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SUMMARY 

 

The aim of this project was to study possible effects of exposure to environmental pollutants 

(including endocrine disrupting compounds) on the bone tissue of ewes grazing on ground 

fertilized with sewage sludge. Ewes were maintained for 4 to 5 years on pasture treated with 

either sewage sludge or inorganic fertilizer containing the same amount of nitrogen. From 

July 1997 until the end of July 1999, liquid, digested sewage sludge was applied twice 

annually to three 9-ha plots until five separate applications had been made. The application 

was then altered with thermally dried sludge pellets being applied twice annually at the same 

rates as before, 2.25 tons of dry matter per hectare/ application. Control ewes were kept on 

similar pasture where the same amount of nitrogen (225 kg) per hectare and year was applied 

in the form of inorganic fertilizers. The exposed and control ewes were slaughtered after 55 

days of gestation at approximately 6 years of age when most of them had been exposed for 

the treatments for about 4 years. The ewes were exposed to the treatments for all of their 

breeding lives. Femurs were dissected and analyzed with pQCT (peripheral Quantitative 

Computed Tomotography) and three-point bending test. The metaphyseal part of the bone 

was analyzed at a distance of 4.1 % of the total bone length from the distal end of the bone, 

and the diaphyseal part of the bone at a distance of 40 and 50 % of the total bone length from 

the distal end of the bone. A three-point bending was conducted where the force was applied 

on the mid-diaphyseal pQCT measure-point (50%).  

 

The maximal energy absorption (energy to failure) of the bones was significantly increased 

after exposure to sewage sludge. Exposure to sewage sludge also seems to increase the bone 

size as indicated by the increase of the cortical cross-sectional area at the diaphyseal 50 % 

measure-point. At the diaphyseal 40 % measure-point the same effect was observed. There 

were no significant exposure related effects at the metaphyseal measure-point. In conclusion 

the increase in energy absorption might be explained by the slight increase of bone size in the 

ewes. 
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1 INTRODUCTION 
 

Environmental contaminants are spread throughout the world and can bioaccumulate. Many 

of these pollutants are able to perturb hormone-dependent systems, for example bone tissue 

metabolism.  

 

Sewage sludge contains many different pollutants and some are considered to be endocrine 

disrupters. Pastures grazed by farm animals are sometimes fertilized with sewage sludge; thus 

it is possible to use this practice to study effects of exposure to low levels of multiple 

pollutants for a prolonged period of time on animal physiology. There is increasing evidence 

that endocrine disrupting compounds (EDCs) might be able to disturb reproductive functions 

in animals. (Guilette et al. 1999; Lyche et al. 2004; Paul et al. 2005; Ropstad et al. 2006). 

Studies on, among others, female juvenile alligators from a lake contaminated with a cocktail 

of endocrine disrupting pesticides (Lind et al. 2004) and goats experimentally exposed to the 

endocrine disrupting compound PCB 153 have shown changes in bone tissue composition 

(Lundberg et al. 2006) 

 

1.1 BONE 

Bone tissue is a dynamic tissue that is constantly remodeled. The organic part of the tissue 

consists mainly of the protein collagen. During mineralization, the bone tissue becomes hard 

and strong while calcium and phosphate-rich minerals, the inorganic part, are embedded 

within the collagen fibers. Changes in bones are potentially important because the skeleton 

gives support to the body and makes movement possible. It also protects inner organs and acts 

as a mineral supply.  

 

The skeleton consists of 80 % cortical and 20 % trabecular bone. Cortical bone is located 

mainly in the long bones and has a compact structure compared to trabecular bone (Eriksen et 

al. 1994). The long bones have a tubular shaft called the diaphysis. The area at each end of 

the bone shaft is called epiphysis and the area between the diaphysis and the epiphysis is 

called metaphysis (Helfrich and Ralston 2003). The trabecular bone is more metabolically 

active than cortical bone (Eriksen et al. 1994). Cortical bone contains few cavities and 

surrounds the trabecular bone. Compact bone tissue gives support and protection against 

forces caused by movement and weight. The cortical bone surround a central space called the 
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marrow cavity. The marrow cavity is lined by endosteum, an internal membrane. Trabecular 

bone is located mainly in the metaphyseal and epiphyseal part of the long bone and is 

surrounded by a thin layer of cortical bone (Helfrich and Ralston 2003). The trabecular bone 

forms a network of thin bone needles (trabecles), like a honeycomb, and the area in between 

contain red bone marrow. The trabecular bone also contributes to the bone strength (Eriksen 

et al. 1994). The outer layer of a bone is covered by a fibrous connective tissue called the 

periosteum (Helfrich and Ralston 2003). 

 

The three most important bone cells are; osteoclasts, osteoblasts and osteocytes (Telford and 

Bridgeman 1995):  

- Osteoclasts are bone cells that resorb bone tissue (break down bone tissue) and release 

minerals into the blood stream. 

- Osteoblasts are bone building cells that form collagen that becomes mineralized.  

- Osteocytes ensure that nutrients and waste products are being transported between the 

blood and the bone tissue. Osteocytes function also as mechanosensors that can detect 

load (Nomura et al. 2000). 

 

1.1.1 Bone formation, growth and remodeling 

Bone is one of the target tissues for estrogen and it is well known that estrogen is important 

for bone formation, maturation and maintenance in women as well as in men. Estrogen 

deficiency leads to increased bone resorption and decreased bone mass and an increase in 

estrogen level leads to an increased amount of bone tissue. Other factors influencing the bone 

tissue are for example exercise, smoking, age and alcohol.  

