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Abstract  

The association between exposure to perfluoroalkyl substances in drinking water and 

osteoporotic fractures – a cohort from Ronneby, Sweden. 

Degree project, Programme in medicine, 2021, Gothenburg, Sweden.  

By Emelie Hansson, supervised by Huiqi Li.  

Department of Occupational and Environmental Medicine.  

Background: For nearly 30 years, a waterworks in Ronneby, Sweden, unknowingly supplied 

drinking water contaminated with perfluoroalkyl substances (PFASs). These chemicals are 

still used in countless products, despite no natural degradation and a worldwide pollution. 

Amongst emerging evidence on adverse health effects are decreased bone mineral density 

(BMD). Fractures caused by low BMD are a growing problem, with a disease burden ranked 

higher than that of ischemic stroke.  

     Aim and methods: This study aimed to provide an overall estimation of the association 

between the PFASs exposure in Ronneby and the risk of major osteoporotic fractures 

(MOFs), defined as fractures located in vertebrae, proximal humerus, distal forearm, or hip. 

Secondarily, all fractures were considered. With exposure assessment based on yearly 

residence during 1985-2013, and data on age, gender, education, and fractures registered in 

the Swedish National Patient Register, survival analyses were performed.  

     Results: This registry cohort included 61,058 individuals. Amongst the 9,806 individuals 

classified as exposed, the risk of both MOFs and other fractures increased (hazard ratio 1.13 
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and 1.08 with 95% confidence interval 1.05-1.21 and 1.03-1.13 respectively). These results 

were consistent throughout most subgroup analyses; adjusting for educational level (only 

MOFs), men, individuals aged 50 years or more (only MOFs), individuals aged 49 years or 

less (only all fractures), later study period 2001-2013, proximal humeral fractures, distal 

forearm fractures, and hip fractures.  

     Conclusions: This study is, to our knowledge, the first to associate PFASs exposure to 

increased fracture risk, and it may warrant an offer of follow-up to the PFASs exposed 

individuals of Ronneby. Furthermore, it supports a more extensive restriction of PFASs use.  

 

Key words: Perfluoroalkyl substances, osteoporotic fractures, Ronneby, drinking water.    
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Background 

Introduction 

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are persistent and globally spread 

pollutants (1). Among many other adverse health effects (2), these substances have been 

suggested to weaken bone (3-8). Weak bones are a growing problem, and the burden of 

osteoporotic fractures has been ranked higher than that of ischemic stroke and chronic 

obstructive pulmonary disease (COPD) (9). 

     In this paper, the possible association between PFASs and osteoporotic fractures will be 

investigated by following the residents of Ronneby, Sweden, of which some have been 

exposed to extremely high levels of PFASs through drinking water (10).  

     The first section of this background covers a brief description of osteoporosis, which is the 

most common bone disease, its risk factors, and consequences. The middle section of this 

background introduces PFASs and examines previous research on their association to bone 

health. The third and last section of this background overviews the PFASs exposure in 

Ronneby.  

Osteoporosis 

What is osteoporosis? 

In the early 90’s, osteoporosis was described to impair bone microarchitecture and lower bone 

mass throughout the whole skeleton, thus weakening the bone (11). In clinics, the strength of 
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a bone is often estimated by bone mineral density (BMD), however, this measurement only 

explains 60-70% of bone strength variability (12). Even so, the World Health Organisation’s 

(WHO) diagnostic definition for osteoporosis is solely based on BMD; at least 2.5 standard 

deviations below that of the average young adult (13, 14).  

Risk factors for low BMD and fractures  

BMD varies with age and gender. The peak bone mass (PBM), reached in young adulthood, 

sets a starting point for the inevitable age-associated BMD-loss (15, 16). Women generally 

never reach as high PBM as men (15), and the years of menopause entails an accelerated loss, 

resulting in an overall greater loss of BMD compared to men (16). An early menopause and 

longer life may lead to even lower BMD, though an early menarche and high PBM may 

counteract (15, 17).  

     50-80% of PBM is explained by genetics, but several risk factors for low BMD are 

avoidable, for example low physical activity and smoking (15).  

     Many of the risk factors for low BMD are also independent risk factors for fractures 

(emphasising that BMD alone does not equal bone strength), and several risk factors have 

been exclusively identified for fractures; for example earlier fractures and fall tendency (17).   

     Additionally, there are numerous diseases and drugs that may lead to low BMD and 

increased fracture risk; overall categories include drug therapies (most commonly 

glucocorticoids), endocrine disorders (involving cortisol, growth hormone, sex hormones, 

insulin, thyroid and parathyroid hormone), malabsorption, immobilization, inflammatory, 

hematologic, and renal diseases (15, 18).   
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The burden of osteoporotic fractures 

Many fracture sites are attributable to osteoporosis (19). Indeed, BMD is inversely related to 

fracture frequency (17) and low BMD increases the risk of fracture at most skeletal sites (20), 

no matter degree of trauma (21). However, an osteoporotic fracture should also be 

increasingly common with age, and its presence should increase the risk of another 

osteoporotic fracture (22). Nevertheless, the major burden of these osteoporotic fractures, 

accountable for 51% of total incidence and 98% of the total cost, may be ascribed only four 

fracture sites: vertebrae, proximal humerus, distal forearm and hip (9). These are often 

referred to as the major osteoporotic fractures (MOFs), and the same reference is made in this 

paper. 

