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Abstract: Introduction: Osteoporotic fracture is a major public health burden worldwide, causing
significant mortality and morbidity. Studies that have reported bone health in areas of high endemic
fluorosis have commonly reported adverse skeletal, as well as dental effects. Vanuatu, sited in the
Pacific, and never previously studied with regard to bone health, has six continuous degassing volca-
noes on separate islands, resulting in a natural experiment for an ecological study of relationships
between naturally occurring fluoride exposure and fracture incidence in paediatric populations.
Methods: This ecological study recruited 1026 lifetime residents of the rural Vanuatu islands. A
short questionnaire was administered detailing gender, age, and residential history. Participants
were asked if they had broken a bone and, if so, were asked to mark its location on a questionnaire
manikin. Dental fluorosis was assessed using Dean’s index. Community drinking-water samples
were sampled for fluoride concentration. Results: The measured water fluoride concentration and
recorded dental fluorosis displayed expected gradients from Aneityum (low) to Ambrym (high)
(p < 0.001). The age of participants studied varied from 7.8 (SD 1.2) in Aneityum to 10.6 (3.7) in
Lamap/Uliveo. The highest self-reported fracture rates were recorded in the area with medium
fluoride levels (Lamap/Uliveo), where 14.9% of boys and 15.6% of girls sampled reported a fracture.
In Ambrym, where the mean age of participants was similar, corresponding fracture rates were 4.5%
and 2.6%. (p value for differences all < 0.05). Conclusions: Reports of fractures were common in
children living in Vanuatu, but demonstrably higher in Lamap, the region with medium fluoride
concentrations, rather than Ambrym which had very high rates of naturally occurring fluoride levels.
Longer term studies that report validated fracture after peak bone mass acquisition are required.
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1. Introduction

Osteoporotic fracture is a major public health burden worldwide, causing very sig-
nificant mortality and morbidity [1]. Ethnicity is known to be a significant factor in the
determination of fracture risk, and where data are available, Pacific populations appear
relatively protected against osteoporosis and osteoporotic fracture, relative to Caucasian
populations [2]. While the impact on bone health of exposure to high fluoride concentra-
tions through community water fluoridation programmes has been controversial, studies
that have reported bone health in areas of high endemic fluorosis have commonly reported
adverse skeletal, as well as dental effects [3–14]. Most of these studies have been conducted
in India, Turkey, Saudi Arabia and Iran, with the first reports from skeletons excavated
following the Vesuvius eruption in 79AD [15].
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While naturally high fluoride concentrations are most often associated with groundwa-
ter provinces [16], volcanoes may also be significant sources of fluorine. Fluorine is emitted
as gaseous hydrogen fluoride (HF) both during and between eruptions. HF contaminates
downwind areas through both wet and dry deposition and can also adsorb into volcanic
ash particles in explosive volcanic eruptions. Here, it can react with mineral surfaces
to form readily soluble forms of fluorine such as sodium fluoride, and poorly soluble
forms such as calcium fluoride and aluminium fluoride [17]. Areas of persistent volcanic
degassing associated with high local fluoride contamination include Iceland, regions of
Italy, countries along the East African Rift zone and Vanuatu [18].

Vanuatu, sited in the southwest Pacific, has six active volcanoes on separate islands
from the north to the south of the island chain [19], monitored by the Vanuatu Meteorology
and Geo-hazards Department (www.vmgd.gov.vu, accessed on 27 July 2021). Ambrym
Island, located approximately in the centre of the archipelago, contains the most vigorously
degassing volcano on Earth [20]. In a volcanogenic setting, the environment is often
contaminated with unknown levels of fluoride with locally grown foods, accidental soil and
air ingestion likely methods of additional fluoride consumption [19]. However, community
drinking waters are considered to be the main source of fluoride intake [21].

