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FLUORIDE AND FLUORIDATION 

GEOFFREY E. SMITH 

56 Surrey Road, South Yarra, Melbourne 3141, Victoria, Australia 

Abstract-To date, many of the ways of controlling tooth decay involve the use of fluorides. Either 
systemically via fluoridated water and tablets, or, topically, with fluoride-containing toothpaste and 
mouthrinses. There is now evidence that the prevalence of dental caries is declining in communities with 
uny%oriduted water, as well as in those with fluoridated water. This phenomenon may be related to an 
increase of fluoride in the food chain; the unintentional ingestion of fluoride-containing dental health 
products; and the increasing contamination of the total environment with fluoride emissions and solid 
wastes from many industries. 

The apparent usefulness of fluoride as a preventive against dental caries does not mean that unnecessary 
exposure to the element should be tolerated. Fluoride at very low concentrations is phytotoxic and harmful 
to livestock; and in man, excessive intakes of fluoride over many years may lead to a well-defined 
disorder-skeletal fluorosis. In addition, a number of recent studies have suggested that fluoride may be 
genotoxic. 

INTRODUCTION 

Few subjects in the field of public health have proved 
more controversial than water fluoridation. More 
often than not debates on the subject are passionate, 
polemic and polarised. Yet the tremendous emo- 
tionalism generated both by some advocates and by 
those opposed to the measure is regrettable because 
the subject is an important one, and disinterested 
opinion on fluorides in the water supply is hard to 
come by. 

Fluoride can produce both beneficial and harmful 
effects in humans. It strikingly illustrates the classical 
medical concept that the effect of a substance depends 
on dose. As Paracelcus (1493-1541 A.D.) said: 

“All substances are poisons; there is none that is not a 
poison. The right dose differentiates a poison and a rem- 
edy.” 

According to most authorities the success of water 
fluoridation in combatting tooth decay is well- 
established and beyond dispute. In addition, and to 
date, claims linking fluoridated water (containing 
1 mg fluoride per litre or one part per million 
fluoride) with mongolism, cancer mortality and mu- 
tagenic or birth effects have either been unconfirmed 
or found lacking in substance [l-4]. 

But, of course, treated drinking water is not the 
only source of fluoride intake. Individuals may ingest 
fluoride in a multiplicity of everyday sources includ- 
ing: water, food-stuffs, processed beverages, dental 
health products and certain medicines, as well as 
pesticide and fertiliser residues; and some people may 
inhale fluoride in the air they breathe, especially in a 
growing number of workplaces. 

The margin between a safe daily intake of fluoride 
and a potentially harmful one is impressively small 
[5,6]. When a substance can be beneficial in mod- 
eration and harmful in excess, it is important to 
ensure that some people are not inadvertently over- 
exposed to it. But this is not always easy to achieve 
with fluoride since daily intake is derived from such 
a variety of potential sources. Ideally, dosage sched- 

ules for fluoride intake would be based on modern 
pharmacokinetic principles in order to reach an opti- 
mum tooth decay-preventive effect without causing 
any untoward side-effects [7]. 

Writing in Science, Leverett [8] has pointed out: 
“the widespread use of fluorides may have created a 
situation in which we are approaching a critical mass 
of fluoride in the environment, which is eliminating 
dental caries as a public health problem in the United 
States and some other nations of the world.” Perhaps 
this statement summarises the paradoxical nature of 
fluoride. While tooth decay does not kill or cripple, 
it does cause a disproportionate amount of pain and 
misery across every age and social group in the 
developed countries of the world. Hence, the success 
of fluoride in reducing the incidence of this ubi- 
quitous and costly disease is to be welcomed. On the 
other hand, the prospect of a ‘critical mass’-or 
more-of fluoride in the environment could have 
serious long-term implications. Fluoride at low con- 
centrations is harmful to both plants and livestock; 
and in man, excessive intakes of fluoride over many 
years can lead to a well-defined disorder, skeletal 

jluorosis, which may affect the teeth, skeletal tissues 
and secondarily, the nervous system [9]. 

In recent years, fluoridation enthusiasts have heard 
a new attack on their long-held position by reputable 
scientists who have raised a number of important 
questions which have been published in some re- 
spected journals [lo]. 

