evidence in females or males (data not shown), a suggestive 

linkage signal was identified at the same genomic region for CT in females. 

Previously, Volkman et al. (Volkman et al. 2003) reported that a significant 

association (p < 0.001) between the mice femoral midshaft CSA and a mouse 

genetic marker, D15Mitl00, which is located at the region homologous to human 

8q24. This region harbors a prominent candidate gene, osteoprotegerin (OPG). 

OPG is a member of the TNF receptor (TNFR) superfamily. It acts as a decoy 

receptor that inhibits the effect of RANK-RANKL on the differentiation and 

activation of osteoclasts (Aubin and Bonnelye 2000). OPG can also suppress the 

activity of mature osteoclasts and induce apoptosis of osteoclasts (Hofbauer et al. 

2000). Serum level of OPG and polymorphisms in OPG gene have been 

associated with osteoporotic fractures, independent of BMD (Mezquita-Raya et al. 

2005; Langdahl et al. 2002).

Gender differences in a variety, of indices related to hip geometry and 

structure have been reported (Kaptoge et al. 2003; Beck et al. 1992; Klein et al. 

2002; Taaffe et al. 2003). In the present study, sex-specific linkage analyses 

revealed several potential sex-specific QTLs, such 2q37 and 16ql2 in females, and 

4pl6 and 15q21 in males. At these genomic regions, the linkage signals detected
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in the normal linkage analyses and the sex-specific linkage analyses exhibited 

similar patterns, but the former is much lower than the latter. This may reflect 

the increased efficiency in QTL mapping in gender stratified linkage analyses 

due to increased sample homogeneity.

There are certain limitations in the present study, mainly related to the 

estimation method for femoral neck cross-sectional geometric variables. 

Although the approximation method has been used previously (Ahlborg et al. 

2003; Duan et al. 2003; Rivadeneira et al. 2004), it is crude and relies on several 

assumptions. Actual cross-section structure of femoral neck is not perfectly 

modeled by the assumed right circular cylinder. Also, this method assumes that 

60% of the measured bone mass at femoral neck is cortical. Though this 

approximation is based on values measured in vitro (Kuiper, Van Kuijk, and 

Grashuis 1997; Bell et al. 1999b), it may not be completely realistic as the relative 

proportions may change through life. Nevertheless, in the present study, the 

observed gender- and age-related differences in femoral neck geometry are 

consistent with previous reports using DXA (Beck, Ruff, and Bissessur 1993; Beck 

et al. 2000; Duan et al. 2003) and CT (Riggs et al. 2004; Taaffe et al. 2003). Another 

limitation is that DXA is not designed to measure bone geometry and structure. 

The current levels of DXA image quality and scan quality control (mainly hip 

positioning) impose relatively high uncertainty and inaccuracy on the estimated 

values of bone geometric variables. The low precision of the estimated
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phenotypic values certainly would affect the QTL identification and thus the 

current results should be interpreted cautiously. With the advancement in 

imaging technology, direct and accurate measurement of true femoral neck 

cross-sectional structure may be applied to large samples and thus would be 

favored in future genetic studies.

In summary, I conducted the first genome-wide linkage scan for femoral neck 

cross-sectional geometry in 79 Caucasian pedigrees. Four genomic regions on 

8q24, 10q26, 20pl2-ql2, and chromosome X may harbor QTLs influencing 

femoral neck cross-sectional geometry. In addition, several additional 

chromosomal regions showed suggestive linkage for cross-sectional geometry in 

a gender-specific manner. Femoral neck cross-sectional geometry is an important 

determent of bone strength and fracture resistance. Identification of its genetic 

factors would improve our knowledge of basic bone biology and may aid in 

development diagnostic and interventions for osteoporotic fractures.
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CHAPTER 6

SUMMARY AND FUTURE STUDIES
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Sum m ary

The competence of bone in fracture resistance is determined by many factors, 

including amount, geometric structure, microarchitecture, and intrinsic material 

properties of bone. The amount of bone can be quantified by measuring 

properties such as areal and volumetric BMD, CSA, and CT. Geometric structure 

normally refers to the shape and distribution of the bone tissue and can be 

quantifiable by properties such as HAL, areal bone size, and several cross- 

sectional variables (e.g. ED, Z, and BR). Bone microarchitecture is often 

characterized by trabecular thickness and organization, as well as cortical 

porosity. The intrinsic material properties of bone include microdamage 

accumulation, degree of mineralization, structure of mineral crystals, and the 

degree and type of collagen cross-linking.