Endemic skeletal fluorosis can have a wide variety of radiographic appearances,
including calcification and/or ossification of the attachments of soft-tissue structures to
thebones, osteosclerosis, osteopenia, growth lines and metaphyseal osteomalacic zones [22].
It has been suggested that very high fluoride intakes may be detrimental to bone health
through effects on the endocrine system (parathyroid and thyroid hormones), as well as
through direct uptake into the skeletal matrix where, although it may increase bone density,
it may also increase bone brittleness and hence fracture risk [23,24]. Most of the available
studies report findings in adults though some previous studies have reported observations
in children in India and Iran [3,12].

The aims of this study were therefore: (1) to report fracture rates among Pacific Island
children participating in a study of dental health in Vanuatu, a tropical archipelago in
Melanesia containing rural areas of varying endemic fluoride concentration, where no
previous fracture incidence data are currently available; and (2) relate fracture rates to
fluoride exposure in an ecological study design. We hypothesized that populations exposed
to very high rates of naturally occurring fluoride may display higher fracture rates.

2. Methods

This cross-sectional study recruited participants aged 4–17 years (n = 1026), lifetime
residents of rural islands: northwest Ambrym, southeast Malekula (including Avock
Island), Uliveo Island in the Maskelyne Islands Group and Aneityum Island. Schools were
selected to represent differing fluoride-exposure distances from the active volcanic cones
of Benbow and Marum on Ambrym Island and the known high-fluoride contamination
of the local environment [19]. Children who were not currently enrolled in school were
also included. Children in this study who were from villages in northwest Ambrym, were
closest to the volcanic activity of Benbow and Marum, which were located in the centre of
the island, up to 20 km away. Children at school on Uliveo Island were 41 km downwind (of
the prevailing southeasterly trade winds) from Ambrym’s active volcanic vents. Children
who attended schools on the southeast coast of Malekula Island, in Lamap Village and
Namaru School on Avock Island were 37–45 km downwind from Ambrym’s active vents.
Children who participated from Aneityum Island, in the south of the archipelago, were
not influenced by the active volcanic vents of Ambrym, nor from the consistent volcanic
activity of Yasur on the neighbouring island of Tanna, 80 km to the north.

3. Clinical Assessment

Gender, age and village details were collected. Fluorosis severity was established
using Dean’s index applied to anterior teeth [25]. Dean’s Index (DI) describes the severity
of dental fluorosis on a numeric scale. Fluorosis is described as ‘questionable (1)’ if
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unclear; ‘very mild (2)’ and ‘mild (3)’ as white spot enamel lesions and streaks occur;
and ‘moderate (4)’ and ‘severe (5)’, as brown staining and pitting is observed on the
tooth surface. Examinations were conducted in classrooms with teachers present, by one
examiner, calibrated to an international standard for Dean’s index (fluorosis). Data was
paper recorded in the classroom at each school, then transferred to an Excel computer
spreadsheet in New Zealand. Questionnaires (translated into the national language of
Bislama) were used to ask participants if they had broken a bone, and if so were asked to
mark the location of the fracture on a questionnaire manikin. Fractures were then classified
according to site by two reviewers.

4. Fluoride Measurement

Community drinking-water samples were collected from schools and villages to
establish fluoride concentrations in local drinking water supplies. Water samples were
collected in clean, pre-rinsed plastic bottles and stored in a fridge. The samples were
transported back to New Zealand, imported with the necessary biosecurity permits, then
couriered directly to Hills Laboratories, Hamilton; an internationally accredited laboratory
(International Accreditation New Zealand). Fluoride concentrations were determined in
the water samples at the laboratory using direct measurements by ion selective electrode
methods (APHA Method 4500-F-C, 22nd edition 2012). The detection limit was 0.05 mg/L
F. Results were combined and an average determined for each area.

5. Statistical Methods

We performed statistical analyses using SPSS 26V software (available at: https://
www.ibm.com/uk-en/products/spss-statistics, accessed on 27 July 2021). Means and SDs
were calculated and t tests and ANOVA tests were used to test the differences in fluoride
levels and fracture rates between the populations studied.