In the circumstances, an up-to-date review of the 
subject may be timely. 

SOME HISTORICAL OBSERVATIONS 

Perhaps the earliest reference to the effects of 
fluoride is found in a passage written by the poet 
Marcus Valerius Martialis (40-104 A.D.). Describing 
the teeth of Thais, a mistress of Alexander the Great, 
he wrote: 

“Thais has black teeth, Laecania has snow-white ones. 
Why? The latters teeth were bought, the former has her 
own” [l 11. 
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Black or ‘mottled’ teeth as they are now known, were 
probably common in the volcanic area of Italy where 
Martialis lived and they demonstrate the effect of 
excessive fluoride on developing tooth enamel. 

Effects of fluoride on agriculture were first 
recorded in the Icelandic literature following volcanic 
eruptions about 1000 years ago. Livestock that ate 
grass contaminated with the fallen ash became sick 
and exhibited symptoms now associated with acute 
and chronic fluoride poisoning. Near the end of the 
nineteenth century, two related events occurred that 
contributed to an understanding of the Icelandic 
incidents. First, Moisson isolated elemental fluorine 
in 1886 [12] and second, a number of scientists 
described injury to vegetation in the vicinity of 
hydrogen fluoride manufacturing plants, super- 
phosphate works, brick kilns, glass factories and 
copper smelters. Ost [13] presented a historical review 
of the subject in 1907 and credited Stockhart and 
Schroeder with the first detailed description of 
fluoride injury to vegetation in 1848. 

In 1931, three different groups of scientists [14-161 
announced their discovery that the primary cause of 
the tooth defect known as ‘dental mottling’ was an 
excessive amount of fluoride in the drinking water. In 
the same year, two Danish scientists [17] described a 
‘new’ disease they had discovered during routine 
examinations of cryolite workers. The disease was 
described in greater detail in a later report by Roholm 
[ 181 who named the condition-occupational skeletal 
fluorosis. In 1937, the chronic toxic effects of fluoride 
on skeletal tissues were described by Shortt et al. [19] 
in a region of India where naturally high levels of 
fluoride were present in foods, soils, airborne dusts 
and drinking water. 

While the first detailed reports of the effects of 
excessive fluoride intake were being published in the 
medical literature, Trendley Dean, a dentist em- 
ployed by the U.S. Public Health Service, was in- 
vestigating the prevalence of dental mottling in cer- 
tain states of America [20,21]. He noticed that as the 
incidence of mottling increased, the presence of tooth 
decay decreased. An obvious extention of these 
findings was the notion of artificially raising the 
fluoride content of low-fluoride water supplies to 
levels sufficient to achieve a reduction in tooth decay 
without causing an undesirable increase in ‘mottled 
teeth’. 

Dean found that people using a water supply with 
a fluoride content of 1 mg/l or more had about 50% 
less tooth decay than those with a supply containing 
0.1-0.3 mg fluoride per litre [22,23]. Further, no 
‘objectionable’ dental mottling was observed at a 
water fluoride level of 1 mg/l, a level which became 
known as the ‘optimal’ level. 

In 1945, the first experimental artificial fluoridation 
trials started in two towns in America-Newburgh 
and Grand Rapids. Preliminary results from these 
trials seemed to indicate that with minimal effort and 
no essential change in diet, tooth decay could be 
reduced by 6&70%. The prospect of extending such 
an enormous dental benefit to hundreds of millions of 
people world-wide was breathtaking, and vigorous 
efforts were begun to promote fluoridation every- 
where. 

In 1966, a former U.S. Surgeon General called 

fluoridation, along with pasteurisation, water 
purification and immunisation, one of the four most 
important public health measures of our time [24]. 
Yet today, only about 260 million people, or about 
5% of the global population, drink artificially 
fluoridated water [25]. And even in those countries 
where the measure is widely practised, such as the 
United States, Australia and New Zealand, op- 
position to fluoridation from both individual sci- 
entists and organised lay-groups has increased in 
recent years. 