     In Sweden, people face one of the highest risks of osteoporotic fractures in the world (23, 

24). After 50 years of age, 46.3% of women and 28.7% of men will incur a MOF; well 

comparable to the risk of cardiovascular disease (29% for women and 38% for men). In the 

same age group, the prevalence of osteoporosis is 22.5% of women and 6.9% of men (9). 

      While osteoporosis in itself may go by unnoticed, the fractures caused by the disease may 

have a substantial and long-term health impact. Vertebral fractures in elderly are related to 

pain and lesser life quality (17). Many who fractured a hip suffer from long-term reduction in 

life quality and functional abilities (17, 25). Furthermore, hip fractures entail a substantial 

mortality; 7.7% in 30 days and 26% in one year (26). 

     Osteoporotic fractures accounted for almost 2% of all healthcare costs in Sweden in 2003 

(17), however, osteoporosis is underdiagnosed and undertreated (9, 27, 28). A recent study 

from Gothenburg, Sweden, found that only 22% of women, aged 75-80 years and eligible for 
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treatment, reported receiving any form of treatment (28). Moreover, it has been estimated that 

the cost of these drugs represents merely 2% of the osteoporosis economic burden (27). 

Per- and polyfluoroalkyl substances (PFASs) 

What are PFASs? 

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are non-aromatic hydrocarbons in 

which all or some hydrogen atoms, respectively, are replaced with fluorine atoms, creating a 

perfluoroalkyl substituent: CnF2n+1 (29). In this paper, all specific PFASs mentioned are 

perfluoroalkyls. Over decades, humans have developed thousands of PFASs, exploiting their 

stability and ability to amongst other things lower surface tension and persist water, fat, fire, 

and heat. Today PFASs are found in most industries, and some recognisable usage categories 

include plastics, textiles, paint, pesticides, fire-fighting-foam, electronics, cars, medical 

utensils, pharmaceuticals, cosmetics, non-stick kitchenware and sport articles (30).   

PFAS contamination 

Due to the stability of the fluorinated carbons in PFASs, nature and its inhabitants cannot 

fully degrade the molecules (31-33). Around the world, these molecules have been detected in 

the air, soil, animals, and humans (34-38). For humans without elevated exposure through 

work or drinking water, food is considered the main way of exposure. Other significant 

sources may be drinking water, indoor dust and air, and products like impregnation spray, 

treated textiles and food packaging (39, 40). Olsen et al. estimated the half-lives of three 

different PFASs in human blood; perfluorooctanesulfonate (PFOS), perfluorohexanesulfonate 

(PFHxS) and perfluorooctanoate (PFOA). Following 26 occupationally exposed pensioneers 
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for an average of five years, the mean serum half-lives were 4.8 years for PFOS, 7.8 years for 

PFHxS and 3.8 years for PFOA (41). Shorter half-lives of the same three PFASs were 

estimated in the population of Ronneby, Sweden, exposed through drinking waters; 3.4 years 

for PFOS, 5.3 years for PFHxS and 2.7 years for PFOA (10).  

     PFOS and PFOA, the two most detected PFASs, are today included in the Stockholm 

Convention on Persistent Organic Pollutants (POPs). This means that these chemicals are 

classified as bioaccumulative, biomagnifying, spread globally and far from their origin, and 

posing serious health risks to animals and humans. Furthermore and accordingly, these 

chemicals are under elimination and tight restrictions (1). 

PFAS and human health 

A great number of studies have been conducted to investigate PFASs effects on human health. 

Most of them are limited to a few numbers of PFASs. The results, however, are mostly 

insufficient and rather controversial.  

     The first longitudinal studies on a large highly PFAS-exposed population originated from 

the C8 health project (C8 referring to the eight carbons in PFOA), which was created with the 

purpose to assess the probability of the exposure contributing to adverse health outcomes. 

Epidemiologic data from 69,000 residents suggested an association between PFOA-exposure 

and hypercholesterolemia, thyroid disease, ulcerative colitis, preeclampsia, testicular cancer, 

and kidney cancer (42-46).  