6. Results

We surveyed 192 children (118 boys and 74 girls) in an area of low fluoride concen-
tration (Aneityum); 524 children (255 boys and 269 girls) in an area of medium fluoride
concentration (Lamap/Uliveo); 225 children (110 boys and 115 girls) in an area of high
fluoride exposure (Ambrym). The study areas are shown in Figure 1. Fluoride concentra-
tion levels detected in drinking-water samples collected had been previously reported [26],
with the lowest levels recorded on Aneityum Island. Samples from Lamap Village and
the southeast of Malekula Island had medium F concentrations while samples collected
from the northwest of Ambrym had the greatest range of variability, but also the highest
levels. Average F levels for each of the areas were as follows: Aneityum Island, 0.05 mg/L;
southeast Malekula, 0.27 mg/L; Uliveo, 0.66 mg/L; and northwest Ambrym, 1.20 mg/L.
Student’s t-tests showed that the differences in fluoride concentrations between areas were
highly significant (p < 0.001). Fluorosis status could not be determined in 15 children who
had very poor oral hygiene. Dental fluorosis incidence ranged from 0% in Aneityum, to
62% in Lolibulo village, Ambrym (Figure 2).

https://www.ibm.com/uk-en/products/spss-statistics
https://www.ibm.com/uk-en/products/spss-statistics
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Figure 1. (a) Study areas of Ambrym, Malekula and Maskelyne Islands, south of Malekula. (b) Study area of Aneityum 
Island. (c) Map of Vanuatu showing study areas and active volcanism. 

 
Figure 2. Dental fluorosis. 

6.1. Fracture Rates in Areas of Low, Medium and High Endemic Fluorosis 
The mean reported age of participants in each region is shown in Table 1. This dif-

fered by location, with similar ages for two locations: 10.3 (SD 3.1) years in boys and 10.6 
(3.7) years in girls in Lamap/Uliveo; and 9.53 (SD 3.0) years in boys and 10.2 (3.3) years in 
girls in Ambrym, but participants were younger at the third site. In Aneityum the mean 
age was 8.6 (SD 1.4) years in boys and 7.8 (SD 1.2) years in girls. 

Table 1. Ages of boys and girls surveyed at each site, with reported fracture incidence. 

 Aneityum (Low Fluoride) 
N = 192 

Lamap (Medium Fluoride) 
N = 524 

AMBRYM (High Fluoride) 
N = 225 

 Boys 
N = 118 

Girls 
N = 74 

Boys 
N = 255 

Girls 
N = 269 

Boys 
N = 110 

Girls 
N = 115 

Age (SD) years 8.61 (SD 1.44) 7.77 (1.15) 10.3 (3.13) 10.6 (3.73) 9.53 (3.03) 10.15 (3.32) 
Reported fracture 

rates (n, %, any 
site) 

6 
4.6% 

4 
5.4% 

38 
14.9% 

42 
15.6% 

5 
4.5% 

3 
2.6% 

p for difference < 0.05. 

The highest self-reported fracture rates were on Lamap/Uliveo, where 14.9% boys 
sampled and 15.6% girls sampled reported a fracture. By contrast, rates on the other two 
islands were similar. In Aneityum, the youngest cohort of this study, 4.6% boys and 5.4% 
girls reported a fracture; while in Ambrym, 4.5% boys and 2.6% reported a fracture (p for 
difference all < 0.05) 

Figure 1. (a) Study areas of Ambrym, Malekula and Maskelyne Islands, south of Malekula. (b) Study area of Aneityum
Island. (c) Map of Vanuatu showing study areas and active volcanism.
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6.1. Fracture Rates in Areas of Low, Medium and High Endemic Fluorosis

The mean reported age of participants in each region is shown in Table 1. This differed
by location, with similar ages for two locations: 10.3 (SD 3.1) years in boys and 10.6 (3.7)
years in girls in Lamap/Uliveo; and 9.53 (SD 3.0) years in boys and 10.2 (3.3) years in girls
in Ambrym, but participants were younger at the third site. In Aneityum the mean age
was 8.6 (SD 1.4) years in boys and 7.8 (SD 1.2) years in girls.