FLUORIDE IN THE ENVIRONMENT 

Fluorine constitutes 0.065% of the elements of the 
earth’s crust and is a significant component of the 
total biogeochemical cycle in which life has evolved 
[26]. Man has always been exposed to fluorine (as 
fluoride) in his environment; and fluorine (as fluoride) 
has always been a trace constituent of his diet and a 
component of his body fluids, tissues and skeleton. 
Indeed, the ubiquitous occurrence of fluoride in 
nature means that it would be virtually impossible to 
prepare a diet entirely free of fluoride. However, 
above certain concentrations the fluoride ion is in- 
tensely toxic. It can inhibit essential enzymes and kill 
living cells, but only if it is free to exert its toxic 
effects; and fortunately, it has in practice, a great 
tendency to be combined or bound. Until about 150 
years ago most of the fluoride in the environment was 
bound in rocks, coal and clays, and only relatively 
small amounts were released either as a result of 
volcanic activity, coal burning, or the slow leaching 
of fluoride into some waters. Today, a significant 
proportion of the fluoride that enters the human 
body is from modern man-made sources. And consid- 
eration of multiple sources of fluoride intake is 
particularly relevant because there is an ever in- 
creasing utilisation of fluoride compounds by our 
technologically-orientated society [27]. 

Since fluorides may be released when coal, clay and 
certain minerals are heated or burned, potential 
sources of fluoride emissions include: industrial 
plants concerned with phosphoric acid and super- 
phosphate fertiliser production; aluminium smelters; 
foundries; glass, brick and tile works; petroleum 
refineries; plastics and fluorinated hydrocarbon prod- 
uction; and coal burning facilities-both industrial 
and domestic. 

The amount of fluoride compounds emitted to the 
atmosphere is considerable. In 1971, in the United 
States alone, the estimated total fluoride emissions 
from major industrial and commercial operations 
was between 120,000 and 155,000 tons per year [28]. 
And to this figure must be added large amounts of 
solid wastes containing fluoride. Today, we have no 
way of knowing just how much fluoride is released 
into the environment around the world, but in 1977, 
the Canadian National Research Council estimated 
the global figure to be around 500,000 tonnes a year 
[29]. In other words, since artificial fluoridation was 
first introduced some 40 years ago, about 20,000,OOO 
tonnes of fluoride emissions and solid wastes have 
been released into the total environment by a variety 
of industries. 
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THE EFFECTS OF FLUORIDE 

Plants 

Among common air pollutants, fluoride is ranked 
fifth in importance with respect to the amount of 
plant damage produced in the United States [30]. The 
four pollutants with higher rankings are ozone, sul- 
phur dioxide, oxidants other than ozone (e.g. per- 
oxyacyl nitrates and nitrogen oxides), and pesticides. 
But fluoride is the most phytotoxic of these pollutants 
and may cause injury to susceptible plant species at 
atmospheric concentrations far lower than the others 
(i.e. less than 1 part per billion or about 0.8 pg/F per 
m3 [30]). 

Fluoride accumulation in plant leaves can occur by 
means of either root uptake and translocation, or 
direct foliar absorption of atmospheric fluoride. If 
this accumulation exceeds certain thresholds phy- 
totoxic effects develop. The uptake of hydrogen 
fluoride into leaf tissue has been discussed in detail by 
Guderian [3 11. Depending on plant species and con- 
centration, hydrogen fluoride can be 10 to 1000 times 
more harmful than sulphur dioxide. 

The use of phosphate fertilisers which contain 
l-3.5% fluoride, also adds considerable amounts of 
fluoride to the environment. The application of 
450 kg of superphosphate to an acre adds approx. 
8 kg of fluoride, which increases by about 7 mg/kg 
the fluoride content of the soil to plough depth. 
450 kg of rock phosphate adds about twice as much 
fluoride. The use of phosphate fertilisers throughout 
the world rose from 12,500,OOO tonnes in 1961 to over 
26,000,OOO tonnes in 1980 [32]. Some plants, such as 
spinach, appear to be fluoride accumulators. In Ja- 
pan, investigators have reported a marked increase in 
the fluoride content in a number of common foods as 
a result of the use of superphosphate fertilisers [33]. 

The main route of entry of fluoride into animals is 
by ingestion, hence plants are important vectors of 
the element in all ecosystems. 

