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SUMMARY 
 
 
Sewage sludge is used as a fertilizer on pasture due to its high content of organic matter, 

nitrogen, phosphorus and other nutrients. However, sludge also contains environmental 

contaminants which can be endocrine disruptive. To determine whether or not bone tissue was 

affected by these substances, pregnant ewes were allowed to graze on pasture fertilized twice 

annually with thermally dried pellets of sewage sludge (2.25 tonnes dry matter/ha). Control 

ewes were grazing on similar pasture treated twice annually with inorganic fertilizer 

containing the same amount of applied nitrogen (225 kg/ha/year) as was applied to the treated 

pasture. The ewes grazed on pasture fertilized with sewage sludge from the age of 18 months 

until slaughter, at 110 d gestation, when they were 4-6 years old. The femur bones from the 

ewes and foetuses were analyzed with pQCT (peripheral Quantitative Computed Tomography 

and three-point bending test. The areas of interest in the bones from ewes were the 

metaphyseal part, analyzed with pQCT at 3.6 % of the total length of the bone from the 

reference point located at the trochlea ossis femori in the distal part of the femur, and the 

diaphyseal part, located at 40 % and 50 % of the total length of the bone in the distal part of 

the femur. The foetal bones’s metaphyseal measure point was at 20 % of the total length of 

the bone, and the diaphyseal measure point at 50 %. The three-point bending test was 

conducted on all femurs at the mid-diaphyseal measure point (50 %). 

 

Results from the pQCT analysis showed alterations in the trabecular bone in the metaphyseal 

part of the femur from ewes exposed to sewage sludge. Compared to the control group, the 

trabecular bone mineral content and density, as well as total and trabecular cross sectional 

area, was significantly lower in the treated group which indicates an anti-estrogenic effect. 

Biomechanical bending showed that increased force was required to break the femurs of 

treated ewes, compared with controls. The load at failure and energy to failure were 

significantly increased (p<0.05) in the treated ewes but this may reflect the presence of 

heavier individuals within the group which causes a natural development of stronger bones.  

 

The female foetuses were affected at the mid-diaphyseal part of the bone where endocortical 

circumference and marrow cavity were significantly lower in the treated individuals than in 

the controls. In exposed foetal males the total bone mineral content was higher in the mid-

diaphyseal part than in controls. No adverse effect was seen in the biomechanical bending of 

the treated foetuses’ bones compared to controls. 
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In conclusion, ewes grazing on sewage sludge fertilized pasture show alterations in their bone 

tissue compared to controls in the metaphyseal part of the femur.  
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1 INTRODUCTION 

 

1.1 BONE 

Bone is a living tissue and is constantly renewed, in a process called remodelling, which 

occurs throughout life. The organic matrix of the bone comprises of 95 % collagen I and 5 % 

proteoglycans and several types of non-collagenous proteins with embedded hydroxyapatite 

crystals which give strength (Marks and Odgren 2002). During the first 20 years in a normal 

human life, the skeleton undergoes modelling. This period is characterized by greater rates of 

renewal of bone than of loss. The bone grows in length, width and cross section and by the 

age of 20-30 years the human peak bone density is reached and now the formation rate is 

equal to the resorption rate. In later years, bone density decreases as the resorption activity 

exceeds the renewal (Ljunggren 1998). Because bone is a mineralized tissue, it can withstand 

external forces such as bending, pressure or torsion which makes it suited for protection of 

inner organs. It also acts as a basin reservoir for minerals, such as calcium and phosphate 

(Eroschenko 1996). 

 

Bone consists of two different types of bone; cortical or trabecular. Compact cortical bone 

surrounds the inner porous trabecular bone which can be seen in figure 1. The function of 

cortical bone is to give structure and protection, like trabecular bone, but it also has metabolic 

functions (Marks and Odgren 2002). Bone receives its blood and nourishment from tiny blood 

vessels (Ljunggren 1998). The end part of a long bone, such as a femur, is called epiphysis. 

The shaft flanked by the epiphysis is called diaphysis and between the diaphysis and the 

epiphysis is the metaphysis. 
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Figure 1. Schematic picture over a femur showing basic structure. Modified from Hole and Koos 1994. 

 

1.1.1 Bone cells 

Four different cell types: osteoclasts, osteoblasts, osteocytes and lining cells are important for 

bone tissue homeostasis. 

 

Osteoclasts are created when stem cells from the bone marrow, called preosteoclasts, form 

multi-nucleated cells (Ljunggren 1998). When the osteoclast binds to the bone surface, it acts 

in a macrophage-like manner and breaks down collagen, minerals and bone cells by creating a 

“pH-dip” in the micro environment which arises between the bone surface and the cell’s 

ruffled membrane (Teitelbaum 2000). After the osteoclast has broken down the bone tissue, it 

leaves a cavity which is later refilled by a cell type that produces bone instead, the osteoblast.  

 

The osteoblasts synthesize bone tissue and fill in the cavities with osteiod (uncalcified bone). 

The osteiod then goes through mineralization and becomes solid bone (Eroschenko 1996). 

Osteoblasts are differentiated in two different ways, either through intramembranous- or 
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endochondral ossification. In intramembranous differentiation the mesenchymal cells 

transform directly to osteoblasts. This occurs in the formation of mandibles, cranium and 

clavicle, for example (Karaplis 2002). When cartilage is replaced with bone tissue, the 

process is called endochondral ossification. Here, the osteoblasts are proliferated from 

precursor cells and bone construction occurs from within with the mineralized matrix as base 

(Karaplis 2002). Blood vessels invade the cartilage whilst the chondrocytes die and 

mineralization of the matrix takes place (Ducy et al. 2000).  

 

Osteocytes are mature osteoblasts which are embedded in small cavities in the bone tissue. 

The cells have connections between each other and with cells on the bone surface through 

channels called canaliculi. Osteocytes are presumed to be the bone cells which respond to 

mechanical stimuli (Klein-Nulend et al. 1995).  

 

Lining cells (Nakamura 2007) are inactive osteoblasts which are thought to have significance 

for the mineral homeostasis (Miller and Jee 1987). The cells pull away from the bone surface 

and enable the osteoclast to attach and start the resorption of bone tissue (Ljunggren 1998). 

 

1.1.2 Bone and estrogen 

When bones grow and mature, the cells are dependent on many different hormones, including 

estrogen and testosterone. Both osteoblasts and osteoclast have estrogen receptors (Eriksen et 

al. 1988, Oursler et al. 1991), and osteoblasts also have androgen receptors (Colvard et al. 

1989). Estrogen works by inhibiting interleukin-6 which further stimulates osteoclast 

production (Jilka et al. 1992). Osteoblast differentiation increases under estrogenic influence 

(Qu et al. 1998). Estrogen is responsible for the fusion of the epiphyseal growth plate that 

completes the skeleton’s growth, and the expression of both estrogen- and androgen receptors 

have been detected in the human growth plate throughout pubertal development (Nilsson et 

al. 2003). 

 

Estrogen deficit in post menopausal women can result in lower bone density (Kröger et al. 

1993). The reduction in serum estrogen creates an imbalance in the interaction between 

osteoclasts and osteoblasts. To prevent the exaggerated degradation of bone mass in women, 

sex hormone therapy and the drug bisphosphonates (see osteoporosis below) can be used. 
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1.1.3 Osteoporosis 

Osteoporosis is a disease in which bones are weakened, leading to an increasing risk of 

fractures. Every year in Sweden, about 70 000 fractures occur which are linked to 

osteoporosis (The Swedish Council on Technology Assessment in Health Care 2003). The 

disease occurs in one woman in three within the age of 70-79 years. In the US, 68 % of all 

osteoporosis patients are women (National Institutes of Health- Osteoporosis and Related 

Bone Diseases 2006). 

 

Women who have reached menopause have an increased risk of osteoporosis. Their bodies 

cease to produce estrogen, which is a vital hormone in the bone remodelling process (Kröger 

et al. 1994). Even men with low serum estradiol levels can develop osteoporosis (Carlsen et 

al. 2001). Studies show that  women who undergoes treatment with sex hormone replacement 

therapy exhibit reduced bone loss, and a lower risk of fractures (Rozenberg et al. 1995). 

However, the value of this method is questioned because of the increased risk of developing 

breast cancer and heart decease (The Swedish Council on Technology Assessment in Health 

Care 2003). A common way to prevent osteoporosis is by taking the drug bisphosphonate 

which inhibits osteoclasts from breaking down the bone (Watts 2003).  

 

Physical inactivity, high age, heredity, corticosteroid intake, alcohol consumption, smoking 

and a low body weight are all risk factors for developing osteoporosis (Hemenway et al. 1988, 

Omland et al. 2000, Haugeberg et al. 2002, National Institutes of Health- Osteoporosis and 

Related Bone Diseases 2005, Lorentzon and Ohlsson 2006). 