 

The adult human skeleton regenerates completely every 10 yr (Parfitt et al. 1999). Removal or 

addition of bone tissue is controlled by physiological and mechanical factors, for example 

immobility (removal) and exercise (addition). Remodeling of bone is initiated by the 

recruitment of osteoclasts leading to resorption of bone tissue, followed by the recruitment of 

osteoblasts resulting in the formation of new bone matrix and its mineralization. Changes in 

bone mass are due to an imbalance between the amount of bone resorbed by osteoclasts and 

the amount of bone formed by the osteoblasts (Eriksen et al. 1994).   

 

Remodeling is performed by a unique temporary structure called basic multicellular unit 

(BMU) (Manolagas 2000). The unit consists of osteoclasts in the front and osteoblasts in the 
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rear. BMUs move towards a region in need of replacement where the osteoclasts remove bone 

and osteoblasts form new bone (Parfitt et al. 1996). The BMU also contain a central vascular 

cavity, a nerve supply and associated connective tissue (Parfitt 1994).  

 

1.1.2 Osteoporosis 

Osteoporosis is an increasing clinical problem all over the world. The disease has increased 

dramatically in the western world since the Second World War (Melton 1995). Loss of bone 

mass which characterizes this disease results in bone fragility and fractures. Risk factors 

include smoking, low weight, physical inactivity and low estrogen levels. Medical treatment 

with cortisone, thyroid hormone and antiepileptic drugs increases the risk of developing 

osteoporosis (Johnell et al. 1995). Treatment often involves hormone replacement therapy, 

particularly with estrogen.  

 

 

1.2 ENVIRONMENTAL CONTAMINANTS 

 

Persistent organic pollutants (POPs) are lipophilic substances. They can bioaccumulate and 

biomagnify in the food chain and some of them can perturb hormonal systems that control for 

example, reproductive organs and bone tissue. POPs are distributed throughout the world and 

affect both wildlife and humans.  

 

1.2.1 Sewage sludge 

Residues from agriculture, industry and households are important sources of such compounds 

in sewage sludge. Sewage sludge contains both inorganic pollutants (metals) and organic 

pollutants (e.g. alkyl phenols, phthalates, polychlorinated biphenyls (PCBs) and 

organochlorine pesticides). Sewage sludge, in general, comprises 50 % organic substances: 

the rest is metals and other mineral substances. The main part of the sludge, approximately 85 

%, do not originate from humans (Sveriges Konsumenter i Samverkan, web site).  Many of 

these compounds are lipophilic and accumulate in adipose tissue of animals as well as have 

endocrine disrupting properties. These pollutants could affect grazing animals adversely and 

possibly also humans (Rhind et al. 2005).  
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Previous studies have shown that concentrations of environmental contaminants in animals 

and plants are moderate after exposure to sewage sludge and that the microbial degradation in 

soil is rapid, except for heavy metals (Rhind et al. 2002). 

 

1.2.1.1 Polychlorinated biphenyls 

The production of polychlorinated biphenyls (PCBs) started in the 1920s and they have since 

been used on a large scale although they are now banned in most of the world. Persistence of 

PCBs increases with the degree of chlorination, meaning that PCB congeners with one or 

more chlorine atoms in ortho position are more stable than congeners with no chlorines in 

ortho position. Molecules with less than two chlorine atoms in the ortho position have a 

structure similar to that of dioxin and can therefore bind to the Aryl hydrocarbon receptor 

(AhR) and cause dioxin-like effects (figure 1).  Dioxins can have a large impact on living 

organisms and are highly persistent in the environment. Dioxin-like substances may have 

anti-estrogenic effects and can reduce the effects of male sex hormones which lead to an anti-

androgenic effect (Bernes, 1998). 
 

 
Figure 1. PCB congeners with one or more chlorines in ortho position (2,2’,6,6’) are more stable than congeners 

with no chlorines in ortho position. Congeners with less than two chlorines in ortho position have a similar 

structure to dioxin.  

 

1.2.1.2 Alkyl phenols 

Alkyl phenols are toxic in fairly low doses and although they degrade rapidly in the 

environment they can bioaccumulate in fish and bivalve molluscs and disturb the sexual 

functioning in many animals (Bernes, 1998; Rhind et al. 2002). 
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1.2.1.3 Phthalates 

Phthalates are non-halogenated organic compounds that are used as plasticizers, primarily in 

PVC. These compounds have been detected worldwide in the environment and while they are 

quickly metabolized by vertebrates they are toxic to algae (Bernes, 1998). Di(2-ethylhexyl) 

phthalate (DEHP) (= Dioctyl phthalate) has been found in sewage sludge and is believed to 

have an anti-androgen effect on the development of the reproductive tract in male rats (Gray 

et al. 2000; Mylchreest et al. 1998). However, in vitro studies suggest that phthalates are 

estrogenic (Blom et al. 1998). Nonylphenol and DEHP are present in large concentrations in 

sewage sludge but concentrations of octylphenol are low. The application of sewage sludge to 

pasture has been found to have only small effects on soil concentrations of dioctyl phthalate 

or alkyl phenols. Thus, the risk of significantly increased exposure to these EDCs as a result 

of sludge application is considered to be small (Rhind et al. 2002). 

 

1.2.1.4 Metals 

The repeated application of sludge over a period of more than 4 years was associated with 

small increases in mean concentrations of most of the potentially toxic metals measured in the 

soil but the difference was significant only for Hg. (Rhind et al. 2005)   

 
 

1.2.2 Endocrine disrupting compounds 

EDCs are derived mainly from diverse anthropogenic sources and their action can be 

estrogenic, anti-estrogenic, androgenic or anti-androgenic (Jansen et al. 1993; Nimrod and 

Benson 1996; Moore et al. 2001).  