Insects 

Both inorganic and organic fluoride compounds 
have been used as insecticides for many years. In 
sub-lethal dosages the former have been shown to 
reduce growth and reproduction in many species of 
invertebrates [34]. Honey bees are known to be 
particularly susceptible to fluoride and apiarists have 
suffered significant economic damage in areas around 
some sour&s of fluoride emission. 

Aquatic animals 

Reactions to fluoride have been examined in 
several studies on aquatic animals, chiefly on fish, so 
as to provide a basis for regulations on the permis- 
sible amount of fluoride in waste water discharged 
into the sea or fresh water. Fish exposed to poisonous 
amounts of fluoride become apathetic, lose weight, 
until finally there is a loss of equilibrium accom- 
panied by tetany and death [35]. 

Birds 

Bones of birds collected near emission sources 
show elevated fluoride levels. High fluoride ingestion 
by birds can result in reduced growth rate, leg 
weakness and bone lesions. Tolerance to fluoride 

varies among bird species and among individuals of 
the same species [34, 36, 371. 

Livestock 

The U.S. Environmental Protection Agency [34] 
lists the most commonly encountered sources of 
excessive fluoride for livestock as follows: 

(a) Forage crops, usually the major source of an 
animal’s diet, which have been contaminated by 
fluoride emissions, or wind-blown or rain-splashed 
soil with a high fluoride content. 

(b) Water with a high fluoride content. 
(c) Feed supplements and mineral mixtures that 

have not been properly defluorinated. 
(d) Forage crops grown in soils with a high fluoride 

content. 

Chronic manifestations of excess fluoride in cattle are 
very similar to those found in man, i.e. dental 
fluorosis and osteofluorosis. The bony changes in 
cattle fluorosis have been variously described as 
osteosclerosis, exostosis, hyperostosis, osteoporosis, 
osteomalacia and rickets. Many questions arise as to 
why sometimes one type of osteopathy is induced and 
at other times another. In fact, the pathogenesis of 
the osseous changes in fluorosis in cattle has yet to be 
clarified [38]. 

Fluoride damage to cattle from industrial pollution 
was first identified in 1907 [39], and by the 1930s the 
effects of ingestion of fluoride-contaminated fodder 
on livestock were well documented. Of all pollutants 
that affect farm animals, fluorides have caused the 
most severe and widespread damage [40]. And cattle 
are especially susceptible. 

The bibliography up to 1965 on the subject is 
accounted for by Hodge and Smith [41], and that up 
to 1974 by the U.S. National Academy of Sciences 

1371. 
Excessive exposure to fluoride can damage vegeta- 

tion and harm insects, aquatic life, birds and mam- 
mals. Prevention of fluoride damage to the environ- 
ment is based on the control of fluoride emissions and 
the enforcement of air quality criteria. By now it 
should be clear that fluoride does not only concern 
teeth. But, while the beneficial effects of fluoride in 
combating tooth decay have been vigorously pro- 
moted by health authorities and the manufacturers of 
fluoride-containing dental health products for many 
years, the potential harmful effects of excessive ex- 
posure to fluoride are less well known. 

It could be argued that any substantial debate 
regarding fluoride and its effect on the environment 
and human health would require input from many 
scientific disciplines. For example, contributions from 
chemistry, biochemistry, pharmacology, toxicology, 
veterinary science, dentistry, industrial medicine, and 
several branches of environmental science would be 
needed before any comprehensive review of the sub- 
ject could be undertaken. 

Unfortunately, in the past, the ‘fluoridation debate’ 
has been noted more for the emotionalism it gener- 
ated than its scientific objectivity. The passionate 
nature of the argument may have persuaded some 
people with knowledge of the subject not to become 
involved. If this is true, then a communications gap 
could have opened up and this should concern all 
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scientists. The success of fluoride in preventing cav- 
ities does not mean that unnecessary exposure to the 
element should be tolerated. 

FLUORIDE EFFECTS ON HUMANS 

Beneficial effects 

During the past 40 years a large body of research 
has been published demonstrating both the efficacy 
and safety of water fluoridation. A compilation of 
120 fluoridation studies from all continents [42] 
showed a reduction in caries in the range 5(X75% for 
permanent teeth, and about 50% for primary teeth, 
in children 5-15 years of age following life-long 
consumption of fluoridated water. 