     In 2020, this field of study was overlooked by the European Food Safety Authority 

(EFSA) Panel on Contaminants in the Food Chain. First and foremost, a new, lower, tolerable 

weekly intake (TWI) was set based on growing evidence for decreased effect of vaccination, 
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even with relatively low (though still high) blood levels of PFASs. Second, it was concluded 

that most evidence is found for the association between exposure to PFOS, PFOA and 

perfluorononanoic acid (PFNA) and increased blood cholesterol. However, higher risk of 

cardiovascular disease has been reported but also contradicted. Third, PFASs are also 

associated with mildly increased blood levels of the liver enzyme alanine transferase (ALT), 

but no association with liver disease has been found. Fourth and last, much research has 

focused on fertility and birth outcomes, yet only a slight decrease in birth weight in relation to 

PFOS and PFOA seems to be recurrent (2).  

     The International Agency for Research on Cancer (IARC) has classified PFOA as possibly 

carcinogenic (47). 

PFAS and bone health 

PFASs have been found in human bone tissue (48) and several epidemiological studies 

suggest a negative impact on bone health (3-8).  

     Among the first and still only large-scale studies on humans are two cross sectional studies 

with populations (n=2339 and 1914) derived from the U.S. National Health and Nutrition 

Examination Survey (NHANES), representing the average American. In the first of these two 

studies, the only significant association was limited to PFOA and decreased BMD in lumbar 

spine in premenopausal women (3). Confusingly, the same specific association was not found 

in the later of the two studies, though multiple other associations were found between PFOS, 

PFNA and PFOA and lower BMD at different sites. Additionally, PFOA, PFHxS and PFNA 

associated with osteoporosis (4).  
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     A recent case-control study estimated higher odds of being diagnosed with osteoporosis if 

higher blood levels of perfluoroundecanoic acid (PFUnDA), PFOA, PFNA, PFOS and PFHxS 

(5).   

     Cohort studies are scarce. Jeddy et al. demonstrated that 275 seventeen-year-old girls who 

had higher prenatal exposure to PFOS and PFNA also had lower BMD, but as for PFOA and 

PFHxS, the evidence was week (6). In a subsequent study, repeated measurement of BMD in 

175 adults during a weight-loss-trial, presented a faster BMD-loss in total hip associated to 

PFOS, PFNA and perfluorodecanoic acid (PFDA) (7).     

     While most studies have focused on normal PFAS-exposure, one cross sectional pilot 

study from the Vento region in Italy compared 55 highly exposed men with 62 non-exposed 

men (all aged 18-21 years). Not having access to neither PFASs blood levels nor Dual-energy 

X-ray absorptiometry (DXA), the results were based on residential site since birth and 

quantitative ultrasound (QUS). However, the results lay in line with others: the men exposed 

to PFASs had significantly lower stiffness index (correlating with BMD) and more had 

medium to high risk of fracture (8).    

     Still, the evidence for the association between PFASs and impaired bone health remains 

scarce and wanting (2), and greater cohort studies have, to our knowledge, not been executed.  

The Ronneby cohort 

One third of households in Ronneby, a municipality in Sweden with around 29,000 

inhabitants, were supplied with water contaminated by PFASs during almost 30 years. The 
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PFASs originated from fire-fighting-foam used in exercises at the military and civil airport 

located near one of the two waterworks in Ronneby (10).  

     PFASs are found in waters across Sweden, including drinking waters (49-51). In the non-

contaminated waterworks in Ronneby, PFOS had the highest level of PFASs at 27 ng/L. The 

Swedish Food Agency recommend acting at 90 ng/L (52). PFOS levels from the contaminated 

waterworks in Ronneby were at 8,000 ng/L. Other PFASs above the recommended level of 

action were PFHxS, perfluorohexanoic acid (PFHxA), perfluorobutane sulfonic acid (PFBS) 

and PFOA. When the drinking water contamination in Ronneby was discovered in 2013, 

water from the non-exposed waterworks was immediately redirected to supply all in Ronneby 

(10). Six to 24 months later over 3000 blood samples were collected from the residents of 

Ronneby, this was compared with 226 residents from the nearby municipality Karlshamn with 

non-contaminated water. The average Ronneby resident had PFHxS blood levels 135 times 

higher than the average Karlshamn resident. Corresponding numbers for PFOS and PFOA 

were 35 and 4.5 respectively (53).  

     The unfortunate water contamination in Ronneby became a grand natural experiment. The 

long duration, high levels, and rather unique composition of PFASs enables and encourages 

extensive research.  
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Aim   

With the hypothesis that high exposure to PFASs through contaminated drinking water may 

increase the risk of low BMD, osteoporosis and fractures, this study set out to give a first and 

overall estimation of the association between the PFASs exposure in Ronneby and the risk of 

osteoporotic fractures. Thus, the primary objective of this study is to assess whether the 

PFASs-exposed population of Ronneby, compared to the non-exposed population of 

Ronneby, had a higher risk of incurring a major osteoporotic fracture (MOF); defined as a 

fracture located in vertebrae, proximal humerus, distal forearm or hip. As a secondary 

objective, all fractures were considered.  
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Material and methods 

Population  

The study population originated from the dynamic Ronneby cohort. Anyone registered as a 

resident of Ronneby (data provided by Statistics Sweden) for one continuous year during the 

study period was included. The study period was set between 1985 and 2013, corresponding 

to the years of assumed drinking water contamination. No PFASs-measurements were made 

in the drinking waters before the discovery and water-redirection in 2013, but contamination 

was assumed at earliest when fire-fighting-foam containing these chemicals was introduced, 

around 1985. A person could enter the study in whichever year moving to Ronneby, when 

being born in Ronneby, or at start of study, if living in Ronneby at the time. However, if 

having a registered outcome (see below) prior to study-enter, this person was excluded. Each 

person was followed until the time of an outcome, emigration from Sweden (since any 

outcome would not be detected), death, or end of study.  