 

EDCs can bind to estrogen receptors (ER), androgen receptors (AR) and the AhR or interfere 

with enzymes converting androgens to estrogens, e.g. aromatase (CYP 19) (Li and Hansen 

1996; Meinhardt and Mullis 2002), this can lead to cellular proliferation of estrogen-sensitive 

cells. Contaminants causing estrogenic effects can also increase the synthesis and/or decrease 

the degradation of hormones, mainly 17β-estradiol (Milnes et al. 2002). Most EDCs have a 

low affinity to the estrogen receptor compared to natural estrogens; however, after long-term 

exposure to EDCs the dose required to cause an effect may be lower than the dose needed for 

effects following short-term exposure (Piersma et al. 2000). Furthermore, if an animal is 

exposed to several EDCs at the same time, the doses that exert physiological effects may be 
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lower than if it was exposed to a single EDC. (Rajapakse et al. 2002). The estrogen receptors 

ERα and ERβ have been detected in osteoclasts and osteoblasts (Krassas 2001).  

 

 

1.3 OBSERVED EFFECTS OF POPs ON BONE IN EXPERIMENTAL ANIMALS 

 

Various POPs have been linked to negative effects on bone tissue in experimental animals 

(Lundberg et al. 2006; Lind et al. 1999; Render et al. 2000).  

 

1.3.1 Goat 

In a recent study of in utero and lactational exposure of female goat offspring to the non 

dioxin-like substance PCB153 decreased, significantly, the total cross-sectional area (CSA), 

moment of resistance and marrow cavity of the diaphysis and increased trabecular bone 

mineral density (BMD) of the metaphysis. Exposure to the dioxin-like substance PCB126 did 

not produce any observable effects (Lundberg et al. 2006).  

 

1.3.2 Rat 

In an experimental study, rats were exposed to the anti-estrogenic environmental pollutant 

PCB126. The obtained results showed increased osteoid surface, cortical thickness and 

organic content of the tibia compared with controls (Lind et al. 1999). Ovariectomized rats 

exposed to PCB126 and E2 treatment increased their trabecular bone volume. In sham-

operated rats the trabecular bone volume was decreased. These results support the idea that 

estrogen has an important role for the expression of toxic effects of PCB126 on bone (Lind 

2004). In an in vivo study of a commercial PCB-mixture (Aroclor 1254) on rat femur 

characteristics effects included reduction in femur length, a narrowing of the femur marrow 

cavity and a weaker bone (Andrews, 1989).  

 

1.3.3 Mink 

Young farm minks (Mustela vison) dietary exposed to the dioxin-like substance PCB126 for 

one to two months showed gross lesions of the upper and lower jaws and loose teeth. The 

maxilla and mandible were markedly porous because of loss of alveolar bone tissue. (Render 

et al. 2000) 
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1.3.4 Frog 

Exopsure of European common frog (Rana temporiana) to a single injection of p,p´-DDE 

with different doses caused marked effects on bone tissue. The cortical BMD in femur 

diaphysis was significantly lower in frogs exposed to 1 mg p,p´-DDE/ kg b.w. compared to 

controls (Lundberg et al. 2006). Since DDE is considered to have anti-androgenic properties a 

reduction in BMD was expected.  

 

 

1.4 OBSERVED EFFECTS ON BONE IN FREE RANGING ANIMALS EXPOSED TO    

POPs 

 

POPs have been linked to negative effects on bone in aquatic animals (Bergman et al. 1992; 

de Guise et al. 1995; Lind et al. 2003, 2004).  

 

1.4.1 Baltic grey seal 

The three Baltic seal species have decreased in number during the 20th century (Almqvist et 

al. 1980). Lesions of skull bones including loss of alveolar bone and widening of teeth 

sockets as well as frequent severe erosions and perforations of masticatory bones was 

observed in the 1970s (Bergman et al. 1999). These lesions might be linked to the high levels 

of contaminants in the Baltic Sea during the 1960s and 70s. Bones from Grey seals 

(Halichoerus grypus) collected from the period 1965 to 1985 showed significantly lower 

trabecular BMD compared with bones collected from the period 1986 to 1997. In the period 

1965 to 1985 OC contamination was very high and in the period 1986 to 1997 the OC 

contamination was decreasing (Lind et al. 2003). 

 

1.4.2 Alligator 

In 1980, Lake Apopka in Florida, USA was accidentally contaminated with industrial 

pesticide spill consisting mainly of DDT and dicofol. Agricultural and stormwater runoff also 

contributed to the contamination of the lake. As a consequence reproductive disorders in the 

pesticide-exposed juvenile alligators were observed (Guillette et al. 1999). Moreover, 

significant differences have been found in bone composition, where juvenile female alligators 

from Lake Apopka showed a higher trabecular bone mineral density (BMD) than juvenile 

females from the fairly non-contaminated Lake Woodruff (Lind et al. 2004b). 
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1.4.3 Polar bear 

Polar bears (Ursus maritimus) are top predators of the marine Arctic food webs and are 

therefore considered to be an important sentinel species for the state of the Arctic ecosystem 

(Skaare et al. 2002). Polar bears have large body fat depots and can thereby bioaccumulate 

considerable amounts of fat-soluble OCs (Norstrom et al. 1998). The levels of environmental 

contaminats found in polar bears at Svalbard are comparable to those associated with adverse 

health effects in other species (Beard & Rawlings, 1999; Vos et al. 2000). Polar bears from 

East Greenland killed between 1892 and 1932 had significantly higher BMD of skull bone 

compared with polar bears from 1966 to 2002. The period from 1892 to 1932 is considered to 

be a pre-contamination period with respect to organochlorinated compounds and 

polybrominated diphenyl ethers (PBDEs) and 1966-2002 is considered to be a period with 

high contamination. A negative correlation between skull bone BMD and the sum of PCBs 

were found in subadults. In adult males negative correlations between both dieldrin and the 

sum of DDTs and skull bone BMD were found (Sonne et al. 2004).  