Most of these skeletal factors, if not all, have been demonstrated to be under 

genetic controls. Identification of genetic determinants for these various skeletal 

factors will lead to a better understanding of osteoporosis pathophysiology and 

to the development of new diagnostic tools and therapeutic agents. So far, the 

genetic studies for bone microarchitecture and intrinsic material properties are 

very rare, largely because of lack of accurate noninvasive measurement 

techniques. In contrast, there are a large number of linkage and association 

studies have been conducted on BMD and several on bone geometry, however, 

relatively little success has been achieved and inconsistent results have
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accumulated. Though the lack of inconsistence may be due to a number of factors, 

such as differences in study design, selection of phenotypes, genotype and 

phenotype quality control, as well as genuine etiological differences in different 

ethnic populations, I believe one of the main reasons is lack of sufficient 

statistical power to generate reliable and reproducible results. Therefore, in the 

present project, I conducted powerful genome-wide linkage scans for areal BMD, 

areal bone size, and femoral neck cross-sectional geometry in a sample of 79 

multigeneration Caucasian pedigrees.

Several promising genomic regions have been identified for various skeletal 

traits. Genomic regions at llq23, 20pl2-ql2 and on chromosome X may contain 

genes influencing BMD variation. In addition, the regions on 20pl2-ql2 and 

chromosome X also showed linkage evidence for several cross-sectional 

geometric variables, suggesting that these potential QTLs may regulate bone 

geometric structure as well. Moreover, gender-specific linkage analyses 

suggested that some of these QTLs may affect these bone phenotypes in a sex- 

specific manner. The significance of these regions was further corroborated by 

earlier findings or by the candidate genes within the regions. Further 

explorations of these regions are warranted. For other interesting findings, such 

as 3p26 for spine BMD, 15q23 for hip BMD, 14qll for hip bon size, and 8q24 and 

10q26 for femoral neck cross-sectional geometry, further confirmation in other 

sufficiently powered samples may be necessary.
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The genomic regions identified in genome-wide linkage studies normally are 

large, encompassing -20-30 cM, or approximately cover ~20-30 megabases of 

DNA sequences (Recker and Deng 2002), which is not feasible for physical 

mapping. Therefore, fine mapping those regions to a small interval (~ 1-2 cM) is 

generally necessary to identify the causal gene(s). Fine mapping generally 

involves following steps:

1) Saturation linkage mapping: Investigates the regions of potential linkage by 

typing additional markers and/or families (Lander and Schork 1994; 

Holmans and Craddock 1997), to narrow linked regions to ~10cM.

An increased density of markers in linkage regions is used to maximize the 

genetic information extracted from the available families and thus may 

increase the final LOD scores (Kruglyak 1997). Many empirical studies have 

demonstrated that saturation linkage mapping with dense markers and/or 

additional families significantly increases the LOD scores and decreases the 

1-LOD support interval (equivalent to 95% confident interval) to ~10 cM 

(Schulze et al. 2003; Loughlin et al. 2002; Liu et al. 2001; Brzustowicz et al.

2002). However, linkage analysis can rarely further narrow candidate regions 

beyond this level. This is because there are generally not enough meioses in 

pedigrees of a few generations to detect recombination events between 

closely spaced loci under complex inheritance.

Future Studies
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2) LD mapping: Further narrows a candidate region to ~l-2 cM by regional LD 

mapping.

LD mapping exploits the consequences of recombinations that occurred 

between a mutation and a marker in previous generations in a population 

history, therefore could provide much higher resolution than linkage 

analyses (Ott and Hoh 2000). There are two commonly used regional LD 

mapping strategies (Cardon and Bell 2001): 1) The positional candidate 

approach examines specific genes or variants on the basis of potential 

functional importance; 2) The positional cloning approach selects markers, 

based on their proximity to one another, for evaluation in a chromosome 

region. By examining dense markers across a chromosome region of known 

linkage, we will see variations in the strength of associations between these 

markers and the phenotype, enabling causative gene(s) to be mapped 

(Cardon and Bell 2001). Both population-based association and TDT can be 

applied.