Variables 

PFASs exposure  

The municipality water company provided data on water supply from both waterworks 

throughout the years, linking this to a person’s residential data his exposure was assessed. 

Being registered at an address provided by the non-contaminated waterworks, but never at an 

address provided by the contaminated waterworks, a person was classified never-high. Being 

registered at an address provided by the contaminated waterworks, a person was classified 
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ever-high. Thus, if moving within Ronneby, a person could transfer from never-high to ever-

high. However, a person could never transfer from ever-high to never-high. Previous 

analysing of blood samples from the cohort population confirms that indeed the serum levels 

of PFASs are higher amongst those classified ever-high compared to never-high. However, 

there was also an increase in PFASs serum levels in those classified never-high compared to a 

control group in the neighbouring municipality (53); although registered at one address, a 

considerable amount of water intake may originate from another address.  

Covariates  

Statistics Sweden provided information on gender and age. After 1990, information on 

highest educational level was also available, and 81 % of the population could therefore be 

associated with less than ten years, ten to twelve years, or more than twelve years of 

education. Educational level is thought to correlate with risk factors such as smoking (54, 55). 

A person was classified according to his highest registered education throughout his whole 

life, even at birth.   

Outcome  

The primary outcome was defined as being diagnosed with a MOF, which in turn was defined 

as a fracture located in vertebrae, proximal humerus, distal forearm or hip. As a secondary 

outcome, all fractures (except teeth fractures) were considered. The National Board of Health 

and Welfare (Socialstyrelsen) provided data on diagnoses from the two following national 

registers: 1) The Swedish national patient register was founded in 1964 and contains data on 

all patients admitted to any public hospitals in Sweden since 1987. Blekinge Region 

(including Ronneby municipality) have full coverage since 1984. Outpatient doctor visits at 
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hospital (public and private) are included since 2001. 2) The cause-of-death register contains 

data on death cause for all registered in Sweden since 1961. Both primary and secondary 

causes of death were considered, as well as primary and secondary diagnoses at hospital visit. 

Diagnoses were defined according to the International Statistical Classification of Diseases 

and Related Health Problems (ICD), and the relevant codes extracted are displayed in Table 1.    

Table 1.          

ICD codes used for defining outcome.  

    ICD-10 (1997-) ICD-9 (1987-1996) ICD-8 (1969-1986) 

Primary 

outcome 

Vertebral 

fracture 

S120, S121, S122, 

S127, S220, S221, 

S320 

 

805A-F, 806A-F 8050, 8051, 8052, 

8053, 8059, 8060, 

8061, 8062, 8063, 

8069    

  Proximal humeral 

fracture 

S422 812A, 812B 8120, 8129 

  Distal forearm 

fracture 

S525, S526 813E, 813F 8130, 8131, 8134, 

8135, 8139 

  Hip fracture S720, S721, S722 820A-D, 820W, 820X 8200, 8201, 8209 

Secondary 

outcome 

All fractures 

(except teeth 

fracture) 

S02 (except S025, 

S0251), S12, S22, 

S32, S42, S52, 

S62, S72, S82, S92 

800-829 800-829 

ICD: International Statistical Classification of Diseases and Related Health Problems. 

Statistical methods   

To assess the association between PFASs-exposure and outcome, a survival analysis was 

conducted using the Cox proportional hazards model. Exposure-group (never-high or ever-

high), gender (male or female) and age (in years) were used as independent variables for all 

analyses. The proportional hazard assumption was tested by allowing the effect of the 

independent variables to be time varying. Although the hazard ratio between exposure-groups 
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were very similar between models, gender and age had a significant time varying effect for 

most sub-analyses, and for this reason the model was extended with age and gender as a time 

varying covariates for all analyses.  

     Subgroup and sensitivity analyses included separate analysis for each MOF, separate 

analyses for men and women, separate analysis for people aged 49 years or less and 50 years 

or more, separate analysis from 1985-2000 and 2001-2013 (based on when the Swedish 

national patient register included out-patients), and including highest educational level as an 

independent variable.  

     All statistical analyses were performed in Stata/SE 16. Statistical significance refers to 

P<0.05 (two-tailed).  
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Ethics 

The main application for ethical approval of the Ronneby Registry Cohort was approved by 

the Ethical Review Agency in 2014, and the application for amendment including diagnoses 

of fractures and osteoporosis was approved in 2021-03-01.  