 

1.4.4 Beluga whale 

A study on beluga whale (Delphinapterus leucas) residing in the St. Lawrence estuary 

(Canada) has shown higher liver levels of mercury and lead than Arctic belugas. Levels of 

PCBs, DDT etc were higher in the blubber of St. Lawrence beluga whales than in Arctic 

belugas. Spinal deformations and/or scoliosis have been identified as well as a high 

prevalence of tooth loss with or without observable periodontis. (Béland et al. 1993) 

 

1.5 AIM 

The aim of this project is to study effects on bone tissue, if any, in ewes grazing pasture 

fertilized with sewage sludge.  

 

 

2 MATERIALS AND METHODS 
 

2.1 ANIMAL EXPOSURE 

Ewes were maintained on pasture at the Macaulay Institute research station at Hartwood, 

Lanarkshire, Scotland under the supervision of Stewart Rhind. The pasture was treated with 

either sewage sludge or inorganic fertilizer containing the similar amounts of nitrogen. From 
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July 1997 until the end of July 1999, liquid, digested sewage sludge was applied twice 

annually to three 9-ha plots until five separate applications had been made. The application 

was then altered because of changes in sludge production and spreading practices by the U.K. 

water authorities at the time. Thermally dried sludge pellets were applied, thereafter, twice 

annually at similar rates, at a rate of 2.25 tons of dry matter per hectare. The animals were not 

allowed to graze the pasture for a minimum of three weeks after sludge application, as 

prescribed by U.K. legislation. Control ewes were kept on similar pasture where the same 

amount of nitrogen (225kg) per hectare and year was applied using conventional, inorganic 

fertilizers (Rhind et al. 2005). Control and treated ewes were slaughtered after 55 days of 

gestation when most of them were over 6 years of age, having been exposed to the treatments 

for all of their breeding lives which means (for most) about 4 years. For the present study, ten 

control ewes and ten ewes reared on sewage sludge-treated pasture were used.  

 

2.2 BONE MEASUREMENTS AND PREPARATIONS 

After dissection and cleaning, the femurs were stored in -20°C. Before pQCT-analysis 

(peripheral quantitative computed tomography) the bones were allowed to thaw for 18 hours 

at +4°C. Bones were prepared for X-ray analysis by inserting a wood screw (2.5 * 12 mm) as 

a reference point dorsal of the trochlea ossis femori in the metaphysis at the distal end of the 

femur; see figure 2. The bones were thereafter covered in a thin layer of gauze bandage and 

moistened with bone Ringer solution ((pH 7.4; 0.3 g Tris, 9 g NaCl, 0.24 g CaCl2 * H2O, 0.4 g 

KCl and 2.05 ml 1 M HCl)/1L H2O) to avoid dehydration. Polyethen foil was wrapped around 

the bones, figure 3. The total length of the femur was measured to the nearest 0.1 mm using a 

slide caliper. 

 
Figure 2. As a reference point for the pQCT measurements a screw was inserted dorsal of the trochlea ossis 

femori at the distal end of the femur.  
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Figure 3. The femur was covered in a thin layer of gauze bandage and moistured with Ringer solution to avoid 

dehydration (left). Polyethen foil was then wrapped around the bones (right). 

 

2.2.1 pQCT 

For evaluation of the bone composition and dimensions, pQCT (Stratec XCT Research 960A 

with software version 5.20; Norland Stratec Medizintechnik, Pforzheim, Germany) was used 

(Figure 4). pQCT produces a three-dimensional image of the bone and measures variables 

related to establish bone mass and mechanical qualities. Precision, long-term stability, 

linearity, and accuracy of the pQCT bone scanner were evaluated every week using a 

validation phantom. The measurements were performed at Uppsala University Hospital, 

Uppsala, Sweden.  

 
Figure 4. A Stratec XCT Research 960A with software version 5.20; Norland Stratec Medizintechnik, Pforzheim, 

Germany was used for the peripheral Quantitative Computed Tomography (pQCT) analyzes.  
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2.2.1.1 Reproducibility 

To evaluate the reproducibility of the pQCT measurements the coefficient of variation (CV, 

% = standard deviation/mean * 100) was calculated from 10 repeated measurements with a 

single bone specimen being repositioned before each measurement. 

 

2.2.1.2 Metaphyseal measurements 

Trabecular bone was measured by scanning at 4.1 % of the total bone length proximal of the 

reference point in the metaphysis (see figure 5). The scan line was adjusted using the scout 

view of the pQCT system. For geometrical and densitometrical analysis voxel size 590 µm, 

peel mode 2, threshold 0.267 cm-1, inner threshold 0.500 cm-1 and contour mode 1 were used. 

Peel mode 2 is used to separate cortical bone from trabecular bone and it requires an inner 

threshold. The inner threshold is a density value that corresponds to a limit value between 

trabecular and cortical bone. Bone tissue with lower density than the inner threshold is 

considered to be trabecular bone. Contour mode 1 is used to detect the outer contour of the 

bone (Helfrich and Ralston 2003).  