However, in recent years there has been increasing 
evidence from several countries of a drop in the 
prevalence of dental caries which cannot be attrib- 
uted to fluoridation since the reported decline in 
caries has been reported from non-fluoridated areas 
[43]. For example, Table 1 summarises data covering 
children from the ages of 5-17 who resided in non- 
fluoridated areas. The cause or causes, for the decline 
in caries prevalence in communities without 
fluoridated water are at this time a matter of specu- 
lation, but a number have been suggested and they 
include: 

-The widespread use of fluoride-containing tooth- 
pastes. 

-The use of fluoridated mouthrinses, gels and 
fluoride tablets. 

-The prescription of antibiotics in general medi- 
cine. 

-Changing patterns of sugar consumption. 
-A more general availability of dental treatment. 
-An increased awareness amongst parents and 

children of the importance of oral hygiene pro- 
cedures. 

-A possible change in the immune status of 
populations. 

Diesendorf [50] has suggested that the hypothesis that 
fluoridation has very large benefits requires re- 
examination by epidemiologists, mathematical statis- 
ticians and others outside the dental profession. He 
points out that the strong emphasis placed on 
fluoridation by the dental profession may be de- 
tracting attention away from the real major factors, 
and these could actually be driving a cyclical vari- 
ation of caries with time. It is possible that the 
condition of children’s teeth could return to the poor 
state observed in the 1950s even in the presence of 
a wide battery of fluoride treatments. 

Leverett [8] has speculated that the caries reduc- 
tions in non-fluoridated areas may be due to “an 
increase in fluoride in the food chain, especially from 
the use of fluoridated water in food processing, 
increased use of infant formulas with measurable 
fluoride content, and even unintentional ingestion of 
fluoride dentifrices”. But, even if this explanation is 
correct, it raises a question: if people in unfluoridated 
areas are receiving ‘sufficient’ fluoride, then are some 
people in fluoridated areas receiving too much? 

Inorganic fluorides have also found a use in general 
medicine. The idea that medium to high dosages of 
fluoride might either prevent or cure osteoporosis or 
other bone diseases accompanied by demineralisation 
was conceived in the mid-1950s and was based on 
several experimental facts and lines of thought. For 
example: 

(1) The apparently excellent effect of small doses of 
fluoride against dental caries. Rose (511 expressed the 
hope that “Fluoride (might) do for bones what it has 
done for teeth.” 

(2) Several statistical studies appeared to show that 
osteoporosis occurs less frequently in regions with a 
high water-fluoride content than in those where the 
inhabitants consume little fluoride. None of these 
statistical studies was, however, sufficiently extensive 
to be entirely convincing [52]. 

(3) Advanced fluorosis is often characterised by a 
certain amount of osteosclerosis, and this led to the 
notion that to an osteoporotic patient an induced 
degree of osteosclerosis might be of benefit. 

Results of research undertaken during the 1960s 
cast doubt on these basic assumptions, and fluoride 
treatment of osteoporosis and other demineralising 
bone diseases remains an experimental and contro- 
versial measure [53]. 

Marx, in an editorial in the Journal of the American 
Medical Association [54] has suggested that outside 
an investigational setting “. . . fluorides should not be 
prescribed for generalised or localised osteopenia 
until investigations have documented the efficacy of 
high doses without unacceptable toxicity.” Some 
investigators have claimed that the consumption of 
fluoridated water (at 1 mg F/l) may help reduce the 
incidence of hip fractures in the elderly [55]. On the 
other hand, other workers using a very similar data 
base have failed to find evidence that would support 
this theory [56, 571. 

‘OPTIMAL’ AND POTENTIALLY HARMFUL 
DOSAGES OF FLUORIDE 

A basic principle of pharmacology is to administer 
the minimal dosage for effectiveness. Dental author- 

Table I. Reported decline in caries in communities with unfluoridated drinking water 

Location 

Ohio 
Isle of Wight 
N.W. England 
Geneva, N.Y. 
New Zealand 
Boston, Mass. 
Brisbane, Australia 
Brockport, N.Y. 