The LD mapping requires the existence of LD of adjacent genes (or markers 

with functional variants) and a much denser distribution of genetic markers 

as compared with linkage studies (Risch and Merikangas 1996). The 

existence and the degree of LD in humans vary in different populations and 

different genomic regions. The genome has been portrayed as a series of high 

LD regions separated by short discrete segments of low LD (Cardon and 

Abecasis 2003; Daly et al. 2001; Reich et al. 2001; Patil et al. 2001). Those high
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LD regions, termed as 'haplotype blocks' (Patil et al. 2001; Daly et al. 2001; 

Gabriel et al. 2002), exhibit limited haplotype diversity so that a small 

number of distinct haplotypes account for most of the chromosomes in a 

population. Within haplotype blocks, allelic dependence yields redundancy 

among markers and improves the chances of detecting association when 

only a fraction of the markers (i.e. htSNPs) is tested (Cardon and Bell 2001). 

In contrast, low LD regions can only be characterized adequately by typing 

highly dense markers. Haplotype blocks can range from a few kb to more 

than 100 kb (Cardon and Bell 2001; Daly et al. 2001; Patil et al. 2001; Dawson 

et al. 2002) and may cover >50% of the human genome (Wall and Pritchard

2003).

Recently, successful examples using these strategies in identifying 

predisposing genes for complex human diseases emerged rapidly, such as for 

inflammatory bowel disease (Rioux et al. 2001; Hugot et al. 2001; Stoll et al. 2004), 

asthma (Zhang et al. 2003; Allen et al. 2003), type I diabetes (Guo et al. 2004), 

rheumatoid arthritis (Tokuhiro et al. 2003; Suzuki et al. 2003), and schizophrenia 

(Mukai et al. 2004). While the definitive biological evidence of these discovered 

genetic variants needs to be substantiated by functional studies, these successful 

examples demonstrate that the technology for fine mapping and positional 

cloning is becoming mature and solid (Blangero 2004).
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Appendix I. Abbreviations

2D — 2-Dimensional

3D — 3-Dimensional

BMD — Bone Mineral Density

BMP2 — Bone Morphogenetic Protein 2

BMU — Basic Multicellular Unit

BR — Buckling Ratio

BUA — Broadband Ultrasound Attenuation

cM — centiMorgan

COLI AI — Type I collagen a  1

CSA — Cross-sectional Area

CSMI — Cross-sectional Moment of Inertia

CT — Cortical Thickness

CV — Coefficient of Variation

DEXA/DXA — Dual Energy X-ray Absorptiometry

ED — Endocortial Diameter

ER-a — Estrogen Receptor a

EXT2 — Exostosin 2

GM-CSF — Granulocyte-Macrophage Colony Stimulating Factor 

GR — Glucocorticoid Receptor 

h2 — heritability

132



HAL — Hip Axis Length

htSNP — haplotype-tagging Single Nucleotide Polymorphism

IL-1 — Interleukin -1

IL-6 — Interleukin -6

LD — Linkage Disequilibrium

LOD — Logarithm of the odds ratio

Mb — Megabases

M-CSF — Macrophage Colony Stimulating Factor

microCT — micro-Computer Tomography

MMP — Matrix metalloproteinase

MRI — Magnetic Resonance Imaging

NFkB — Nuclear Factor kappa B

OF — Osteoporotic Fracture

OPG — Osteoprotegerin

pQCT — peripheral Quantitative Computer Tomography

QTL — Quantitative Trait Loci

QUS — Quantitative Ultrasound

RANK — Receptor Activator of Nuclear factor kappa B

RANKL -  Ligand of RANK

SD — Standard Deviation

SMAD5 — mothers against decapentaplegic homolog 5 

SOS — Speed of Sound
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TDT — Transmission Disequilibrium Test

TGF-ß — Transforming Growth Factor ß

TRAF6 — Tumor necrosis factor Receptor Associated Factor 6

WGS — Whole Genome Linkage Scan

Z — Section Modulus
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Appendix II. Glossary

Allelic heterogeneity: The same phenotypic outcome can be caused by different 
variants within the same gene. For example, vitamin D-dependent rickets type 
IIA could result from any of eight different mutations in the vitamin D receptor 
(VDR) gene.

centiMorgan (cM): Genetic distance is usually reported in units of Morgan or as 
centiMorgan (cM), where lcM = 1% chance recombination at each meiosis.