 

For the analysis of the metaphysis, trabecular cross-sectional area (trabecular CSA; mm2), 

trabecular bone mineral content (trabecular BMC; mg/mm), trabecular bone mineral density 

(trabecular BMD; mg/cm3), total cross-sectional area (total CSA; mm2), total bone mineral 

content (total BMC; mg/mm), total bone mineral density (total BMD; mg/cm3), cortical bone 

mineral density (cortical BMD; mg/cm3), cortical bone mineral content (cortical BMC; 

mg/mm) and periosteal circumference (mm) were determined. 

 

2.2.1.3 Diaphyseal measurements 

Cortical bone is mainly found in the midshaft of the long bone and the measure points were 

located 50 % and 40 % of the total bone length from the distal end (knee joint) of the bone, 

see figure 5. The scan line was adjusted using the scout view of the pQCT system. For 

geometrical and densitometrical analysis voxel size 590 µm, peel mode 2, threshold 0.267  

cm-1, inner threshold 0.500 cm-1 and contour mode 1 were used. 

 

A previous study has shown that the impact of environmental contaminants on cortical bone 

differs between different parts of the diaphysis (Lind et al. 2004b). Because of that two 

different diaphyseal measure points at 40 % and 50 % from the distal end of the bone were 
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chosen. The region closer to the end of the bone is suggested to be more metabolically active 

and might therefore possibly be more susceptible to EDCs. 

 

For the analyses of the diaphysis, total cross-sectional area (total CSA; mm2), total bone 

mineral content (total BMC; mg/mm), total bone mineral density (total BMD; mg/cm3), 

cortical cross-sectional area (cortical CSA; mm2), cortical bone mineral content (total BMC; 

mg/mm), cortical bone mineral density (cortical BMD; mg/cm3), cortical thickness (mm), 

periosteal circumference (mm), endosteal circumference (mm), marrow cavity (MC; mm2), 

polar moment of inertia (mm4) and moment of resistance (mm3) were determined. 

 

 
Figure 5. Femur with the measure points marked. The mid-diaphyseal measure point is located at 50 % of the 

total bone length, the second diaphyseal measure point at 40 % of the total bone length from the distal end of the 

bone and the metaphyseal measure point 4.1 % of the bone length proximal of the reference point. Mp = 

measure point. 

 

2.2.2 Three-point bending test 

The three-point bending test is a proven method for biomechanical testing of diaphyseal bone 

(see figure 5) (Helfrich and Ralston 2003). The test was conducted in a MTS 858 Mini Bionix 

(Avalon Technologies, MN, USA) with hydraulic grip control and an axial capacity of 10 000 

N. The span length was 100 mm and the loading speed 1 mm/s. The load was applied to the 

same point where the mid-diaphyseal pQCT measurement was performed (50 %). Force was 

applied through the upper plate (see figure 6). The results of testing were registered as load-

deflection curves.  
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                                    Force 

                  ⇓ 

                
Figure 6. Three-point bending test configuration.  

 

Figure 7 shows the typical load-deflection curve from a three-point bending test. The peak of 

the curve is the breaking force (Maximal load, N), the area under the curve is the energy 

absorption (N*mm) and the slope of the load-deflection curve, representing the elastic 

deformation is the stiffness of the bone (N/mm).  

 
Load at failure 
Displacement at failure 

↓

 

 

 

Stiffness 

→ 
Energy absortion  

Figure 7. A typical load-deflection curve from which

curve N/mm) and energy absorption (grey surface un

 

 

 

 

 

 
 breaking force (maximal load, N), stiffness (slope of the 

der the curve, N*mm) can be calculated.  
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2.3 STATISTICS  

Two-way factorial ANOVA with adjustments for body weight were used to evaluate the 

results. Differences between groups were considered significant when p<0.05 (Graph Pad 

Prism, version 4.03).  

 

 

3 RESULTS 
 

3.1 Reproducibility 

The coefficients of variation (CV, %) for the ten repeated pQCT measurements ranged from 

0.17 to 4.18 % at the metaphyseal measure point (Table 1). At the mid-diaphyseal measure 

point (50 % of the total bone length) the coefficients of variation ranged from 0.21 to 2.34 %, 

(Table 2) and the coefficients of variation for the second cortical measure point (40 % of the 

length from the knee-joint) ranged from 0.25 to 1.54 % (Table 3). 

 
Table 1. The reproducibility (mean value ± SD and CV) calculated from 10 repeated measurements of sheep 

femur analysed with pQCT at the metaphysis. Between every measurement the bone was replaced into the pQCT. 

The metaphyseal measure point was placed 4.1 % of the total bone lenght proximal of the refernce point in the 

distal end of the bone. BMD=bone mineral density, CSA=cross-sectional area, BMC=bone mineral content. 

Metaphysis Mean ± SD CV 
Trabecular BMD (mg/cm3) 238.8 ± 3.8 1.58 % 
Trabecular CSA (mm2) 375.8 ± 2.4 0.63 % 
Trabecular BMC (mg/mm) 89.7 ± 1.7 1.94 % 
Total BMD (mg/cm3) 326.0 ± 2.6 0.80 % 
Total CSA (mm2) 501.7 ± 1.8 0.35 % 
Total BMC (mg/mm) 163.54 ± 1.50 0.92 % 
Cortical BMD (mg/cm3) 802.1 ± 4.4 0.55 % 
Cortical BMC (mg/mm) 24.8 ± 1.0 4.18 % 
Periosteal circumference (mm)                     79.4 ± 0.1 0.17 % 
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Table 2. The reproducibility (mean value ± SD and CV) calculated from 10 repeated measurements of sheep 

femur analysed with pQCT at the diaphysis. Between every measurement the bone was replaced into the pQCT. 