     No individual could be identified. Names and personal ID-numbers were replaced with 

simple numbers, and the key-file was inaccessible for the project.  
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Results 

After excluding those with a registered MOF prior to entering the study, 61,058 people are 

included. Most of the study population (84%) is classified never-high at study-exit (see Table 

2). People entered the study at all ages, though most common were the years of twenty and 

before one year of age (Figure 1). About half of the study population were born after 1963, 

thus they could not reach 50 years of age before the end of the study. 

Table 2.       

Number of men and women, divided by exposure-group, at study exit.    

 
Men, n (%)               Women, n (%)                  Total, n (%) 

Never-high 27,057 (84.2) 24,195 (83.7) 51,252 (83.9) 

Ever-high 5,083 (15.8) 4,723 (16.3) 9,806 (16.1) 

Total 32,140 (100.0) 28,918 (100.0) 61,058 (100.0) 
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     Out of the 4,307 people registered with a MOF, 1,115 had not reached 50 years of age at 

the time, and 70% of these fractures were located in distal forearm. Amongst the remaining 

fractures, registered in people aged 50 years or more, 51% were hip fractures. More detailed 

frequencies of first MOFs, divided by age-group, are shown in Figure 2.  

 

     The average yearly prevalence of MOFs approximately doubles from the first period of 

1985-2000 to the second period of 2001-2013 (see Figure 3), reflecting the inclusion of out-

patients from 2001. The ever-high group have a slightly higher total average compared to the 

never-high group (0.38% versus 0.37%), despite having a lower average during the first 

period. During the first period, hip fractures are the most registered MOF (66%), and during 

the second period, distal forearm fractures are the most registered MOF (48%).  
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     The incidence of MOFs per 1,000 person-years (1,000 person-years can be attained by 

following 1,000 persons for one year, or 500 persons for two years, and so forth) is visualized 

in Figure 4 and Figure 5. In all age-groups except 0-9 and 30-39 years, the MOF-incidence 

rate is higher in the ever-high group compared to the never-high group (Figure 4). The 

incidence in the 100-109 years age-group is not included in Figure 4 since there were only 

five and two registered first MOFs in the never-high and ever-high group respectively. The 

overall incidence rate of MOFs is generally higher among women compared to men (Figure 

5). Higher rates are observed amongst ever-high men compared to never-high men, but the 

same difference is not present amongst women. 
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     In Table 3, the results of the survival analysis for the primary and secondary outcome are 

displayed together with sensitivity analyses. The hazard ratio (HR) of never-high to ever-high 

is 1.13 (95% confidence interval (CI); 1.05-1.21) and 1.08 (95% CI; 1.03-1.13) for the 

primary and secondary outcome, respectively. The results remain very similar when including 

highest educational level into the model, and the hazard ratios remain above one in all 

sensitivity analyses, except for the separate analysis of study period 1985-2000 for secondary 

outcome (HR; 0.99, CI; 0.89-1.09). However, the sensitivity analyses separating women, 

study period 1985-2000, people aged 49 years or less (for primary outcome) and people aged 

50 years or more (for secondary outcome) generated no results with statistical significance.  

     Table 4 presents the results of the survival analyses for each separate MOF. No significant 

results were found for vertebral fractures, meanwhile, the hazard ratios of never-high to ever-

high are higher for fractures in proximal humerus and distal forearm compared to all MOF 

and hip fractures.   
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Table 3.  
   

  
   

Results of survival analyses for primary (MOFa) and secondary (all fractures) outcome, and 

sensitivity analyses, using Cox proportional hazards model. All models are adjusted for and extended 

with age and gender as time varying covariates.  