 

 

1.2 TOXIC ENVIRONMENTAL COMPOUNDS 

 

1.2.1 Endocrine disrupting compounds (EDCs) 

EDCs can affect the various organs and functions in the body regulated by hormones. Their 

actions can perturb behaviour, reproduction, growth etc (Bernes 1998). Some environmental 

contaminants are estrogenic or anti-estrogenic, while others are androgenic or anti-androgenic 

(Walker et al. 2006). They can act in different ways : 

• Mimic natural hormones and bind to receptors which causes over stimulation 

• Block the endogenous hormones from binding to receptors 

• Interfere with the production of hormones or their receptors 
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EDCs can be of natural origin, such as isoflavones in alfalfa, or man-made chemicals, like 

some PCBs (Thigpen et al. 2004). Humans are exposed to EDCs through their diet and 

through use of plastics, pesticides and flame retardant compounds in clothes. Potential 

additional routes through which free ranging animals may be affected include rainwater, air 

and the soil (Rhind 2005). 

 

1.2.2 Sewage sludge 

Sewage sludge contains a large amount of organic material as well as nutrients and is 

presently used as fertilizer within agriculture (Tenenbaum 1997). Thus, important nutrients 

are recycled and the soil is enriched for the crops. Unfortunately, the sludge not only contains 

desirable substances, but also organic pollutants such as PCB, PAH, dioxins, phthalates which 

may have endocrine disrupting capabilities. In addition, heavy metals, pathogens and other 

toxic compounds can be added to the soil and may be transported to the ground water or be 

assimilated in plants or crops which are consumed by farm animals or by humans (Harms 

1996). 

 

Erhard and Rhind (2004) found that exposure to sewage sludge affected exploratory 

behaviour in sheep. Animals which had been grazing on pasture fertilised with sewage sludge 

spent less time exploring new surroundings than controls that were exposed to inorganic 

conventional fertilizer. The ewes in the control group spent a greater amount of time 

exploring than the rams. This difference was absent in the treated group, suggesting hormonal 

disturbance which resulted in a demasculinisation of the rams in the treatment group and 

made them as active as the ewes. 

 

Other studies have shown that male sheep foetus, whose mothers have been grazing on 

pasture fertilized with sewage sludge, have a lower number of functional somatic cells in the 

testis compared to control animals (Paul et al. 2005).  

 

1.2.2.1 PCB and dioxins 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a highly toxic compound which binds to the 

Ah-receptor and causes an upregulation of several proteins such as the enzyme cytochrome 

P4501A1. Dioxin can give rise to cancer, chloracne and affect the immune system. 

Polychlorinated biphenyls (PCBs) were manufactured during the 1920 for use within 

industries as additives in colour and glue and as softeners in plastics (Bernes 1998). The 
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substance was banned from the Swedish market in 1978 when several findings of its toxicity 

became known. There are 209 congeners of PCB were the chlorine atoms are localized in 

different positions. The more chlorines that are localized in ortho-position, the more stable the 

molecule becomes. Those congeners which lack chlorines in ortho-position can be very toxic 

because of their co-planar dioxin-like structure. The chemical binds to the Ah-receptor which 

can give rise to dioxin-like effects in the organism (Safe et al. 1985). 

 

Both TCDD and dioxin-like PCBs are anti-estrogenic and can affect the reproductive 

functions (Bernes 1998, Buchanan et al. 2000). Guiding value for the contents of PCB which 

can be spread on agricultural soil in Sweden is 0.4 mg/kg dry matter (Swedish Environmental 

Protection Agency 1995). The value was the results of a voluntary agreement between the 

Swedish Environmental Protection Agency, the Federation of Swedish Farmers and the 

Swedish Water & Wastewater Association. 

  

1.2.2.2 Alkylphenols 

Nonylphenols are used as an active substance in laundry detergents and in cleaning- and 

degreasing products in industries. Alkylphenols are endocrine disrupting in an estrogenic way 

which means they can impair reproductive functions (White et al. 1994). In Sweden the 

contents of nonylphenols in sewage sludge are declining, as shown through sampling from 

several sewage-treatment plants in Stockholm between 1981 and 2003. The guiding value (50 

mg/kg dry matter) has not been breached since the year of 2000 (Thuresson and Haapaniemi 

2005). Sewage sludge used in experimental studies in Scotland contained nonylphenols 

exceeding this guiding value (209±21 mg/kg dry matter) (Rhind et al. 2007). The risk of 

bioaccumulation of alkylphenol is although considered small because of a probable rapid 

biodegradation in the environment (Rhind et al. 2002).  

 

1.2.2.3 Phthalates 

Phthalates are used mainly in plastic products as softeners. Rhind et al. (2002 and 2005) 

stated that the risk of exposure to this endocrine disrupting chemical via fertilization with 

sewage sludge is slightly elevated for farm animals. Di-2-ethylhexyl phthalate (DEHP) seems 

to cause estrogenic effects in vitro and anti-androgenic effects in vivo (Blom et al. 1998). 

Disturbances in the reproduction of rats have been observed as a result of anti-androgenic 

action (Grey et al. 2000, Stroheker et al. 2004). Comparative experiments made on long-tailed 

macaque (Macaca fascicularis) show that the monkeys are less sensitive to DEHP than rats 
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(Pugh et al. 2000). The question whether the rat is a representative species for the evaluation 

of human health has been asked. The phthalate content of sewage sludge has declined 

annually in Europe, but investigations show that samples from Norwegian, Swedish and 

Danish sewage-treatment plants still exceeds the Danish guiding value of 60 mg/kg dry matter 

(Langenkamp et al. 2001, de Jonge et al. 2002).  

 

1.2.2.4 PAH 

Polycyclic aromatic hydrocarbons (PAH) form when organic material is not burned 

completely, and is spread effectively in the air. It also comes off as particles when rubber tires 

containing high aromatic-oils are worn down. The source of PAH in digested sludge mainly 

comes from automobile traffic and then transportation with particles entering the surface 

water (KemI 2003). Metabolites from benzo[a]pyrene (BaP) are both carcinogenic and can 

cause sterility in mice (Bernes 1998). Some hydroxylated PAHs interact with ERα and ERβ 

in vitro but it remains uncertain whether they can act as an estrogenic compound in vivo since 

they don’t affect the uterine weight in rats (Fertuck et al. 2001). 

 

1.2.2.5 DDT 

The use of the insecticide DDT (1,1,1-trichloro-2,2-bis (4-chlorophenyl)ethane) in Swedish 

agriculture was banned in the early seventies due to severe effects on non-target organisms. 

Traces of the biocide have been found in sludge from several sewage-treatment plants in 

Sweden in 2005 which could be due to, as the author says, “old sins” (Kylin 2005). Long 

range transport could be one possible explanation to this finding. The metabolite DDE is a 

slowly degradable product that bioaccumulates in lipophilic tissue (Bernes 1998). Birds of 

pray which have had high contents of p,p’-DDE in their body, have produced eggs with such 

a thin eggshell, that they were crushed during brooding (Ratcliffe 1967). This most probably 

caused a rapid decline in the population. A hormonal disturbance, caused by the p,p’-DDE, 

affects the transport of calcium in the eggshell gland in female birds (Lundholm 1997). p, p’-

DDT is an estrogenic compound and p, p’-DDE has been shown to be anti-androgenic in rats 

(Bustos et al. 1988, Kelce et al. 1997). 
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1.2.2.6 PBDE 

Polybrominated diphenyl ether (PBDE) is part of the brominated flame retardant group and 

mainly used as flame retardants mostly in electrical devices such as computers and in 

furniture. Concentrations of decaBDE 209 (banned from Swedish market) ranging between 

1.0 and 275 µg/kg dry matter has been found in Swedish waste water plants (Hellström 2000, 

de Wit et al. 2002). The concentration of PBDE in breast milk has increased exponentially 

between 1972 and 1992 (Norén and Meironyté 2000). PBDE 153 results in neurotoxic effects 

and impaird learning and memory in neonatal mice which were given the substance orally 

(Viberg et al. 2003). Developing male rats that were given low doses of PBDE 47 had a 

disturbance in their thyroid homeostasis (Andrade et al. 2004). Further studies is needed to 

see if this can cause an alteration in the differentiation and growth of the testis and later on 

cause a decline in the sperm count. 

 

 

1.3 EXPERIMENTAL STUDIES REGARDING BONE TOXICITY  

 

1.3.1 Rat 

Rats which have been exposed to 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) via 

subcutaneous injection showed changes in the bone growth, modelling, as well as a reduction 

in the resistance when put under mechanical stress (Jämsä et al. 2001). This study also 

demonstrated that the effects were dose related. Studies regarding the underlying mechanism 

of TCDD on bone toxicity are very few. One in vitro study has demonstrated TCDD as a 

down regulator of the transcription of adhesion protein osteopontin in osteoblasts from rat, 

which is considered to have a vital role in the bone formation (Wejheden et al. 2006). 