The mid-diaphyseal measure point was located at 50 % of the total length of the bone. BMD=bone mineral 

density, CSA=cross-sectional area, BMC=bone mineral content. 

Diaphysis 50 %     Mean ± SD CV 
Cortical BMD (mg/cm3) 376.4 ± 2.6 0.58 % 
Cortical CSA (mm2) 90.3 ± 1.9 1.33 % 
Cortical BMC (mg/mm) 239.0 ± 3.8 0.79 % 
Total BMD (mg/cm3) 633.3 ± 2.6 0.42 % 

Total CSA (mm2) 162.3 ± 4.8 0.43 % 
Total BMC (mg/mm) 129.2 ± 0.7        0.57 % 
Marrow cavity (mm2) 108.7 ± 1.7 1.54 % 

Cortical thickness (mm)     2.2 ± 0.0 1.66 % 
Periosteal circumference (mm)                     50.6 ± 0.1 0.21 % 
Endostal circumference (mm) 37.0 ± 0.3 0.77 % 
Polar moment of inertia (mm4) 4153.7 ± 29.0 0.70 % 
Moment of resistance (mm3) 467.5 ± 11.0 2.34 % 

 

 
Table 3. The reproducibility (mean value ± SD and CV) calculated from 10 repeated measurements of sheep 

femur analysed with pQCT at the diaphysis. Between every measurement the bone was replaced into the pQCT. 

The second diaphyseal measure point was located 40 % distal of the total length of the bone. BMD=bone 

mineral density, CSA=cross-sectional area, BMC=bone mineral content. 

Diaphysis 40 %    Mean ± SD CV 
Cortical BMD (mg/cm3) 1092.3 ± 5.5 0.50 % 
Cortical CSA (mm2) 104.4 ± 0.6 0.56 % 
Cortical BMC (mg/mm) 114.1 ± 0.7 0.60 % 
Total BMD (mg/cm3) 470.3 ± 5.2 1.11 % 

Total CSA (mm2) 289.9 ± 1.5 0.50 % 
Total BMC (mg/mm) 136.3 ± 1.3 0.93 % 

Marrow cavity (mm2) 185.5 ± 1.5 0.82 % 

Cortical thickness (mm)     1.9 ± 0.0 0.68 % 
Periosteal circumference (mm)                     60.4 ± 0.2 0.25 % 
Endostal circumference (mm) 48.3 ± 0.2 0.41 % 
Polar moment of inertia (mm4) 6577.4 ± 42.6 0.65 % 
Moment of resistance (mm3) 645.9 ± 10.0 1.54 % 
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3.2 Bone measurements 

The results from the pQCT measurements of the bones are presented in tables 4, 5 and 6. 

Trabecular and cortical density and content are visible in the images of the pQCT scans 

(Figures 8 and 9). 

 

3.2.1 Metaphysis 

The results obtained from the pQCT-analysis of femoral metaphysis in sheep exposed to 

sewage sludge were not significantly different from those in non-exposed controls 

(0.31<p<0.88) (Table 4). 

 

 
Figur 8. Image from a pQCT-scan of sheep femur showing metaphyseal bone tissue. The white outer shell is 

cortical bone with high BMD, the darker the colour the lower BMD. 
 

 
Table 4. Results (mean ± SD) from pQCT-measurements of the femoral metaphyseal measure point, 4.1 % of the 

bone length proximal of the reference point at the distal end of the bone from sheep grazing on pasture treated 

with sewage sludge. The sewage sludge contained a mixture of EDCs and was applied twice annually with the 

quantity 2.25 tonnes of dry matter (DM)/ ha. The analysis was conducted with peripheral quantitative computed 

tomotography (pQCT).. BMD=bone mineral density, CSA=cross-sectional area, BMC=bone mineral content. 

Metaphysis Control (n=10)       Treated (n=10) 
Trabecular BMD (mg/cm3) 183.6 ± 42.2         200.2 ± 97.2 
Trabecular CSA (mm2) 400.8 ± 62.3         405.9 ± 29.2  
Trabecular BMC (mg/mm) 74.6 ± 24.6         79.5 ± 47.8  
Total BMD (mg/cm3) 515.2 ± 39.9  526.1 ± 19.3 
Total CSA (mm2) 725.5 ± 72.4  739.6 ± 89.5 
Total BMC (mg/mm) 371.9 ± 27.2  385.0 ± 54.5  
Cortical BMD (mg/cm3) 1107.6 ± 47.8  1109.7 ± 18.6 
Cortical BMC (mg/mm) 237.2 ± 19.5  243.7 ± 23.0 
Periosteal circumference (mm)          95.4 ± 4.7  96.2 ± 6.4 
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3.2.2 Diaphysis 

Sheep exposed to sewage sludge did not have significantly different bone composition 

compared with the control ewes, although after adjustments for body weight there was an 

indication that the cortical BMC, total BMC and cortical CSA at the diaphysis was increased 

(table 5 and 6) (0.07<p<0.1)   

 

 
Figur 9. Image from a pQCT-scan of sheep femur showing diaphyseal bone tissue. The white outer shell is 

cortical bone with high BMD, the darker the colour the lower BMD. 