 
 MOFa All fractures 

  n HRb [95% CIc] p  n HRb [95% CIc] p 

Total population and study period 

   Never-high 3,228 1 - -  7,037 1 - - 

   Ever-high 1,079 1.13 [1.05 - 1.21] 0.001  2,352 1.08 [1.03 - 1.13] 0.002 

Adjusted for highest educational level 

   Never-high 2,314 1 - -  5,693 1 - - 

   Ever-high 842 1.11 [1.02 - 1.20] 0.014  1.977 1.03 [0.98 - 1.09] 0.197 

Men 

   Never-high 1,134 1 - -  3,348 1 - - 

   Ever-high 434 1.29 [1.15 - 1.44] < 0.001  1,208 1.15 [1.08 - 1.23] < 0.001 

Women 

   Never-high 2,094 1 - -  3,689 1 - - 

   Ever-high 645 1.05 [0.96 - 1.14] 0.325  1,144 1.01 [0.94 - 1.08] 0.816 

Aged 50 years or more 

   Never-high 2,422 1 - -  3,823 1 - - 

   Ever-high 770 1.13 [1.05 - 1.23] 0.002  1,144 1.04 [0.98 - 1.11] 0.217 

Aged 49 years or less 

   Never-high 806 1 - -  3,214 1 - - 

   Ever-high 309 1.10 [0.97 - 1.26] 0.150  1,208 1.09 [1.02 - 1.17] 0.010 

Study period 1985-2000 

   Never-high 1,143 1 - -  2,063 1 - - 

   Ever-high 270 1.02 [0.89 - 1.16] 0.821  498 0.99 [0.89 - 1.09] 0.794 

Study period 2001-2013 

   Never-high 2,085 1 - -  4,974 1 - - 

   Ever-high 809 1.20 [1.11 - 1.30] < 0.001  1,854 1.11 [1.06 - 1.17] < 0.001 

a Major osteoporotic fracture: defined as a fracture located in vertebrae, proximal humerus, distal 

forearm or hip.  
b Hazard ratio.  
c Confidence interval.   
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Table 4.       
Incidence rates and results of survival analysis of the primary 

outcome, defined as first registered MOFa, and each separate MOFa. 

The Cox proportional hazards model used was adjusted for and 

extended with age and gender as time varying covariates.  

    N 

Incidence 

rateb HRc [95% CIc] p 

MOFa 

   Never-high 3,228 3.76 1 - - 

   Ever-high 1,079 4.13 1.13 [1.05 - 1.21] 0.001 

Vertebral fracture 

   Never-high 465 0.53 1 - - 

   Ever-high 134 0.50 0.98 [0.81 - 1.19] 0.851 

Proximal humeral fracture 

   Never-high 465 0.53 1 - - 

   Ever-high 190 0.71 1.32 [1.12 - 1.57] 0.001 

Distal forearm fracture 

   Never-high 1,182 1.35 1 - - 

   Ever-high 464 1.75 1.18 [1.06 - 1.32] 0.003 

Hip fracture 

   Never-high 1,492 1.71 1 - - 

   Ever-high 439 1.65 1.12 [1.01 - 1.25] 0.038 

a Major osteoporotic fracture: defined as a fracture located in 

vertebrae, proximal humerus, distal forearm or hip.  
b Incidence per 1,000 person-years.  
c Hazard ratio.  
d Confidence interval.  
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Discussion  

In this study, it was hypothesized that exposure to PFASs through contaminated drinking 

water could increase the risk of incurring a MOF, defined as a fracture located in vertebrae, 

proximal humerus, distal forearm or hip. Comparing the time-to-event of 9,806 exposed 

residents of Ronneby, Sweden, to 51,252 non-exposed residents of the same municipality, 

demonstrated an increased risk of 13%. Similarly, the increased risk for any fracture was 8%. 

The increased risks observed in this study, remained through all sensitivity analyses but two 

(separating vertebral fractures and all fractures during 1985-2000), and most yielded a 

statistically significant result. In the four following sections, some interesting non-significant 

results will be discussed.  

     While the increased risk for MOFs and other fractures in the exposed population was even 

higher during 2001-2013, there was no significant difference in risk during 1985-2000. This is 

partially expected due to the uncertainty in when and how fast the levels of PFASs started 

rising in the drinking water and the exposed population. Therefore, an unknown proportion of 

the ever-high group may have no or very little increase in actual PFASs exposure. 

Furthermore, it is possible that the levels of PFASs during this period are simply too low to 

generate a substantial impact on fracture risk. Previous blood sampling from the population 

evidence that levels of PFASs were lower in those exposed during the earlier period compared 

to the later period (53). Another fact to consider is the lack of out-patient data during the first 

period. Considering the primary outcome, this resulted in a high proportion of hip fractures, 

and because most hip fractures occurred in the elderly population (see Figure 2), a low BMD 

may be assumed. Therefore, it may be further assumed that even without eventual impact of 
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PFASs, these hip fractures were likely to occur. However, when analysing hip fractures 

separately, a statistically significant increased hazard was observed amongst ever-high (HR 

1.12, 95% CI 1.01-1.25). Considering any other fracture, admission to hospital could indicate 

a greater trauma or multi-disease. In the first case, it may again be assumed that the fracture 

was likely to occur regardless of eventual PFASs impact, however, the same assumption may 

not apply for the second case.    

     Separating the analysis for men and women revealed a surprising result; a higher increase 

in risk for MOF and other fractures for exposed men, while a lower or even non-existing 

increase in risk for women. Because interaction with sex hormones is a very plausible 

mechanism for PFASs (56-58), this could result in different hazards for men and women. In 

addition, blood samples from the Ronneby population show generally lower levels and faster 

elimination of PFASs in women compared to men (10), another study suggest this is only 

partially due to loss through menstruation (59). However, previous studies have found 

associations to impaired bone health in both men (8) and women (6), some have found no 

difference between genders (7) and some even suggest a larger impact on women (3, 4).    