Table 1. Ages of boys and girls surveyed at each site, with reported fracture incidence.

Aneityum (Low Fluoride)
N = 192

Lamap (Medium Fluoride)
N = 524

AMBRYM (High Fluoride)
N = 225

Boys
N = 118

Girls
N = 74

Boys
N = 255

Girls
N = 269

Boys
N = 110

Girls
N = 115

Age (SD) years 8.61 (SD 1.44) 7.77 (1.15) 10.3 (3.13) 10.6 (3.73) 9.53 (3.03) 10.15 (3.32)

Reported
fracture rates

(n, %, any site)

6
4.6%

4
5.4%

38
14.9%

42
15.6%

5
4.5%

3
2.6%

p for difference < 0.05.
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The highest self-reported fracture rates were on Lamap/Uliveo, where 14.9% boys
sampled and 15.6% girls sampled reported a fracture. By contrast, rates on the other two
islands were similar. In Aneityum, the youngest cohort of this study, 4.6% boys and 5.4%
girls reported a fracture; while in Ambrym, 4.5% boys and 2.6% reported a fracture (p for
difference all <0.05).

6.2. Location of Fracture

Table 2 shows the self-reported fracture incidence by site, sex and location for all sites
surveyed combined. Overall, 98 fractures were reported in our cohort of 1026 children.
The vast majority of children reported only one fracture (data not shown). Although
missing data were common, with many children reporting that they had broken a bone
but failing to record the site (about 20%). The forearm was the most commonly affected
site reported, with approximately equal fracture rates for both boys and girls (26 boys and
31 girl of 57 children with recorded upper limb fractures). Fractures of the lower limb were
recorded in more boys than girls (10 boys and 8 girls, of 18 children with recorded lower
limb fractures).

Table 2. Fractures recorded by all participants (n = 1029) by recorded locations.

Boys Girls

Skull 1 (2%) 1 (2.0%)
UPPER LIMB (n = 57)

Humerus 1 (2%) 4 (8.2%)
Forearm 18 (36.7%) 15 (30.6%)

Wrist 6 (12.2%) 6 (12.2%)
Hand 1 (2%) 6 (12.2%)

LOWER LIMB (n = 18)
Pelvis 1 (2%) 1 (2%)
Patella 1 (2%) 0 (0%)

Lower leg 5 (10.2%) 3 (6.1%)
Ankle 3 (6.1%) 4 (8.2%)

Unspecified 12 (24.5%) 9 (18.4%)

7. Discussion

In this study we reported self-recorded fractures among children living on three
islands in Vanuatu with very different fluoride concentrations. Reports of fractures were
common in these children, but three times higher on Lamap, the region with medium
fluoride concentrations, rather than the area with very high rates of naturally occurring
fluoride levels. The ages of the children were different at the three sites, making accurate
comparison problematic, but the age difference between the area of very high and medium
fluoride level was not statistically different. Furthermore, while fractures are self- reported
in this study, it is not clear why reporting might be different on one island relative to
the others. Migration between islands is uncommon, and so island of study most likely
represents a good proxy of fluoride exposure. We therefore hypothesize that at this young
age other factors, specifically risk-taking behaviour and accidents, play a greater role in
fracture occurrence than fluoride incorporation into the skeleton. Longer-term studies are
now required and should report validated fractures after peak bone mass acquisition and
subsequently, and collect other relevant confounders such as the mechanism of fracture
and calculated dietary calcium intake.