Age of subject Caries reduction 
Time interval (years) (per cent) Ref. 

1912-1978 6-12 I7 
1971-1980 II-12 I8 :‘z; 

1969-1980 I l-12 40 1461 
1965-1977 12-14 41 Is1 
1950-1977 5 44 1471 
1950-1980 5-17 40-50 [481 
1954-1977 G-14 50 [491 
1952-1975 I2 60 R 



Fluoride and fluoridation 455 

Table 2. Fluoride intake related to body weight 

‘Potentially 
‘Optimal’ daily harmful’ daily 

Body weight fluoride intake fluoride intake 

(kg) (mg F) (mg F) 

IO 0.5SO.70 1.00 
20 1.0&1.40 2.00 
30 1.5w2.10 3.00 
40 2.OIS2.80 4.00 
45 2.25-3.15 4.50 
50 2.50-3.50 5.00 
55 2.75-3.85 5.50 
60 3.004.00* 6.00 
65 3.2S4.00’ 6.50 
70 3.5&4.00* 7.00 
75 3.74-4.00’ 7.50 
80 4.00’ 8.00 

*Recommended maximum daily amount, U.S. National Academy of 
Sciences [60]. 

ities suggest the ‘optimal’ daily intake of fluoride is 
between 0.05 and 0.07 mg F/kg body weight [58]. It 
is also generally agreed that total daily intake should 
not exceed 0.1 mg F/kg body weight, so as to avoid 
an undesirable degree of dental and bone fluorosis 
[59]. In addition, the U.S. National Academy of 
Sciences has suggested that a fluoride intake within 
the range 1 S-4 mg/day would be safe and adequate 
[60]. Using the preceding information a simple table 
can be constructed relating ‘optimal’ and ‘potentially’ 
harmful daily intakes of fluoride to body weight in 
both children and adults (see Table 2). From the 
figures in Table 2 it is clear that few individuals would 
ingest too much fluoride daily from drinking water 
alone. However, fluoride ingested from other sources 
cannot be ignored. It should also be noted that the 
‘potentially’ harmful amounts are based on existing 
and generally accepted studies; the figures may be in 
need of revision in the light of future research. In 
addition, persons with impaired kidney function may 
be at risk with lower daily intakes of fluoride than 
those consumed by healthy individuals [61]. Finally, 
there is the discrepancy between the suggested max- 
imum intake (U.S. N.A.S.) and the potentially harm- 
ful dosage. This arises because fluoride may accumu- 
late in the skeleton, and the U.S. National Academy 
of Sciences has warned that a retention of just 2 mg 
fluoride a day “. . would mean that an average 
individual would experience skeletal fluorosis after 40 
years based on an accumulation of 10,000 parts per 
million fluoride in bone ash” [62]. Unfortunately, 
estimating the amount of fluoride retained daily by an 
individual is very difficult, and studies in the past 
have produced conflicting results. Maheshwari et al. 
[63] concluded that subjects ingesting between 0.5 and 
1.5 mg F/day tend to have negative fluoride balances, 
while individuals receiving S-10 mg F/day always 
have positive fluoride balances. Data regarding the 
effect of intakes of 1.5-5 mg F/day are minimal, and 
it is data on this range of intake that would be 
particularly relevant to subjects living in fluoridated 
areas. 

There is at present much controversy surrounding 
the estimation of total daily fluoride intake; another 
so far unresolved problem is whether fluoride accu- 
mulates significantly in the food chain. Marier [64] 
concluded that in unfluoridated areas, fluoride intake 

from all sources is 2 mg or more a day; and in areas 
with fluoridated water, 5 mg or more a day. He also 
believes that the amount of fluoride escalates in the 
human food-beverage chain. 

Table 3 shows the fluoride content of dried cereals 
processed in non-fluoridated and fluoridated water. 
Table 4 illustrates the fluoride content of fruit juices 
processed in fluoridated and unfluoridated water. 