     Incongruously, the increased risk for a MOF only reached significance in the exposed 

population aged 50 years or more, but as for the increased risk for any fracture, significance 

was only reached in the exposed population aged 49 years or less. It is possible that the 

association between PFASs exposure and bone health varies depending on age and BMD. For 

example, a child’s immature bones may be more susceptible to PFASs compared to an adult’s 

mature bones, and the effect of PFASs may be more crucial on fracture outcome at a certain 

BMD.  
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     Analysing each MOF separately revealed an equal risk for vertebral fractures between 

exposure groups, indicating no association. Unlike the other MOFs, vertebral fractures can be 

asymptomatic and are sometimes detected incidentally, they can also be difficult to detect and 

there is a considerable underdiagnosis of vertebral fractures (60). Nevertheless, a study of the 

Swedish national patient register reported the vertebral fractures in Sweden between 1997 and 

2001; the incidence dramatically increased after seventy years of age and the most common 

cause in this age group was falls in the same level (61). Thus, despite being underdiagnosed, 

the vertebral fractures registered in the Swedish national patient register are mostly good 

indicators of a poor bone health. In conclusion, it remains a question why PFASs exposure 

and vertebral fractures was not associated in this study.  

     Possible mechanism for the association between PFASs and bone health revolve around 

the endocrine disrupting abilities of PFASs (56-58) and their direct effect on bone cells (48, 

62). As mentioned in the background section, an association with thyroid disease have been 

suggested (43), and untreated hyperthyroidism or overtreated hypothyroidism could induce 

osteoporosis (18). Moreover, PFASs are suggested to interfere with receptors of both 

oestrogens and androgens (56), and two cross-sectional studies demonstrated associations to 

decreased sex hormone promoting low BMD (15, 17, 18). PFASs may also inhibit vitamin D 

receptors, leading to an impaired tissue mineralization (62). Finally, enhanced osteoclast 

resorption has been observed at low levels of PFASs, however, at high levels resorption was 

non-existent (48). 
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     This study stands out from previous research in the field of PFASs and bone health. It is, to 

our knowledge, the only prospective longitudinal study in large scale, and the only large-scale 

study on a highly exposed population. However, while most previous studies have measured 

the PFASs-levels of their participants (3-7), the exposure assessment of the current study 

remains its greatest weakness (see below). Moreover, earlier studies have investigated the 

association between PFASs and BMD (3-7), or as for one case, QUS which correlates with 

BMD (8). This allows for detection of smaller impact without consideration of actual BMD, a 

substantial advantage when studying a population with low PFASs exposure. Furthermore, by 

examining BMD one does not need consider the extra risk factors exclusive for fractures. On 

the other hand, BMD have no clinical significance if not for its inverse relation to fractures. 

Additionally, in the current study, setting fractures as the outcome was crucial to its great 

magnitude since it allowed for a register cohort design. With several national registers and 

waterworks supply data this study was able to look back in time and include anyone ever 

registered in Ronneby during a time of assumed exposure. 

     The present study should make an important contribution to the previously rather poor 

evidence on the association between PFASs and bone health, nevertheless, many questions 

remain. Certainly, the specific association between PFASs and fractures needs further 

support, ideally, from other populations around the world with various degree of exposure, 

using exact PFASs levels in serum, and with consideration to potential risk factors for 

fractures. Future studies should include both genders and compare them, to bring clarity to 

eventual gender-specific differences. Another interesting matter is whether the association 

between PFASs and bone health varies depending on age, BMD, or skeletal site. The 

Ronneby population could favourably be further followed regarding both osteoporotic 
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fractures and BMD. In addition, because even the never-high group had more than average 

PFASs exposure (53), it should be interesting to compare these results with an average-

exposed control group (for example from a neighbouring municipality).  

Strengths and weaknesses  

The PFASs contamination in Ronneby is a unique situation due to the unusual composition 

and extremely high levels, thereto, a great number of people can be assumed exposed.  

     One of the greatest weaknesses of this study is the exposure assessment. Because actual 

measurements of PFASs in the population or their drinking water does not exist before 2013, 

the assessment is restricted to data on residence and waterworks supply. As previously 

mentioned, a considerable amount of water intake may originate from another address, and it 

is unknown when exposure rose to significant levels. However, there is approximate 

information on when the fire-fighting-foam which was identified as the PFASs source began 

to be used. Moreover, the number of years of exposure varies considerably within the ever-

high group. This rough exposure assessment most likely led to an underestimation of the true 

increase in fracture risk.   

     The Swedish national patient register comprises around 90% correct diagnoses, and for hip 

fractures the accuracy is even greater (63), however, there are several limitations to this 

register affecting the current study. First and foremost, the lack of outpatient data before 2001 

make this study blind to many fractured patients who never need hospital admission. This 

applies to all MOFs except for hip fractures which on the contrary almost always are 

admitted, resulting in a high proportion of hip fractures amongst registered MOFs, especially 
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before 2001. Second, there is no information on any other risk factors beyond age and gender. 