Complex trait/disease: A measured phenotype, such as disease status or a 
quantitative character, which is influenced by many environmental and genetic 
factors, and potentially by interactions among them.

Gene-gene interaction (i.e. Epistasis): A form gene interaction whereby one 
gene masks or interferes with the phenotypic expression of one or more genes at 
other loci.

Gene-environment interaction: A phenomenon whereby an individual's 
genotype interacts with environment factors to determine his/her risk of disease.

Genetic heterogeneity: includes allelic heterogeneity and locus heterogeneity.

Haplotype: A combination of alleles at different sites on a single chromosome.

Haplotype block: A chromosome region with high LD and low haplotype 
diversity. Within each block, there is little or no evidence for recombination and 
only a small number of distinct haplotypes (compared with all combinations of 
the various alleles) is present in the population.

Haplotype tagging: the concept that most of the haplotype structure in a 
haplotype block can be captured by genotyping a smaller number of markers 
than all of those that constitute the haplotypes. These crucial SNP markers to 
type are so called haplotype-tagging SNPs.

Heritability (h2): The proportion of the phenotypic variance due to genetic 
variance. It reflects the degree to which the phenotype is inherited.

Identical by descent (IBD): Two alleles are identical by descent if both are 
descended from the same allele in a common ancestor.

Linkage: Connection between two loci, where the two loci are close enough on 
the same chromosome that their alleles co-segregate.
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Linkage disequilibrium (LD): Two loci that are in LD are inherited together 
more often than would be expected by chance. LD depends heavily on 
population history.

Locus (pi. loci): A chromosomal location.

Locus heterogeneity: The same phenotypic outcome can be caused by variants at 
different genetic loci. For example, alleles at both the BRCA1 and BRCA2 locus 
can increase susceptibility to breast cancer.

Microsatellite: A class of repetitive DNA sequences that are made of tandemly 
organized repeats that are 2-8 nucleotides in length. They can be highly 
polymorphic and are frequently used as markers in genetic studies.

Multi-point linkage analysis: It tests several markers (e.g. all markers on the 
same chromosome) at the same time to produce a probability based linkage map. 
The area with the highest LOD score is the place to look in more details for the 
disease gene. The power is increased because more families are informative and 
the analysis of several markers simultaneously allows a better mapping of the 
disease.

Penetrance: The probability of an individual expresses the character of a 
trait/disease in the phenotype, given that he/she has a certain genotype. If the 
phenotype is always expressed in the presence of the genotype, the genotype is 
completely penetrant. If it is not always expressed, it is incompletely penetrant.

Pleiotropy: A genetic variant can affect more than one trait.

Population stratification: The presence of multiple subgroups with different 
allele frequencies within a population. The different underlying allele 
frequencies in sampled subgroups might be independent of the disease within 
each group, and they can lead to false positive or false negative results in 
association studies.

Power: The power of a statistical test is the probability that the test will correctly 
reject the null hypothesis when it is false. The higher the power, the greater the 
chance of obtaining a statistical significant result when the null hypothesis is 
false.

Quantitative Trait Loci (QTL): Genetic loci that contribute to variations of 
quantitative phenotypes.
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Single nucleotide polymorphism (SNP): DNA sequence variation due to change 
in a single nucleotide.

Transmission disequilibrium test (TDT): A method of detecting genetic 
association that avoids problems of population stratification. The transmission of 
alleles from heterozygous parents to affected offspring is compared to the 
expected 1:1 ratio.

Type I error: The probability of rejecting the null hypothesis when it is true. For 
association or linkage studies, type I errors are manifest as false-positive reports.

Two-point linkage analysis: It tests linkage between the trait and each marker 
locus separately.
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