 

Exposure to the anti-estrogenic and dioxin-like compound 3,3’,4,4’,5-Pentachlorobiphenyl 

(PCB 126) resulted in an increased osteoid surface, cortical thickness and organic material in 

the tibia in sham-operated female rats compared to controls (Lind et al. 1999). When 

ovariectomized (no endogenous production of estrogen) rats were given 17 β-estradiol (E2)-

supplement together with PCB 126, the trabecular bone volume increased. Intact (intact 

ovaries producing estrogen) females which were given PCB 126 showed a decrease in 

trabecular bone volume instead. PCB 126 therefore seems to induce negative effects in 

trabecular bone in an estrogenic environment (Lind et al. 2004a).  
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Ovariectomized (ovx) rats given a mixture of E2-supplimentation + BaP/7,12-

dimethylbenz(a)anthracene (DMBA), showed a significant decrease in bone mineral density 

in a lumbar vertebra compared to rats which were not exposed to the chemicals or individuals 

which had been ovariectomized (Lee et al. 2002). A three-point bending test was performed 

on the femur and showed a decrease in failure force in ovariectomized rats exposed to the 

chemicals compared to intact, exposed or non exposed individuals as well as ovariectomized 

non exposed . 

 

1.3.2 Goat 

PCB 153 results in changes in the bone tissue in female goats which have been exposed to the 

substance prenatally and via lactation (Lundberg et al. 2006). An increased trabecular bone 

density in diaphyseal bone was expected because PCB 153 has a presumed estrogen effect. A 

reduction of the total cross-sectional area, bone marrow cavity and moment of resistance in 

the metaphyseal bone was also noted. PCB 126 was also investigated because of its suspected 

anti-estrogenic properties. However, no anti-estrogenic effect was found on the bone tissue of 

goat. 

 

1.3.3 Frog 

In experiments of short-term exposure on male Common frog (Rana temporaria) to the 

suspected anti- androgen chemical p,p’-DDE, a significantly lower cortical bone mineral 

density in the diaphyseal bone was detected compared with bone from control animals 

(Lundberg et al. 2007). 

 

1.3.4 Mink 

Mink (Mustela vison) were given food containing PCB 126 during 1 to 2 months and lesions 

on the upper- and lower jaw and more porous bone were found (Render et al. 2000). 

Gingivitis and misplaced and loose teeth were also effects from the exposure. In another 

study, offspring of female mink fed with dioxin like congeners of PCB showed a lower bone 

mineral density than control individuals (Lind et al. 1996). 

 

1.3.5 Bird 

Nestlings of the American kestrel (Falco sparverius) were exposed to BDE 100, 153 and 183. 

They had developed longer bones and were heavier than the controls. This may be a response 
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to a change in the thyroid system (Fernie et al. 2006). The authors believe that the excessive 

weight may alter the bone structure and cause an increase in energetic cost for the birds. 

 

 

1.4 FREE RANGING ANIMALS SHOWING BONE TISSUE ALTERATIONS AFTER 

EXPOSURE TO EDCs  

 

1.4.1 American alligator 

Lake Apopka in Florida, USA, has received a lot of agricultural runoff in form of nutrients 

and pesticides. There was also a pesticide spill of dicofol (similar structure to DDT) in the 

1980 which further contaminated the lake. Juvenile and neonatal American alligators 

(Alligator mississippiensis) in Lake Apopka showed differences in hormone concentration in 

the plasma, as well as morphological deviation in their reproductive organs compared to 

alligators from control lakes (Guilette et al. 2000). Female alligators from lake Apopka have a 

significant increase in bone density in trabecular bone compared to individuals from a control 

lake. This is probably due to an additional estrogen effect in the animals which have led to a 

reduction in bone resorption (Lind et al. 2004b). 

 

1.4.2 Polar bear 

Persistent organic pollutants (POPs) bioaccumulate in the tissues of organisms (Bernes 1998). 

Compounds from industrialized countries are transported through the atmosphere to the arctic. 

The polar bear has a high percentage of fatty tissue and is therefore a particularly exposed 

specie. Bone mineral densities in skulls from young East Greenland polar bears (Ursus 

maritimus) were found to be higher during the period before large discharges of industrial 

environmental contaminants (1892-1932) compared to skulls after high discharges (1966-

2002) (Sonne et al. 2004). The study showed that there was a correlation between the changes 

in bone mineral density and increased content of multiple contaminants in the environment. 

Polar bears from East Greenland and Svalbard collected between 1892 and 2002 had several 

pathological abnormalities (Sonne et al. 2007). Caries, misplaced teeth, gingivitis and 

exostoses were some of the findings, but only the prevalence of tooth wear and periodontitis 

could be statistically analyzed. There are, however, no apparent connections between the 

pathological abnormalities and an elevated content of POPs in the environment. 
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1.4.3 Seal 

Depending on from which period bones from Baltic grey seals (Halichoerus grypus) were 

collected, a difference in the bone density can be seen. During the period when discharges of 

organochlorines (OC) were at the highest (1965-1985), the bones showed the lowest 

trabecular bone density compared to other periods with low contamination (1850-1955 and 

1986-1997) (Lind et al. 2003). Another study on Baltic gray seal displayed an elevated 

frequency of skull lesions during distinct periods of exposure to pollutants. This is thought to 

be linked with contents of PCB and DDT which increased at the same time in the 

environment (Bergman et al. 1992). 

 

The frequencies of jaw lesions among Harbour seals (Phoca vitulina) has increased since the 

1900th century. In an analysis on skulls from Swedish and Danish museums, exostosis of 

alveolar bone was detected (Mortensen et al. 1992). 

 

1.4.4 Beluga whale 

A long term study of a small population of Beluga whales (Delphinapterus leucas) living in 

the St Lawrence estuary showed a high concentration of PCBs and DDT in the tissues (Béland 

et al. 1993). Females had a lower amount of PCB and DDT than males which can be the 

result of transfer to the calves through the placenta or lactation. Beluga whales may have the 

ability to metabolize dioxin-like compounds since dioxins were only found in low 

concentrations. Tooth loss and spinal deformations were noted in the population of Beluga 

whales. Due to the small size of the population it is not known if the skeletal disorder is a 

result of chemicals or genetics traits. 

 

1.5 HUMAN BONE TISSUE ALTERATIONS DUE TO EDC EXPOSURE  

There are few studies of the effects of EDCs on bone tissue in humans. The numbers of 

individuals in these studies, however, are very limited. A few catastrophic events in the last 

50 years, involving these substances, have shown some effects. In Turkey between the years 

of 1955 and 1961, 3000 people were food poisoned after consumption of hexachlorobenzen 

contaminated wheat. 20-30 years later, some exposed individuals had orthopaedic 

abnormalities and 44 % of the follow up-patients that were exposed before puberty had a 

small stature (Cripps et al. 1984). Another misfortune regarding hazardous food occurred in 

Japan 1968 when children whose mothers have been exposed to rice oil contaminated with 
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PCB, developed spotty calcification of the skull-bones and unusually large fontanels (Miller 

1985). 

 

Swedish women living on the east coast who ate more than one meal per month containing 

fatty fish from the Baltic Sea had an increased risk of fracture than women from the same area 

which ate one meal or less per month of fatty fish (Wallin et al. 2004). Glynn et al. (2000) 

found a weak correlation between the contents of p, p’-DDE in serum and a lower bone 

density in men. Several other studies have tried to prove a connection between serum levels of 

POP and a reduction in bone mineral density, but only weak correlations were found. 

Although, these findings could be the result of other risk factors like smoking (Alveblom et 

al. 2002). 

 

1.6 AIM 

Sewage sludge contains several chemicals that are potentially endocrine disruptive and 

harmful to organisms. The aim of this study is to determine whether pregnant ewes which 

have been grazing on pasture fertilized with sewage sludge show any difference in their own 

and in their foetuses bone tissue, compared to control ewes and foetuses. 

 

 

2 MATERIAL AND METHODS 

 

2.1 ANIMAL EXPOSURE 

The exposures were conducted at the Macaulay Institute research station at Hartwood, 

Scotland. From the age of 18 months, Texel ewes (Ovis aries) grazed either on sewage treated 

pasture (treated) or on pasture treated with conventional, inorganic fertilizer (control). Both 

treated and control ewes were pregnant during the last period of exposure. 