However, because the only common denominator in the population is their Swedish 

citizenship and Ronneby residence, the exposure-groups should be rather randomized with 

similar risk factors. Supporting this is the sensitivity analysis without marked changes to the 

results despite adjusting for highest educational level; a factor expected to correlate with risk 

factors such as smoking (54, 55). Third and last, without information on BMD or trauma, 

fractures remain a somewhat flawed surrogate for bone health. To exemplify, a substantial 

number of MOFs occurred in children and young adults, in which a poor bone health is not a 

probable cause, however, the Cox proportional hazards model allowed for age-adjustment.  

     Being limited to registers may entail weaknesses to this study, however, it simultaneously 

enables its greatest strength; a prospective longitudinal design and large study-population, 

followed for an average of eighteen years, and censored only at emigration from Sweden, end 

of study, or death.  
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Conclusions and implications 

The objective of this study was an initial estimation of the risk for osteoporotic fractures in 

relation to the PFASs exposure in Ronneby, Sweden.  It can be concluded that the exposed 

population, in comparison to the non-exposed population, had an increased risk for both 

major osteoporotic fractures and other fractures. However, women and all age-categories did 

not reach statistical significance.  

     Because this natural experiment comprised a quite unique and very potent PFASs exposure 

in a finite area, there are limitations to this study’s generalization. However, to the exposed 

population of Ronneby, these results are very applicable indeed. Strategies to improve the 

situation for this population might include specifically directed information covering the 

present results, how to counteract decrease in BMD, what signs and symptoms could indicate 

low BMD, and where to get help. Furthermore, these results suggest a warrant for offering 

follow-up of the exposed individuals through BMD-measurements after a certain age. Finally, 

despite limited generalization, this study provides pressing evidence on yet another 

association between PFASs exposure and impaired human health and yet another reason to 

restrict the use of PFASs wherever possible.   
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Populärvetenskaplig sammanfattning på Svenska 

Exponering för högfluorerande ämnen genom dricksvatten och osteoporosfrakturer – 

en studie från Ronneby, Sverige.  

Examensarbete, Läkarprogrammet, 2021, Göteborg, Sverige.  

Av Emelie Hansson, handledd av Huiqi Li. 

Arbets- och miljömedicin.  

I Ronneby försågs en tredjedel av hushållen med dricksvatten som var förorenat med 

högfluorerande ämnen (PFASs) under nästan 30 år. Vid upptäckten år 2013 omfördelades 

vattnet snabbt, men befolkningen, även de som var bosatta i hushåll utan förorenat 

dricksvatten, hade redan förhöjda halter av PFASs i blodet. Vad är då PFASs, och är det 

farligt?  

     PFASs är kemikalier som har använts i mängder av produkter under årtionden, men 

eftersom de inte kan brytas ned har de ansamlats i miljön och dess invånare. I stora 

folkgrupper har man sett en ökad risk för förhöjda blodfetter, förhöjda levervärden, minskat 

vaccinationssvar och minskad födelsevikt. Forskning föreslår också en rad andra negativa 

hälsoeffekter, men bevisen är fortfarande svaga. Exempelvis har man sett en ökad risk för låg 

bentäthet och sjukdomen osteoporos (benskörhet). Frakturer orsakade av låg bentäthet 

(osteoporosfrakturer) är vanliga, särskilt i Sverige och bland äldre kvinnor, och de kan ha en 

betydande påverkan på den drabbades livskvalité. Höftfrakturer är särskilt allvarliga, de 

drabbar främst äldre och en fjärdedel dör inom ett år.  
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     I detta examensarbete gjordes en översiktlig undersökning om huruvida de som kan antas 

blivit utsatta för PFAS-förorenat dricksvatten i Ronneby hade en högre risk för 

osteoporosfrakturer och andra frakturer, i jämförelse med andra som bott i Ronneby under 

samma tidsperiod. Totalt jämfördes 9 806 exponerade med 51 252 andra som bott i Ronneby 

någon gång mellan 1985 och 2013. Det visade sig att de exponerade hade 13% högre risk för 

osteoporosfrakturer, och 8% högre risk för andra frakturer. Det är osäkert om det fanns en 

verklig riskökning hos kvinnorna, men eftersom jämförelsen i denna undersökning är väldigt 

grov, och den verkliga exponeringen är okänd, är det sannolikt att riskökningen är 

underskattad.  

     Med den här undersökningen skulle man kunna motivera att de som blivit utsatta för 

PFAS-exponering i Ronneby får särskilt riktad information om den riskökning för frakturer vi 

ser på gruppnivå samt om benskörhet. Vidare skulle man kunna föreslå att de exponerade 

erbjuds uppföljning med bentäthetsmätningar efter en viss ålder. Sett ur ett större perspektiv 

bidrar denna undersökning med viktiga bevis för sambandet mellan PFASs och påverkan på 

vårt skelett och därmed ges ytterligare en anledning att använda PFASs så restriktivt som 

möjligt. 
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