In addition to the points raised above, there are of course many other limitations in this
study. Although hospital-validated records might be considered the gold standard in most
studies, this is not necessarily the case in Vanuatu. Few islanders have access to hospital
facilities, including radiography, with many needing to utilise traditional remedies [27].
Travel to the main hospitals on the islands of Efate and Santo Espiritu is not often affordable
for rural dwellers who rely on access to MOH medivac services in emergency situations [28].
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We therefore collected self-reported fractures and, as discussed above, do not believe that a
systematic reporting bias was present. Specifically, children completed the questionnaire
independently so we do not believe peer pressure or discussion would lead to reporting
bias. This study measured an estimate of fluoride delivered in community drinking waters
for this cohort of children, which is considered to be the largest intake of fluoride in a
community setting [21]. It is difficult to characterise F concentrations in drinking waters
given that (1) F in rainwater-fed samples varies widely, (2) that people obtain drinking
water from diverse sources and (3) the lack of any routine monitoring. Our sampling was
done as a one-off event and is therefore a further limitation in this study. However, the
community drinking-water results for fluoride for samples, taken in 2013 and 2014, are
similar to a small selection of samples taken in northwest Ambrym and Lamap, southeast
Malekula in 2017 for a national oral health survey [29]. Additionally, the roof-fed rainwater
samples taken in 2017 in Lamap were also variable due to the intermittent nature of tephra
depositing, their strength and the trade winds carrying them. It was beyond the scope of
this study to estimate the total environmental fluoride intake for the participants and it is
likely that foods consumed from this region are contaminated with unmeasured levels of
fluoride [19]. As discussed above, the age of participants varied by island; participants in
Lamap were the oldest, but not significantly different to Ambrym, which recorded much
lower fracture rates. Finally, the assessment of bone density in this group would have been
helpful, but was not possible due to limited reliable power supplies.

Although we collected some dietary data in the form of food-frequency diaries, these
were designed to give general information on the dietary patterns of this population and
were not suitable for the calculation of calcium intake—further work is planned in this area.
Initial review has confirmed that dietary patterns seem very similar across the islands. A
future study also aims to collect more detailed information regarding the mode of fracture,
associated trauma and falls, as well as more information on patterns of physical activity.
Venesection would be very challenging in this setting, where electricity supplies are variable
and refrigeration of samples impossible, preventing us from gaining information on PTH
or vitamin D levels.

We did not find relationships between fluoride exposure and fracture in this ecological
study of children. We hypothesise that physical activity and trauma may be more important
in this age group, but further work that includes study of adolescents and adults in now
warranted. Our findings accord with a study by Levy and colleagues [30] who considered
relationships between fluoridation levels in Iowa and cortical bone measures assessed by
peripheral QCT in 424 children. The number of children exposed to very high levels of
fluoride is of course much lower, as this study was situated in the US, so it is difficult to
draw direct comparisons and the authors acknowledged the need for longer follow up in
their work. In another Turkish study of early postmenopausal women, BMD was reported
to be high among women living in areas of endemic fluorosis [31].

The assessment of bone density and microarchitecture is unusual in studies of en-
demic fluorosis exposure. In one Tanzanian study by Jarvis and colleagues [7], skeletal
fluorosis was classified as any of genu valgum/varum, sabre tibia (anterior bending and
thickening of the tibia), kyphosis/scoliosis (with no other obvious explanation) with or
without neurological signs of sensory loss and muscle wasting. In this survey using this
classification, skeletal fluorosis reached 10% by 15 years of age (5.7% by 9 years of age),
with the condition more common in males. The assessment of skeletal fluorosis would
classically be conducted by radiograph, a gold standard which could not be applied to this
population for practical and ethical reasons. In a rare study that used radiographs, sited
in Ethiopia, Melaku reported that after adjustment for other factors, males were 2.5 times
more likely to have skeletal fluorosis reported in this way, though age was the stronger risk
factor; older people aged 55 years and above had about 20 times higher risk than young
adults aged 15–24 years [8].

By contrast to studies that have suggested relatively low levels of skeletal fluorosis
in children, studies of adults living in areas of high naturally occurring fluoride have
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suggested very high levels of skeletal fluorosis; one study in Iran reported that skeletal
fluorosis was observed in 54.5% of the cohort aged 71 years and above and was more
commonly found in females than males [3]. Another cohort study in India conducted by
Ramesh and colleagues reported that skeletal fluorosis did not identify any individuals
with skeletal fluorosis under the age of 30 years, but reported that in older adults there
were strong correlations between skeletal and dental fluorosis [4].