 
Table 5. Results (mean ± SD) from pQCT-measurements of the femural diaphyseal measure point located at 50 

% of the total length of the bone from sheep grazing on pasture treated with sewage sludge. The sewage sludge 

contained a mixture of EDCs and was applied twice annually with the quantity 2.25 tonnes of dry matter (DM)/ 

ha. The analysis was conducted with peripheral quantitative computed tomotography (pQCT). The sheep 

exposed to sewage sludge were not significantly separated from the control ewes.  Cortical cross-sectional area 

(CSA), cortical bone mineral content (BMC) and total BMC (a= 0.07<p<0.1). 

Diaphysis 50 % Control (n=10)       Treated (n=10) 
Cortical BMD (mg/cm3) 1396.3 ± 16.0        1383.2 ± 19.0 
Cortical CSA (mm2) 212.4 ± 15.5        223.5 ± 18.4 a

Cortical BMC (mg/mm) 296.6 ± 22.3        309.1 ± 24.6  

Total BMD (mg/cm3) 687.0 ± 59.6 693.0 ± 67.3 
Total CSA (mm2) 480.1 ± 41.1 497.5 ± 71.0 
Total BMC (mg/mm) 328.3 ± 23.3 341.1 ± 27.0  

Marrow cavity (mm2) 267.7 ± 38.0        273.9 ± 58.6 
Cortical thickness (mm)         3.1 ± 0.3  3.3 ± 0.2 
Periosteal circumference (mm)          77.6 ± 3.3 78.9 ± 5.6 
Endostal circumference (mm) 57.9 ± 4.0 58.4 ± 6.3 
Polar moment of inertia (mm4) 23476.8 ± 10988.3  24943.3 ± 13657.1 
Moment of resistance (mm3) 1673.7 ± 694.2      1750.1 ± 815.8 

 

 
 

 

 21



Table 6. Results (mean ± SD) from pQCT-measurements of the femural diaphyseal measure point located at 40 

% of the total lengthof the bone from the distal end of the bone from sheep that had been grazing on pasture 

treated with sewage sludge. The sewage sludge contained a mixture of EDCs and was applied twice annually 

with the quantity 2.25 tonnes of dry matter (DM)/ ha. The analysis was conducted with peripheral quantitative 

computed tomotography (pQCT). The sheep exposed to sewage sludge were not significantly separated from the 

control ewes. Cortical cross-sectional area (CSA), cortical bone mineral content (BMC) and total BMC (a= 

0.07<p<0.1).  

Diaphysis 40 % Control (n=10)       Treated (n=10) 
Cortical BMD (mg/cm3) 1344.7 ± 23.4        1341.4 ± 19.0 
Cortical CSA (mm2) 213.4 ± 14.8        223.0 ± 16.8 a

Cortical BMC (mg/mm) 286.8 ± 18.9        299.0 ± 20.8 a

Total BMD (mg/cm3) 613.8 ± 40.3 624.8 ± 22.5 
Total CSA (mm2) 213.4 ± 47.4 541.9 ± 63.8 
Total BMC (mg/mm) 321.6 ± 21.3 336.2 ± 23.0 a

Marrow cavity (mm2) 312.4 ± 39.7        318.9 ± 54.4 

Cortical thickness (mm)         3.0 ± 0.2  3.1 ± 0.2 
Periosteal circumference (mm)          81.2 ± 3.6 82.4 ± 4.9 
Endostal circumference (mm) 62.6 ± 3.9 63.1 ± 5.5 
Polar moment of inertia (mm4) 25998.2 ± 11668.3  27420.0 ± 13600.8 
Moment of resistance (mm3) 1706.2 ± 658.4      1766.3 ± 702.5 

 

 

3.3 THREE-POINT BENDING TEST 

The results from the three-point bending test are presented in figures 10-13 and in table 7. 

The displacement at failure for the femur of treated ewes was not significantly different from 

the control ewes, figure 10. 
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Figure 10. Displacement at failure for sheep femur analyzed with a three-point bending test conducted in a MTS 
858 Mini Bionix with hydraulic grip control. The sheep had been grazing on pasture treated with sewage sludge 
containing a mixture of EDCs that was applied twice annually with the quantity 2.25 tonnes of dry matter (DM)/ 
ha.  
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The load at failure for the femur of treated ewes was not significantly different from the 

control ewes, figure 11. 
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Figure 11. Load at failure for sheep femur analyzed with a three-point bending test conducted in a MTS 858 

Mini Bionix with hydraulic grip control. The sheep had been grazing on pasture treated with sewage sludge 

containing a mixture of EDCs that was applied twice annually with the quantity 2.25 tonnes of dry matter (DM)/ 

ha. 

 

The energy to failure in femur was significantly higher in the treated group compared with 

controls (p<0.05). See figure 12. 
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Figure 12. Energy to failure for sheep femur 
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Figure 13. Stiffness and maximal stiffness for sheep femur analyzed with a three-point bending test conducted in 

a MTS 858 Mini Bionix with hydraulic grip control. The sheep had been grazing on pasture treated with sewage 

sludge containing a mixture of EDCs that was applied twice annually with the quantity 2.25 tonnes of dry matter 

(DM)/ ha.. 

 
Table 7. Displacement at failure (mm), load at failure (N), energy to failure (N*mm), stiffness (N/mm) and 

maximal stiffness (N/mm) for femur tested with three-point bending. The energy to failure in femur from ewes 

exposed to sewage sludge was significantly different from control animals (*=p<0.05). 