HARMFUL EFFECTS OF FLUORIDE ON MAN 

Although the scientific knowledge of fluorides and 
their effects on human health may appear consid- 
erable, it is by no means complete. For example, the 
mechanism of action of fluoride in the prevention of 
caries, and the reason it may induce dental fluorosis, 
has yet to be established [66]. Similarly, the action of 
fluoride on bone is not fully understood [9]. Amounts 
of fluoride likely to cause acute or chronic toxicity are 
not known with any certainty, and the important 
question of whether fluoride can cause genetic dam- 
age has yet to be resolved. 

Acute fluoride poisoning in man has been de- 
scribed by several authors [18,67]. Table 5 indicates 
levels at which minor toxic symptoms may first arise 
and levels at which hospital admission is desirable, 
together with minimum fatal dose levels. 

Table 5 was prepared from data published in the 
British Dental Journal; however, the definition of 
harmful and lethal dose levels of fluoride, especially 
for children, is hampered by lack of data [69]. Not 
surprisingly, therefore, one finds that ‘official’ atti- 
tudes to harmful and lethal dosages of fluoride often 
vary considerably. For example, Table 6 was pre- 
pared by an American authority and published in the 
medical journal, Pediatrics in 1986 [70]. Although the 
author uses different criteria to that in Table 5, i.e. 
‘safely tolerated doses’ (STD), and the British data 
concerns sodium fluoride not fluoride ions, some 
comparisons between the two tables are interesting. 
The British figures suggest that the onset of symp- 
toms of acute fluoride poisoning may occur with a 
dosage of approx. 0.5 mg F/kg body weight; on the 
other hand, the American recommendations imply 
that the safely tolerated dose of fluoride is equivalent 
to an intake of about 8mg F/kg body weight. 

Table 3. Fluoride content of dried cereals pro- 
cessed in fluoridated and unfluoridated water 

[651 

Mean fluoride content 

Cereal 

Mixed 
Oatmeal 
Rice 
Barley 

Unfluoridated Fluoridated 
water water 

0.93 3.85 
0.98 4.87 
2.1 I 6.35 
I .99 4.30 

Table 4. Fluoride content of fruit juices processed in fluoridated and 
unfluoridated water [65] 

Mean fluoride content (mg/l) 

Juice Unfluoridated water Fluoridated water 

Orange 0.029 0.15 
Mixed 0.014 0.38 
Apple-cherry 0.140 I .48 
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Table 5. Acute toxic fluoride dosaae levels [681 

Age Weight Fatal dose Morbid dose 

(yr) (kg) (mg NaF) (mg NaF) 

Adult 70 2200 350-550 
I6 41 1500 235-365 
12 35 II00 175-215 
IO 28 880 140-220 
6 23 730 127-176 
4 I8 550 88-136 

2-3 14 440 70-l IO 
I-2 IO 310 S&77 

Hospital 
referral 

(mg NaF) 

250 
166 
I25 
100 
81 
62 
50 
35 

Onset of 
symptoms 

(mg NaF) 

70 
47 
35 
28 
23 
IX 
I4 
IO 

In 1979, the Dental Health Committee of the 
British Dental Association recommended that the 
then current recommendations for age-related dos- 
ages of fluoride supplements should be reviewed, as 
it was clear that dosage levels recommended 20 years 
previously were too high in light of recent research 
[71]. Two years later, Dowel1 and Joyston-Bechal [72] 
reported that the national dental associations of the 
U.S., Norway, Sweden, Denmark, Canada and Aus- 
tralia had lowered their recommended doses of 
fluoride supplements because of the risk of dental 
fluorosis. They added: 

“However, it must he emphasised that there is no evidence 
of any other hazard from the use of these supplements at 
any of the dosage levels previously recommended.” 

More recently, in 1986, the Committee on Nutri- 
tion of the American Academy of Pediatrics [59] 
addressed the problem of fluoride-containing tooth- 
pastes. They noted: 

“There is some concern that children 24 years of age who 
are using fluoride-containing dentifrices or mouthwashes 
may swallow them instead of spitting them out. This may 
lead to excessive fluoride intake (up to 1 mg fluoride per day 
from dentifrices alone) and could result in mild cases of 
fluorosis. For these reasons, the Committee recommends 
that, if a fluoride-containing dentifrice is used by a toddler, 
only a very small amount of toothpaste should be placed on 
the brush. In addition, parents should be advised to teach 
their children not to swallow the toothpaste.” 