 

Thermally dried sludge pellets (2.25 tonnes dry matter/ha) were applied twice annually to a 9 

ha pasture. About 225 kg nitrogen/ha/year was applied to the pasture on these occasions 

(Erhard and Rhind 2004, Rhind et al. 2007). Directly after the application, the ewes were 

contained on previously-treated plots for 3 weeks, according to British law (Paul et al. 2005), 

before they were allowed to start grazing within the newly treated plot. The sludge was 

similar to that used in previous studies and contained measurable amounts of nonyl phenol 
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(mean±SE; 209±21 mg/kg dry matter) and DEHP (mean ± SE; 108±63 mg/kg dry matter 

(Rhind et al. 2007). The contents of PCB (28, 52, 101, 118, 138, 153, 180) and PBDE (28, 47, 

99, 100, 153, 154, 183) in sludge were recently analyzed according to an accredited procedure 

at Macaulay Analytical Laboratories (Rhind, personal communication). The highest 

concentrations of PCBs were 24.3 µg/kg dry matter and of PBDEs 417 µg/kg dry matter from 

three subsamples. However, the contents may differ with every batch of sludge and vary ten 

fold in soil samples just a few meters apart (Rhind et al. 2002). The control animals grazed on 

a 9 ha pasture which had been treated with inorganic fertilizer with approximately the same 

amount of nitrogen. 

 

The ewes were slaughtered at 5 or 6 years of age and when at 110 days gestation, about 35 

days before birth. 23 control and 22 treated ewes and 47 control and 51 treated foetuses were 

used. 

 

 

2.2 PREPARATION OF BONES AND MEASUREMENTS 

The femur bones used in this study came from ewes and their foetuses. The bones were 

dissected, cleaned and maintained in a freezer (-18 C˚). They were then thawed in a 

refrigerator (+8 C˚) for 24 hours before pQCT (peripheral Quantitative Computed 

Tomography)-analyses. 

 

2.2.1 Bones from ewes 

The length of the bone were measured with a slide calliper (accuracy 0.1 mm) from the 

patellar groove located at the distal part of the bone, to the groove between head and greater 

trochanter at the proximal end (for visual guidance see figure 2).  
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Figure 2.  The sheep femur bones were measured with a slide calliper from the patellar groove at the distal part 

of the bone, to the area between head and greater trochanter at the proximal end. 

 

The reference point was decided before the x-ray with a wood screw (size 2.5*12 mm) which 

was placed dorsal of the trochlea ossis femori in the metaphysis at the distal end of the femur, 

see figure 3.  

 

 
Figure 3. The reference point in the sheep femur was set before pQCT analysis by inserting a wood screw (size 

2.5*12 mm) dorsal of the trochlea ossis femori in the metaphysis at the distal part of the bone. 

 

The bones were covered with gauze bandage moistened with 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/ 1 l H2O) and then 

packed in polyethene film to prevent dehydration. The diaphyseal area was sellotaped, 

partially to keep the polythene in place, and partially as an aid to be able to mark 50 % and 40 

% of the total length of the bone.  

 

2.2.2 Bones from foetus 

Bones from the foetuses were measured with a digital calliper (accuracy 0.01 mm) in the 

same way as the ewes. When entering the values in the pQCT, the accuracy was however 
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lowered to 0.1 mm because of the software settings. The bones were placed in a 50 ml test 

tube each and the tubes were filled with Ringer solution to prevent dehydration. The bone’s 

midpoint was marked with a pencil directly on the bone surface after measurement with the 

digital calliper. The reference point and scan line was placed in the scan view of the pQCT 

system at the beginning of the clearly detectable growth plate in the distal part of the bone.  

 

2.2.3 pQCT 

pQCT (Stratec XCT 960 A with software version 5.21, Norland Stratec Medizintechnik, 

Pforzheim, Germany) was used to measure the bone mineral density and dimensions of the 

bones. The machine was calibrated once a week with a hydroxyapatite phantom with a known 

density (Gasser 2003). The measurements took place at Uppsala University Hospital, 

Uppsala, Sweden. 

 

2.2.3.1 Reproducibility 

To create a valid method, 10 repeated pQCT measurements were performed on a single bone 

which was repositioned between each measurement. The coefficient of variation in percent 

(CV = standard deviation/mean × 100) was calculated. 

 

2.2.3.2 Metaphyseal measurements of bones from ewes 

The numbers of bones used were 23 from the control group and 22 from the treated group.  

The criteria which were set when the trabecular measure points were to be determined were: 

• High trabecular area 

• Cortical bone was to surround trabecular bone and be clearly separated in density 

• Low variation of the values of the measures within and between bones 

 

To measure trabecular bone, the bones were placed horizontally in the pQCT machine. Using 

the scout view option of the instrument the scan line was placed at a distance equal to 3.6 % 

of the total bone length from the reference point towards the diaphysis. For the analysis the 

following settings were used: voxelsize 689 µm, peel mode 2, threshold 270 mg/cm3, inner 

threshold 500 mg/cm3 and contour mode 1. The inner threshold is the density limit value 

which separates cortical and trabecular bone. The outer contour of the bones is detected when 

using contour mode. The measures obtained from the analysis were total bone mineral content 

(Total BMC), volumetric total bone mineral density (Total BMD), trabecular bone mineral 

content (Trabecular BMC), volumetric trabecular bone mineral density (Trabecular BMD), 
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total cross sectional area (Total CSA), trabecular cross sectional area (Trabecular CSA) and 

periosteal circumference. 

 

2.2.3.3 Metaphyseal measurements of foetus bone 

The numbers of bones used were 28 from the control group of females and 25 from the 

treated. Number of bones from the male controls were 18 and from the treated group 25. The 

measure point for foetal bone was set to 20 % of the total bone length from the reference point 

at the beginning of the growth plate in the distal part. For the analysis the following settings 

were used: voxelsize 295 µm, peelmode 2, threshold 270 mg/cm3, inner threshold 500 mg/cm3 

and contour mode 1. Due to technical problems during the analysis two bones from males 

were excluded from this part of the study. The measures obtained from the analysis were total 

BMC), total BMD, trabecular BMC, trabecular BMD, total CSA, trabecular CSA and 

periosteal circumference. 

 

2.2.3.4 Diaphyseal measurements of bones from ewes and foetal bone 

The numbers of bones from ewes used were 23 from the control group and 22 from the treated 

group. The numbers of foetus bones used were 28 from the control group of females and 25 

from the treated. Number of foetus bones from the male control and treated group differ from 

the metaphyseal measurements due to damaged bones and there were 19 controls and 26 

treated. To examine the cortical bone, the measure point was set to 50 % of the total length of 

the bone and analysed with the light point in the pQCT system. Bones from ewes were also 

measured at 40 % of the total length of the bone from the reference point in the distal part of 

the bone. The measures obtained from the analysis were total BMC, total BMD, total CSA, 

cortical BMC, cortical BMD, cortical CSA, mean cortical thickness circular ring model, 

periosteal circumference, endocortical circumference, moment of resistance and marrow 

cavity. 

 

2.2.4 Three-point bending test 

The three-point bending test is a biomechanical method to measure the mechanical properties 

of the bone (Aspden 2003). A vertical load is forced upon the bone until it breaks. Both bones 

from ewes and foetuses were thawed for 24 hours before the experiment. The load test was 

performed at the mid-diaphyseal pQCT measure point (50 % of total bone length). The 

machine used for the ewe bones was a servohydraulic MTS 858 Mini Bionix (Avalon 

Technologies, MN, USA) with an axial capacity of 10 000 N. The displacement rate was 
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1mm/sec and the span length was set to 100 mm to support the ends of the bones. The foetal 

bones were tested in an electromechanical testing machine (Avalon technologies, MN, USA) 

with an axial capacity of approximately 1112 N (250 lbs). The displacement rate was 

1mm/sec and the span length was 30 mm. Load (N) was plotted as a function of displacement 

(mm) in a curve (Figure 4). Energy to failure (area under curve, N×mm) and maximal 

stiffness (steepest slope, N/mm) were calculated. Due to technical problems during the 

analysis three foetal bones were excluded from this part of the study.  

 
Figure 4.  A three-point bending test results in a curve were load (N) is a function of displacement (mm). 

Maximal stiffness (N/mm) can be calculated from the slope in the steepest part of the curve. Energy to failure 

(N×mm) is the area under the curve. 

 

 

2.3 STATISTICS 

The results obtained were evaluated by analysis of variance (ANOVA). Analysis of 

covariance (ANCOVA) was used when adjusting for the continuous variable body weight.  

Differences were considered significant at p<0.05 (StatView, version 5.0; SAS Institute Inc., 

Cary, NC, USA).  
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3 RESULTS 
 

3.1 pQCT MEASUREMENTS 

The results from the pQCT measurements on ewe and foetal femurs at the metaphyseal and 

diaphyseal measure points are presented in the tables 6 to 12. 