Three-point bending test Control (n=10)       Treated (n=10) 
Displacement at failure (mm) 4.0 ±  0.7 4.6 ± 1.3 
Load at failure (N) 5302.4 ± 639.6 5764.4 ± 792.4 
Energy to failure (N*mm) 11192.9 ± 2633.5 14298.6 ± 3840.5 *

Stiffness (N/mm) 1379.0 ± 295.6 1312.1 ± 353.1 
Maximal stiffness (N/mm) 2086.5 ± 596.1 1676.0 ± 611.2 

 

 

 

4 DISCUSSION 

 
This is the first study to investigate effects on bone tissue composition in animals grazing on 

pasture treated with sewage sludge, which is known to contain many different EDCs. Often 

laboratory animal studies concerning EDCs involve exposure to just a single compound at 

high concentrations and for a short period. Natural exposure however, involves long term 

exposure to small amounts of different classes of compounds which may have different 

properties and effects. In this study a difference in femoral composition in ewes treated with 

sewage sludge relative to controls that had grazed on pasture treated with inorganic fertilizer 

was found. The coefficients of variation were low for the repeated measurements, which 
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means that the method is usable and produce reliable data. This is also the first study to use 

metal as a reference point in pQCT measurements, which proved to be very useful for 

determining a reference point. 

 

Maximal energy absorption of femurs in the treated animals was significantly increased. 

There were also trends towards an increased cortical BMC, total BMC and cortical CSA at the 

femoral diaphyseal measure points of the sewage sludge-exposed ewes (0.07<p<0.10). This 

small increase in bone tissue might explain the increased energy absorption of the bone. The 

effects were more pronounced at the measure point located at a distance of 40 % of the total 

bone length from the distal end of the bone compared with the mid-diaphyseal measure point 

(at 50 % of the total length of the bone). The mechanical testing was performed at the mid-

diaphyseal measure point. Some more pronounced effects may have been observed if the 

femur was mechanically tested at the 40 % measure point since there was a greater indication 

of increased bone mass at this measure point.  

 

Trabecular bone does not seem to be affected by the treatment. The difference between 

cortical and trabecular bone might be explained by the fact that not all parts of a bone show 

similar responses to hormones that influence skeletal morphology and physiology. Most often 

though, trabecular bone seems to be more sensitive than cortical bone in experimental as well 

as wildlife species when exposed to environmental contaminants (Lind et al. 2004). EDCs can 

affect different hormonal systems in vertebrates and because of the net gain of cortical bone 

observed in this study the most likely explanation is that the EDCs in the sewage sludge have 

an estrogenic effect. Di(2-ethylhexyl) phthalate (DEHP) has been found in sewage sludge and 

are believed to have an anti-androgen effect on the development of the reproductive tract in 

male rats (Gray et al. 2000; Mylchreest et al. 1998) but in vitro studies suggest that phthalates 

are estrogenic (Blom et al. 1998). A decrease in bone tissue would have indicated that the 

ewes were exposed to anti-estrogenic compounds which might have resulted in osteoporosis. 

This has been observed in experimental animal studies on e.g. goat, rat, mink and frog 

exposed to anti-estrogenic compounds (Lundberg et al. 2006; Lind et al. 1999, 2004; 

Andrews 1989; Render et al. 2000). One possible explanation to the observed findings might 

be increased plasma levels of 17β-estradiol or a direct effect of contaminants on processes 

controlling bone homeostasis. Exposure to a compound which triggers the ER signaling 

pathway or the AhR signaling pathway results in decreased CSA. This has been observed in a 

recent study in which in utero and lactational exposure of female goat offspring to PCB 153 
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resulted in decreased CSA, marrow cavity and moment of resistance in the diaphysis. The 

trabecular bone mineral density was increased at the metaphyseal measure point (Lundberg et 

al. 2006). The slight increase in cortical CSA in this study might therefore be explained by 

inhibition of the ER and/or AhR signaling pathway. Another possibility is that the activity of 

the osteoclasts has decreased and the activity of the osteoblasts has increased in the animals. 

This could have resulted in the production and release of transforming growth factor β which 

may mediate the actions of estrogen in bone (Bord et al. 2001).  

 

In a previous study on sheep grazing on pasture fertilized with sewage sludge the effects on 

developing male sheep fetuses were examined. The exposure to a ‘realworld’ mixture of 

environmental chemicals was associated with major attenuation of testicular development and 

hormonal function (Paul et al. 2005). These findings suggest that the hormonal levels in the 

ewes in this study may have been disrupted by long-term dietary exposure to sewage sludge. 

In another study with a design similar to that used in the present study, residue levels of 

different contaminants were examined and alkylphenols were found to be relatively low in all 

analysed tissues (Rhind et al. 2005). However, phthalates were detected in both control and 

treated animals at relatively high concentrations. There were no significant differences in 

concentration of alkylphenols or phthalates between treated and control animals. Also, there 

was no consistent cumulative outcome of prolonged exposure on the tissue concentration of 

either class of pollutant in any tissue analysed. Some increases in phthalate concentration 

were observed in specific groups or years but the results were not consistent. The fact that the 

ewes had undergone several pregnancies and lactations probably resulted in excretion of large 

amounts of EDCs to milk and fetuses, reducing the body burden of EDCs in the ewes (Rhind 

et al. 2005). Apparently, exposure to neither alkylphenols nor phthalates alone is sufficient to 

explain the effects on bone in the present study. However, in sewage sludge, there are a 

complex cocktail of pollutants that when acting together might cause the observed effects.  

 

Further studies are required to confirm the results presented here and to reveal the 

compound(s) in the sewage sludge responsible for the observed effect. 
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