Some researchers, reporting differences in the prevalence of skeletal fluorosis among
areas with similar levels of fluoride exposure, have investigated possible explanations. Liu
and colleagues surveyed Chinese residents, reporting that, in adults, protective factors
against skeletal fluorosis included storing water in a ceramic tank and ingesting fruits,
vitamin A, thiamine and folic acid. [6]. It has been suggested that dietary calcium intake
may moderate the impact of endemic high levels of fluoride on the skeleton [31]; in our
study we collected food diaries which did not suggest systematic differences between
dietary calcium intake across the sites, but further research is underway. These factors
warrant further study in these populations.

It has been suggested that fluoride may exert its effects on the skeleton partly by
inducing secondary hyperparathyroidism [24]. In a Turkish study, serum PTH levels
were increased in subjects exposed to high levels of fluorosis. Researchers have postu-
lated that fluoride, by interfering with calcium balance, may be the cause of secondary
hyperparathyroidism. In another study by Teotia and colleagues, secondary hyperparathy-
roidism was present in 25% of participants with skeletal fluorosis, who also suggested
it might represent a compensatory attempt to maintain a normal extracellular ionized
calcium equilibrium [23].

In a detailed review, Teotia and colleagues reviewed the literature surrounding rela-
tionships between dietary calcium intake and fluoride [32]. They summarised epidemio-
logical studies performed in the 1960s, setting adequate and inadequate dietary calcium
intake at dietary calcium, >800 mg/day, and inadequate, <300 mg/day, respectively. The
toxic effects of fluoride were severe and more complex and the incidence of metabolic bone
disease and bony leg deformities was greater (>90%) in children with calcium deficiency,
as compared to <25% in children with adequate calcium who largely had an osteosclerotic
form of skeletal fluorosis with minimal secondary hyperparathyroidism. We might expect
that the metabolically active and hence vascular bones in children accumulate fluoride
at a faster and greater rate than adults. Certainly, in calcium-deficient children the toxic
effects of fluoride manifest, even at marginally high (>2.5 mg/day) exposures to fluoride.
Furthermore, fluoride toxicity also exaggerates the metabolic effects of calcium deficiency
on bone.

Much of the initial research into skeletal fluorosis has been published by researchers in
India. Hence, in a detailed exposition of skeletal fluorosis in 1945 [12], Khan and colleagues
eloquently reported that skeletal fluorosis was much less common than dental fluorosis, but
primarily manifests itself as cortical thickening, calcification of ligaments, and periosteal
new bone formation, with the skull and spine particularly affected. Even in this early
work they remarked on the possible protection from skeletal effects from dietary intake of
vitamin C and calcium. In a subsequent very large epidemiological survey conducted in
the 1960s of approximately 46,000 children aged 5–17 in the Punjab, skeletal fluorosis was
very rare, reported as only present in 2.5% in villages exposed to fluoride levels of 0.9 to
2.5 mg/L [13]. Hence while skeletal fluorosis in childhood is rare, some case reports do
exist in the literature [33].

In conclusion, self-reported fracture was common in this group of children, though
not clearly related to fluoride exposure at these ages. This study represents the first report
of fracture prevalence among these Melanesian paediatric populations and complements
similar work in rural India, Turkey, Iran and Saudi Arabia. Further work is now underway
to ascertain how fractures are sustained as, anecdotally, trauma is commonly reported in
this group. In our sample, we found the highest rates of fracture among children exposed
to moderate rather than high levels of fluoride in the environment, but longer term follow
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up in larger samples is now indicated, with more detailed musculoskeletal phenotyping,
and a wider range of dietary information collected to allow for the calculation of dietary
calcium intake, in addition to studies in older adults, in whom dental and skeletal fluorosis
is more common.
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