 

3.1.1 Reproducibility 

 

3.1.1.1 Bones from ewes  

The results from the pQCT reproducibility measurements are presented in table 1-3. 10 

repeated pQCT measurements of the bone from one of the ewes gave a coefficient of variation 

(CV) that varied from 0.26 % to 2.21 % in the metaphyseal measure point (3.6 %, table 1). 

The CV for the mid-diaphyseal measure point (50 %) ranged between 0.20 % and 1.54 % 

(table 2). The CV for the diaphyseal measure point (40 % of the bone’s total length) ranged 

between 0.16 % and 1.46 % (table 3). The bone was repositioned between the measurements. 
 

Table 1. The reproducibility (mean±SD, CV) calculated from 10 repeated measurements of a single femur from 

a ewe analysed with peripheral quantitative computed tomography (pQCT). The bone was repositioned between 

the measurements. The metaphyseal measure point was located 3.6 % of the total length of the bone from the 

reference point towards the diaphysis. BMC= bone mineral content, BMD= bone mineral density, CSA= cross 

sectional area. 
Metaphyseal bone, 3,6 % Mean ± SD CV (%) 

Total BMC (mg/mm) 355.2 ± 1.8 0.52 

Total BMD (mg/cm³) 529.9 ± 2.3 0.44 

Trabecular BMC (mg/mm) 76.8 ± 1.7 2.21 

Trabecular BMD (mg/cm³) 216.5 ± 2.9 1.35 

Total CSA (mm²) 670.3 ± 3.5 0.53 

Trabecular CSA (mm²) 354.5 ± 3.7 1.05 

Periosteal circumference (mm) 91.8 ± 0.2 0.26 
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Table 2. The reproducibility (mean±SD, CV) calculated from 10 repeated measurements of a single femur from 

a ewe analysed with peripheral quantitative computed tomography (pQCT). The bone was repositioned between 

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

bone mineral content, BMD= bone mineral density, CSA= cross sectional area. 

Diaphyseal bone, 50 % Mean ± SD CV (%) 

Total BMC (mg/mm) 301.3 ± 1.3 0.42 

Total BMD (mg/cm³) 602.8 ± 2.8 0.47 

Total CSA (mm²) 499.8 ± 2.0 0.40 

Cortical BMC (mg/mm) 268.2 ± 0.9 0.35 

Cortical BMD (mg/cm³) 1336.2 ± 4.2 0.31 

Cortical CSA (mm²) 200.7 ± 1.0 0.51 

Cortical thickness (circular ring model )(mm) 2.9 ± 0.0 0.79 

Periosteal circumference (mm) 79.3 ± 0.2 0.20 

Endocortical circumference (mm) 61.3 ± 0.3 0.47 

Moment of resistance (mm³) 1856.0 ± 23.1 1.24 

Marrow cavity (mm²) 299.1 ± 2.8 0.95 

  
Table 3. The reproducibility (mean±SD, CV) calculated from 10 repeated measurements of a single femur from 

a ewe analysed with peripheral quantitative computed tomography (pQCT). The bone was repositioned between 

the measurements. The diaphyseal measure point was located at 40 % of the total length of the bone from the 

reference point towards the diaphysis. BMC= bone mineral content, BMD= bone mineral density, CSA= cross 

sectional area. 

Diaphyseal bone, 40 % Mean ± SD CV (%) 

Total BMC (mg/mm) 314.0 ± 0.9 0.28 

Total BMD (mg/cm³) 618.1 ± 2.2 0.36 

Total CSA (mm²) 507.9 ± 1.6 0.31 

Cortical BMC (mg/mm) 278.6 ± 1.9 0.69 

Cortical BMD (mg/cm³) 1314.7 ± 6.5 0.49 

Cortical CSA (mm²) 212.0 ± 2.4 1.14 

Cortical thickness (circular ring model) (mm) 3.0 ± 0.0 1.46 

Periosteal circumference (mm) 79.9 ± 0.1 0.16 

Endocortical circumference (mm) 61.0 ± 0.4 0.62 

Moment of resistance (mm³) 1867.3 ± 23.7 1.27 

Marrow cavity (mm²) 296.0 ± 3.7 1.23 
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3.1.1.2 Bones from foetuses 

The results from the pQCT reproducibility measurements are presented in table 4-5. 10 

repeated pQCT measurements of bone from a foetus gave a coefficient of variation that varied 

between 0.50 % and 6.76 % in the metaphyseal measure point (20% of the total length of the 

bone from growth plate) (table 4). The CV for the mid-diaphyseal measure point (50 %) 

ranged between 0.39 % and 2.94 % (table 5). The bone was repositioned between the 

measurements. 

 
Table 4. . The reproducibility (mean±SD, CV) calculated from 10 repeated measurements of a single femur from 

a foetus analysed with peripheral quantitative computed tomography (pQCT). The bone was repositioned 

between the measurements. The metaphyseal measure point was located 20 % of the total length of the bone 

from the reference point towards the diaphysis. BMC= bone mineral content, BMD= bone mineral density, 

CSA= cross sectional area. 
Metaphyseal bone, 20 % Mean ± SD CV (%) 

Total BMC (mg/mm) 28.1 ± 0.2 0.55 

Total BMD (mg/cm³) 566.2 ± 4.6 0.82 

Trabecular BMC (mg/mm) 6.6 ± 0.4 6.76 

Trabecular BMD (mg/cm³) 419.3 ± 4.7 1.12 

Total CSA (mm²) 49.6 ± 0.5 0.99 

Trabecular CSA (mm²) 15.7 ± 0.9 5.84 

Periosteal circumference (mm) 25.0 ± 0.1 0.50 

 
Table 5. The reproducibility (mean±SD, CV) calculated from 10 repeated measurements of a single femur from 

a foetus analysed with peripheral quantitative computed tomography (pQCT). The bone was repositioned 

between the measurements. The mid-diaphyseal measure point was located at 50 % of the total length of the 

bone. BMC= bone mineral content, BMD= bone mineral density, CSA= cross sectional area. 
Diaphyseal bone, 50 % Mean ± SD CV (%) 

Total BMC (mg/mm) 26.2 ± 0.1 0.40 

Total BMD (mg/cm³) 673.0 ± 4.4 0.66 

Total CSA (mm²) 39.0 ± 0.3 0.78 

Cortical BMC (mg/mm) 17.7 ± 0.4 2.09 

Cortical BMD (mg/cm³) 900.9 ± 6.7 0.74 

Cortical CSA (mm²) 19.7 ± 0.4 1.91 

Cortical thickness (circular ring model) (mm) 1.0 ± 0.0 2.57 

Periosteal circumference (mm) 22.1 ± 0.1 0.39 

Endocortical circumference (mm) 15.6 ± 0.2 1.47 

Moment of resistance (mm³) 25.2 ± 0.4 1.79 

Marrow cavity (mm²) 19.3 ± 0.6 2.94 
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3.1.2 Bone analysis 

 

3.1.2.1 Bones from ewes 

 

3.1.2.1.1  Metaphyseal measurements 

The results from the metaphyseal pQCT measurement on bones from ewes are presented in 

table 6. The total bone mineral density was significantly higher in the treated group compared 

to the control group (8.9 %, p<0.05). Trabecular bone mineral content (-18.4 %, p<0.05) and 

trabecular cross sectional area (-11.1 %, p<0.05) were however significantly lower in the 

treated group compared to the control group. When adjusted for weight with the ANCOVA, 

the total bone mineral density was no longer different between the groups. Trabecular bone 

mineral content and density (-8.5 %, p<0.05) as well as total (-4.0 %, p<0.05) and trabecular 

cross sectional area were all significantly lower in the treated group compared to the control 

group. 

 
Table 6. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of ewes. The 

metaphyseal measure point was located 3.6 % of the total length of the bone from the reference point towards the 

diaphysis. The treated sheep had been grazing on pasture, fertilized twice annually with sewage sludge (2.25 

tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 years of age. The chemical analysis of 

the sludge is presented on page 18. Control sheep had been grazing on pasture fertilized with conventional, 

inorganic fertilizer for the same amount of time. The results obtained were evaluated by analysis of variance 

(ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for the continuous variable body mass.  

Differences were considered significant at p<0.05. *= p<0.05, n= number of individuals, BMC= bone mineral 

content, BMD= bone mineral density, CSA= cross sectional area, ns= non significant, na= non applicable.  
 Control  n=23  Treated  n=22 p-value 

Metaphyseal bone, 3,6 % Mean  SD  Mean  SD ANOVA ANCOVA 

Weight (kg) 81.7 ± 8.8 88.6 ± 5.0 * na 

Total BMC (mg/mm) 357.9 ± 39.0 372.8 ± 34.7 ns ns 

Total BMD (mg/cm³) 501.4 ± 45.3 546.2 ± 63.0 * ns 

Trabecular BMC (mg/mm) 78.6 ± 11.4 64.1 ± 19.3 * * 

Trabecular BMD (mg/cm³) 195.5 ± 25.1 179.0 ± 44.7 ns * 

Total CSA (mm²) 715.0 ± 61.4 686.7 ± 59.8 ns * 

Trabecular CSA (mm²) 403.9 ± 48.9 359.0 ± 63.6 * * 

Periosteal circumference (mm) 94.7 ± 4.1  92.8 ± 4.1 ns ns 
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3.1.2.1.2 Diaphyseal measurements 

The results from the diaphyseal pQCT measurements on bones from ewes are presented in 

table 7-8. When using ANOVA, the total (5.8 %, p<0.05) and cortical bone mineral content 

(6.3 %, p<0.05), cortical cross sectional area (5.8 %, p<0.05) and cortical thickness (6.0 %, 

p<0.05) were significantly higher in the mid-diaphyseal bone tissue of the treated group 

compared to the control group. The diaphyseal measurement point located at 40 % of the total 

length of the bone showed significant increase in several bone tissue measurements; the total 

bone mineral density (5.1 %, p<0.05), cortical bone mineral content (7.0 %, p<0.05), cortical 

cross sectional area (6.3 %, p<0.05) as well as cortical thickness (7.0 %, p<0.05). The treated 

ewes weighed more than the ones in the control group. The mid-diaphyseal measurements and 

at 40% of the total length of the bone gave no significant difference between measures in the 

control and treated groups when analysed with ANCOVA which adjusted for the individuals’ 

weight.  
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Table 7. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of ewes. The mid-

diaphyseal measure point was located at 50 % of the total bone length. The treated sheep had been grazing on 

pasture fertilized twice annually with sewage sludge (2.25 tonnes of dry matter/ha), since the age of 18 months, 

until slaughter at 5-6 years of age. The chemical analysis of the sludge is presented on page 18. Control sheep 

had been grazing on pasture fertilized with conventional, inorganic fertilizer for the same amount of time. The 

results obtained were evaluated by analysis of variance (ANOVA). Analysis of covariance (ANCOVA) was used 

when adjusting for the continuous variable body mass.  Differences were considered significant at p<0.05. *= 

p<0.05, n= number of individuals, BMC= bone mineral content, BMD= bone mineral density, CSA= cross 

sectional area, ns= non significant, na= non applicable. 
 Control   n=23  Treated  n=22 p-value 

Diaphyseal bone, 50 % Mean   SD  Mean  SD ANOVA ANCOVA 

Weight (kg) 81.7 ± 8.8 88.6 ± 5.0 * na 

Total BMC (mg/mm) 320.5 ± 28.3 339.1 ± 32.6 * ns 

Total BMD (mg/cm³) 673.6 ± 46.8 702.7 ± 64.2 ns ns 

Total CSA (mm²) 477.9 ± 53.6 484.4 ± 46.3 ns ns 

Cortical BMC (mg/mm) 287.8 ± 27.0 306.1 ± 30.9 * ns 

Cortical BMD (mg/cm³) 1366.9 ± 15.6 1373.2 ± 17.8 ns ns 

Cortical CSA (mm²) 210.5 ± 18.8 222.8 ± 21.2 * ns 

Cortical thickness (circular ring 

model) (mm) 3.1 ± 0.2 3.3 ± 0.3 * ns 

Periosteal circumference (mm) 77.4 ± 4.3 77.9 ± 3.7 ns ns 

Endocortical circumference (mm) 57.8 ± 4.4 57.2 ± 4.2 ns ns 

Moment of resistance (mm³) 1928.4 ± 304.8 2009.3 ± 261.6 ns ns 

Marrow cavity (mm²) 267.4 ± 40.7  261.6 ± 38.5 ns ns 
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Table 8. Results from pQCT analysis (mean±SD performed on femur bones from two groups of ewes. The 

diaphyseal measure point was set to 40 % of the total bone length of the bone from the reference point towards 

the diaphysis. The treated sheep had been grazing on pasture fertilized twice annually with sewage sludge (2.25 

tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 years of age. The chemical analysis of 

the sludge is presented on page 18. Control sheep had been grazing on pasture fertilized with conventional, 

inorganic fertilizer for the same amount of time. The results obtained were evaluated by analysis of variance 

(ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for the continuous variable body mass.  

Differences were considered significant at p<0.05. *= p<0.05, n= number of individuals, BMC= bone mineral 

content, BMD= bone mineral density, CSA= cross sectional area, ns= non significant, na= non applicable. 

 Control  n=23  Treated  n=22 p-value 

Diaphyseal bone, 40 % Mean  SD  Mean  SD ANOVA ANCOVA

Weight (kg) 81.7 ± 8.8 88.6 ± 5.0 * na 

Total BMC (mg/mm) 313.2 ± 31.2 331.0 ± 31.7 ns ns 

Total BMD (mg/cm³) 610.2 ± 38.8 641.3 ± 55.3 * ns 

Total CSA (mm²) 514.5 ± 55.4 517.8 ± 47.7 ns ns 

Cortical BMC (mg/mm) 277.8 ± 28.7 297.1 ± 29.7 * ns 

Cortical BMD (mg/cm³) 1326.0 ± 22.4 1334.4 ± 18.8 ns ns 

Cortical CSA (mm²) 209.4 ± 20.5 222.5 ± 20.7 * ns 

Cortical thickness (circular ring 

model) (mm) 2.9 ± 0.2 3.2 ± 0.3 * ns 

Periosteal circumference (mm) 80.3 ± 4.2 80.6 ± 3.7 ns ns 

Endocortical circumference (mm) 61.8 ± 4.0 60.8 ± 4.1 ns ns 

Moment of resistance (mm³) 1918.4 ± 295.7 2014.4 ± 274.8 ns ns 

Marrow cavity (mm²) 305.1 ± 40.2  295.3 ± 39.5 ns ns 

 

 

3.1.2.2 Bones from foetuses 

 

3.1.2.2.1 Metaphyseal measurements 

The results from the metaphyseal pQCT measurements on foteal bones are presented in table 

9-10. There were no significant differences in the variables at the metaphyseal measure point 

between the two groups of foetuses. 
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Table 9. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of foetal female 

sheep (110 days old). The metaphyseal measure point was set to 20 % of the total bone length of the bone from 

the reference point towards the diaphysis. The treated mothers had been grazing on pasture fertilized twice 

annually with sewage sludge (2.25 tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 

years of age. The chemical analysis of the sludge is presented on page 18. Pregnant control ewes had been 

grazing on pasture fertilized with conventional, inorganic fertilizer for the same amount of time before mating. 

The results obtained were evaluated by analysis of variance (ANOVA). Analysis of covariance (ANCOVA) was 

used when adjusting for the continuous variable body mass.  Differences were considered significant at p<0.05. 

*= p<0.05, n= number of individuals, BMC= bone mineral content, BMD= bone mineral density, CSA= cross 

sectional area, ns= non significant, na= non applicable. 
 Control  n=28  Treated  n=25 p-value 

Metaphyseal bone, 20 % Mean  SD  Mean  SD ANOVA ANCOVA

Weight (g) 1895.7  229.2 1827.7  270.8 ns na 

Total BMC (mg/mm) 31.2 ± 5.2 30.0 ± 5.1 ns ns 

Total BMD (mg/cm³) 526.9 ± 80.2 528.0 ± 74.0 ns ns 

Trabecular BMC (mg/mm) 7.3 ± 3.1 7.7 ± 3.9 ns ns 

Trabecular BMD (mg/cm³) 371.2 ± 69.4 374.0 ± 64.4 ns ns 

Total CSA (mm²) 59.3 ± 6.3 57.3 ± 9.2 ns ns 

Trabecular CSA (mm²) 21.2 ± 10.4 22.1 ± 12.1 ns ns 

Periosteal circumference (mm) 27.3 ± 1.4  26.7 ± 2.1 ns ns 
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Table 10. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of foetal male 

sheep (110 days old). The metaphyseal measure point was set to 20 % of the total bone length of the bone from 

the reference point towards the diaphysis. The treated mothers had been grazing on pasture fertilized twice 

annually with sewage sludge (2.25 tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 

years of age. The chemical analysis of the sludge is presented on page 18. Pregnant control ewes had been 

grazing on pasture fertilized with conventional, inorganic fertilizer for the same amount of time before mating. 

The results obtained were evaluated by analysis of variance (ANOVA). Analysis of covariance (ANCOVA) was 

used when adjusting for the continuous variable body mass.  Differences were considered significant at p<0.05. 

*= p<0.05, n= number of individuals, BMC= bone mineral content, BMD= bone mineral density, CSA= cross 

sectional area, ns= non significant, na= non applicable. 
 Control  n=18  Treated  n=25 p-value 

Metaphysis, 20 % Mean  SD  Mean  SD ANOVA ANCOVA

Weight (g) 1890.2 ± 342.7 1954.0 ± 203.0 ns na 

Total BMC (mg/mm) 33.2 ± 6.6 33.4 ± 5.1 ns ns 

Total BMD (mg/cm³) 569.5 ± 81.8 545.8 ± 74.9 ns ns 

Trabecular BMC (mg/mm) 5.8 ± 4.3 7.8 ± 4.2 ns ns 

Trabecular BMD (mg/cm³) 395.6 ± 65.7 389.8 ± 56.9 ns ns 

Total CSA (mm²) 58.6 ± 11.3 61.6 ± 7.7 ns ns 

Trabecular CSA (mm²) 16.0 ± 13.4 21.3 ± 12.6 ns ns 

Periosteal circumference (mm) 27.0 ± 2.6  27.8 ± 1.8 ns ns 

 

 

3.1.2.2.2 Diaphyseal measurements 

The results from the diaphyseal pQCT measurements on foteal bones are presented in table 

11-12.The endocortical circumference (-7.0 %, p<0.05) and marrow cavity area (-13.8 %, 

p<0.05) in foetal mid-diaphyseal bone tissue of females were significantly lower in the treated 

group than in the control group. The treated male foetuses had a significantly higher total 

bone mineral content (2.8 %, p<0.05) than the control males when analyzed with ANCOVA.  
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Table 11. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of foetal female 

sheep (110 days old). The mid-diaphyseal measure point was located at 50 % of the total bone length. The 

treated mothers had been grazing on pasture fertilized twice annually with sewage sludge (2.25 tonnes of dry 

matter/ha), since the age of 18 months, until slaughter at 5-6 years of age. The chemical analysis of the sludge is 

presented on page 18. Pregnant control ewes had been grazing on pasture fertilized with conventional, inorganic 

fertilizer for the same amount of time before mating. The results obtained were evaluated by analysis of variance 

(ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for the continuous variable body mass.  

Differences were considered significant at p<0.05. *= p<0.05, n= number of individuals, BMC= bone mineral 

content, BMD= bone mineral density, CSA= cross sectional area, ns= non significant, na= non applicable. 

 Control  n=28  Treated  n=25 p-value 

Diaphyseal bone, 50 % Mean  SD  Mean  SD ANOVA ANCOVA

Weight (g) 1895.7 ± 229.2 1827.7 ± 270.8 ns na 

Total BMC (mg/mm) 28.1 ± 5.4 27.2 ± 4.6 ns ns 

Total BMD (mg/cm³) 649.5 ± 87.0 674.2 ± 65.8 ns ns 

Total CSA (mm²) 43.2 ± 5.2 40.4 ± 5.7 ns ns 

Cortical BMC (mg/mm) 18.9 ± 5.7 19.4 ± 4.1 ns ns 

Cortical BMD (mg/cm³) 875.9 ± 38.0 893.9 ± 27.7 ns ns 

Cortical CSA (mm²) 21.4 ± 5.9 21.7 ± 4.3 ns ns 

Cortical thickness (circular ring 

model) (mm) 1.1 ± 0.3 1.1 ± 0.2 ns ns 

Periosteal circumference (mm) 23.2 ± 1.4 22.5 ± 1.6 ns ns 

Endocortical circumference (mm) 16.4 ± 1.8 15.3 ± 1.5 * * 

Moment of resistance (mm³) 27.7 ± 7.8 27.5 ± 6.1 ns ns 

Marrow cavity (mm²) 21.8 ± 4.6  18.8 ± 3.7 * * 
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Table 12. Results from pQCT analysis (mean±SD) performed on femur bones from two groups of foetal male 

sheep (110 days old). The mid-diaphyseal measure point was set to 50 % of the total bone length. The treated 

mothers had been grazing on pasture fertilized twice annually with sewage sludge (2.25 tonnes of dry matter/ha), 

since the age of 18 months, until slaughter at 5-6 years of age. The chemical analysis of the sludge is presented 

on page 18. Pregnant control ewes had been grazing on pasture fertilized with conventional, inorganic fertilizer 

for the same amount of time before mating. The results obtained were evaluated by analysis of variance 

(ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for the continuous variable body mass.  

Differences were considered significant at p<0.05. *= p<0.05, n= number of individuals, BMC= bone mineral 

content, BMD= bone mineral density, CSA= cross sectional area, ns= non significant, na= non applicable. 
 Control  n=19  Treated  n=26 p-value 

Diaphyseal bone, 50 % Mean  SD  Mean  SD ANOVA ANCOVA

Weight (g) 1889.6 ± 333.1 1940.9 ± 209.8 ns na 

Total BMC (mg/mm) 29.7 ± 5.8 30.6 ± 4.5 ns * 

Total BMD (mg/cm³) 702.6 ± 68.9 691.7 ± 71.1 ns ns 

Total CSA (mm²) 42.4 ± 8.0 44.4 ± 6.2 ns ns 

Cortical BMC (mg/mm) 21.5 ± 4.8 21.9 ± 4.2 ns ns 

Cortical BMD (mg/cm³) 906.6 ± 28.0 896.4 ± 33.2 ns ns 

Cortical CSA (mm²) 23.7 ± 5.1 24.4 ± 4.2 ns ns 

Cortical thickness (circular ring 

model) (mm) 1.2 ± 0.2 1.3 ± 0.2 ns ns 

Periosteal circumference (mm) 23.0 ± 2.2 23.6 ± 1.7 ns ns 

Endocortical circumference (mm) 15.2 ± 2.2 15.7 ± 2.1 ns ns 

Moment of resistance (mm³) 149.6 ± 54.3 164.6 ± 39.0 ns ns 

Marrow cavity (mm²) 18.7 ± 5.6  20.0 ± 5.3 ns ns 

  

 

3.2 THREE-POINT BENDING TEST 

The results from the analysis from the three-point bending test conducted on ewe and foetal 

femurs gave the results presented in the tables 13-15. 

 

3.2.1 Bones from ewes 

The results from the mid-diaphyseal three-point bending test on the bones are presented in 

table 13. Load at failure (16.1 %, p<0.05), energy at failure (27.1 %, p<0.05) and max 

stiffness (14.2 %, p<0.05) were all significantly higher in the treated group than in the control 

group with ANOVA. When adjusted for weight with ANCOVA, the load to failure and 

energy to failure were still significantly higher amongst the treated individuals. 
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Table 13. Results (mean±SD) from three point bending test performed on femur bones from two groups of ewes 

(control and treated). The bending took place at the mid-diaphyseal measure point (50 % of the total length of 

the bone) with a servohydraulic MTS 858 Mini Bionix (MTS inc Minneapolis, MN, USA) with an axial capacity 

of 10 000 N. The displacement rate was 1mm/sec and the span length was set to 100 mm. The treated sheep had 

been grazing on pasture fertilized twice annually with sewage sludge (2.25 tonnes of dry matter/ha), since the 

age of 18 months, until slaughter at 5-6 years of age. The chemical analysis of the sludge is presented on page 

18. Control sheep had been grazing on pasture fertilized with conventional, inorganic fertilizer for the same 

amount of time. The results obtained were evaluated by analysis of variance (ANOVA). Analysis of covariance 

(ANCOVA) was used when adjusting for the continuous variable body mass.  Differences were considered 

significant at p<0.05.  *= p<0.05, n= numbers of individuals, ns= non significant, na= non applicable. 

 Control  n=23   Treated  n=22 p-value 

  Mean  SD   Mean  SD ANOVA ANCOVA

Weight (kg) 81.7 ± 8.8  88.6 ± 5.0 * na 

Displacement at failure (mm) 4.6 ± 1.2  4.5 ± 0.9 ns ns 

Load at failure (N) 4958.0 ± 556.0  5758.1 ± 795.7 * * 

Energy at failure (N*mm) 9502.4 ± 3505.3  12073.0 ± 2526.1 * * 

Max stiffness (N/mm) 2238.6 ± 469.7   2555.9 ± 496.9 * ns 

 

 

3.2.2 Bones from foetuses 

The results from the mid-diaphyseal three-point bending test on female and male foteal bones 

are presented in table 14-15. There were no significant differences in the variables at the mid-

metaphyseal measure point between the two groups of foetuses. 
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Table 14. Results (mean±SD) from three point bending test performed on femur bones from two groups of 

female foetal sheep (110 days old) (control and treated). The bending took place at the mid-diaphyseal measure 

point (50 % of the total length of the bone) in an electromechanical testing machine (Avalon technologies, MN, 

USA) with an axial capacity of approximately 1112 N (250 lbs). The displacement rate was 1mm/sec and the 

span length was 30 mm. The treated mothers had been grazing on pasture fertilized twice annually with sewage 

sludge (2.25 tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 years of age. The 

chemical analysis of the sludge is presented on page 18. Control sheep had been grazing on pasture fertilized 

with conventional, inorganic fertilizer for the same amount of time before mating. The results obtained were 

evaluated by analysis of variance (ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for 

the continuous variable body mass.  Differences were considered significant at p<0.05. *= p<0.05, n= numbers 

of individuals, ns= non significant, na= non applicable. 

 Control  n=28   Treated  n=23 p-value 

  Mean  SD   Mean  SD ANOVA ANCOVA 

Weight (g) 1898.2 ± 246.9  1853.7 ± 266.3 ns na 

Displacement at failure (mm) 6.6 ± 1.2  7.0 ± 1.0 ns ns 

Load at failure (N) 267.8 ± 80.2  271.8 ± 61.7 ns ns 

Energy at failure (N*mm) 999.7 ± 284.6  976.9 ± 305.8 ns ns 

Max stiffness (N/mm) 73.3 ± 19.3   64.4 ± 15.4 ns ns 

 

 

Table 15. Results (mean±SD) from three point bending test performed on femur bones from two groups of male 

foetal sheep (110 days old) (control and treated). The bending took place at the mid-diaphyseal measure point 

(50 % of the total length of the bone) in an electromechanical testing machine (Avalon technologies, MN, USA) 

with an axial capacity of approximately 1112 N (250 lbs). The displacement rate was 1mm/sec and the span 

length was 30 mm. The treated mothers had been grazing on pasture fertilized twice annually with sewage 

sludge (2.25 tonnes of dry matter/ha), since the age of 18 months, until slaughter at 5-6 years of age. The 

chemical analysis of the sludge is presented on page 18. Control sheep had been grazing on pasture fertilized 

with conventional, inorganic fertilizer for the same amount of time before mating. The results obtained were 

evaluated by analysis of variance (ANOVA). Analysis of covariance (ANCOVA) was used when adjusting for 

the continuous variable body mass.  Differences were considered significant at p<0.05. *= p<0.05, n= numbers 

of individuals, ns= non significant, na= non applicable. 

 Control  n=19   Treated  n=25 p-value 

  Mean  SD   Mean  SD ANOVA ANCOVA 

Weight (g) 1889.6 ± 333.1  1975.1 ± 196.4 ns na 

Displacement at failure (mm) 7.2 ± 0.9  6.8 ± 1.2 ns ns 

Load at failure (N) 293.2 ± 78.9  299.7 ± 78.9 ns ns 

Energy at failure (N*mm) 1092.8 ± 372.0  1084.2 ± 273.5 ns ns 

Max stiffness (N/mm) 70.1 ± 21.6   76.6 ± 20.5 ns ns 
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4 DISCUSSION 
 

This project is part of an ongoing study of effects on bone tissue in sheep grazing on pasture 

fertilized with sewage sludge. In the previous study changes in bone variables resembling 

those caused by estrogens were found in the cortical bone in the femurs of ewes (Broman 

2006). The previous study was based on relatively few adult individuals (ewes) compared to 

the present study that has a greater number of adult individuals and also includes foetuses. 

Ewes that were exposed to sewage sludge show an alteration in bone tissue composition 

compared to controls. The trabecular BMC, BMD and CSA were all significantly lower and 

the body weight significantly higher in the treated ewes compared to individuals in the control 

group. This suggests an anti-estrogenic effect caused by the exposure to sewage sludge when 

grazing on fertilized pasture. 

 

Depending on the sources of inputs to a specific waste water plant the composition of sewage 

sludge can be highly variable (Thuresson and Haapaniemi 2005). Batches of sludge can 

exhibit a ten fold difference in the amount of any one anthropogenic substance. Taking this 

into consideration, it’s not very surprising that putatively different estrogenic and anti-

estrogenic influences have resulted in differences in the results of the preceding study and the 

present study. Some EDCs may be well overrepresented in previous batches of sludge 

compared to the ones used in this study and in the absence of comprehensive analyses of the 

chemical content of the sludges it is impossible to draw specific conclusions concerning 

mechanisms of action. 

 

The calculated reproducibility from ten repeated pQCT measurements performed on bones 

from ewes at the diaphyseal- and metaphyseal measure points gave a low coefficient of 

variation (CV) that never exceeded 2.3 %, making it a valid method. The CV from 

measurements on bone from foetus was higher, reaching 6.76 %. This can be explained by a 

lower precision in the placement of the light point in the pQCT system due to the small size of 

the bones.  

 

Trabecular area was significantly lower in the femurs of exposed ewes in comparison to the 

control animals. A small trabecular area in the humerus was also seen in a study on rats 

exposed to the anti-estrogenic substance PCB-126 (Lind et al. 2000). However, in a study of 
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trabecular density in goats, no observed effects of PCB 126 were detected in the bones of 

female goat offspring following exposure perinatally (Lundberg et al. 2006). These apparently 

anomalous results may reflect differences in the dosage given, time of exposure and species 

used. 

 

After correction for body weight there were no statistically significant differences regarding 

pQCT variables of the cortical bone between treated and control ewes. The three-point 

bending test, however, showed a significantly higher mechanical strength of femur diaphysis 

in exposed ewes than in controls. This finding might partly be explained by the slight but non-

significant difference in geometry – periosteal circumference, cortical thickness and cortical 

cross sectional area were greater in femur from exposed than in femur from control ewes. 

 

The metaphyseal CSA were lower in the treated heavier ewes compared to controls. This 

points to an anatomical diversion also seen in American kestrel exposed to BDE 100, 153 and 

183 (Fernie et al. 2006) who developed longer bones and were heavier than the unexposed. 

 

Foetuses usually show a greater sensitivity to environmental contaminants due to their 

delicate stage of development. The foetuses used in this study did not show clear effects in 

their bone tissue composition in either the pQCT measurements or biomechnical bending. 

What has been noted is a reduction in the endocortical circumference and marrow cavity in 

the mid-diaphyseal measure point in treated female foetus. Treated male foetus show a higher 

total bone mineral content in the mid-diaphyseal measurepoint. Because the contents of the 

sewage sludge is still uncertain whether or how these chemicals are transported from the ewe 

to her foetus, it is difficult to known the pathway by which the toxic substances operate. 

 

The uptake and assimilation of toxic substances in plants grown on sewage sludge treated 

land is considered to be low (Petersen et al. 2003). However, if the sludge contains heavy 

metals, a build-up of metal concentration in the soil is possible and it may, with time, become 

unfit for food production. The risk of metal leaching to groundwater is dependent of the soil 

pH, so liming could be a good prevention method (Speir et al. 2003). Depending on what kind 

of plants that are growing on the pasture, they can contain different amounts of natural EDCs 

such as isoflavones. Red clover, for instance, is estrogenic and may have an affect on grazing 

animals (Zava et al. 1998). In theory, this could explain the estrogenic results from the 
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previous study, but this is highly unlikely as no clover was growing on the pastures because of 

the unsuitable geographic location (Rhind, personal communication). 

 

Rhind (2005) has brought several aspects to light when considering whether farm animals and 

their health can be affected by endocrine disruptive compounds. The type of compound and 

its properties determine how it affects organisms. Persistence, chemical structure, 

bioavailability, effects when mixed with different compounds and effects on subsequent 

generations are all aspects which should be taken into account. Investigations are required to 

determine the potential risk from these compounds for human- and animal health. 

 

There have been many toxicity studies on laboratory animals involving single EDCs and large 

doses. Sewage sludge, by contrast, contains a cocktail of substances in different 

concentrations and can’t be properly evaluated on the basis of its individual components. The 

chemicals, when spread in the environment, are often present at a low dose but, nevertheless, 

can affect wildlife through a prolonged exposure. An animal may also be more susceptible to 

one substance because of the presence of other harmful contaminants, i.e. synergism is 

possible (Bernes 1998). Different species of mammals may differ in sensitivity when exposed 

to EDCs (Pugh et al. 2000) and even differences in the genetic line within the same species 

can exhibit different responses (Bernes 1998). The results obtained from animal studies are 

therefore not always representative when considering human exposure and health effects. 

 

In conclusion, ewes grazing on pasture fertilized with sewage sludge show an anti-estrogenic 

effect in their trabecular bone. There are still only a few studies that have been conducted on 

effects of sewage sludge on exposed organisms. Because of the great variation of contents in 

the sewage sludge, it’s hard to know exactly what chemical is causing what adverse changes 

in the body. However, adverse effects of exposure to EDCs on testis development in sheep 

male foetuses whose mothers have been grazing on sewage sludge fertilized pasture have 

been reported (Paul et al. 2005) and a probable demasculinisation of male sheep exposed to 

sewage sludge causes a modification in exploratory behaviour, compared to control animals 

(Erhard and Rhind 2004). The chemical or chemicals that are causing these effects are not 

known but the fact that this kind of fertilizer is used on agricultural land makes means that 

humans, may be at risk as well. 
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