Unfortunately, very young children swallow tooth- 
paste not necessarily because they like the taste, but 
because until the age of 4-5 years, swallowing reflexes 
are poorly developed and the child finds it difficult to 
rinse and spit out the toothpaste. More than 90% of 
toothpaste sold in the developed countries of the 

Table 6. Certainly lethal (CLD) and safely tolerated 
doses (STD) of fluoride for selected ages 1701 

British data 
Age Weight CLD STD onset of 
(Yf) (kg) (mg) (mg) symptoms* 

2 10.0 320 80 5 
4 13.2 422 106 6.6 
6 16.8 538 I35 8.4 
8 20.5 655 164 10.25 

IO 24. I 171 193 12.05 
I2 29.1 931 233 14.55 
I4 37.1 1206 301 18.85 
I6 41.8 1338 334 20.90 
I8 43.2 1382 346 21.60 

*Note: the British data ccmcern sodium fluoride and 
since 2.2mg NaF contains approx. I mg 
fluoride, the data has been adjusted to make a 
direct comparison with the American data. 

world contains relatively high concentrations of 
fluoride (approx. 1 mg F/g of paste or 1000 ppm F). 
Today, toothbrushing is common even amongst pre- 
school age children, and more than 75% of children 
use toothpaste by the age of 18 months [73]. A young 
child may swallow 0.3-0.4 g of paste at each brushing 
[72] and in so doing may receive 0.3-0.4 mg fluoride 
every time they clean their teeth. 

Elevated intakes of fluoride over prolonged periods 
of time can result in skeletal fluorosis, i.e. an accumu- 
lation of fluoride in the skeletal tissues associated 
with pathological bone formation. It is sometimes 
suggested that fluoride intakes of more than 8 mg/day 
for 30 years are necessary to produce skeletal 
fluorosis [26]. However, such intakes would almost 
certainly result in the most severe and crippling form 
of the disease [74]. There are a number of reports in 
the literature describing osteofluorosis in children. 
Some of the earliest are from Steyn and Jackson 
[75,76] in South Africa who found that as little as 
2.6ppm fluoride in the drinking water could cause 
bone deformities in children. More recently, Teotia et 
al. [77, 781 and Krishnamachari and Krishnaswami 
[79,80] have reported endemic fluoride induced os- 
teopathies in Indian children. Christie [81] concluded 
that skeletal changes of fluorosis may begin in early 
childhood, probably in the foetus. Bony deformities, 
especially in the lower extremities, were common in 
a group of young people examined by him in Tan- 
zania, where they consumed water with high concen- 
trations of fluoride (up to 21 mg F/l). Christie [81] 
also noted that the considerable individual variability 
of skeletal response to excessive fluoride ingestion 
suggests that causative factors other than total daily 
ingestion of fluoride may exist. It has been estimated 
that around the world, not less than 20,000,OOO 
people are afflicted with varying degrees of skeletal 
fluorosis [82]. Because of the large number of persons 
affected and the severity of the symptoms, a working 
party from the World Health Organisation [9] re- 
cently recommended that there should be a co- 
ordinated assessment of the magnitude of the prob- 
lem and research carried out on the following: 

-the sources of fluoride in the diet, especially 
water; 

dose-response relations; and the influence of 
other factors, notably malnutrition; and, 

--the means of prevention and cure (e.g. 
defluoridation). 

Further studies designed to clarify the pathology of 
both acute and chronic fluoride poisoning are needed; 
but perhaps the most important issue of all is whether 
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or not fluoride is mutagenic. In recent years there has 
been growing public concern over the fact that indus- 
trial and agricultural practices have been exposing 
human populations to an increasing variety of poten- 
tially mutagenic substances [83]. Very recently, Cas- 
pary et al. [84], using the L5178Y mouse lymphoma 
cell forward-mutation assay, demonstrated that both 
sodium and potassium fluoride were mutagenic in the 
concentration range of 300-600 pgg/ml. In addition, 
Cole et al. [SS] have also recently reported that 
sodium fluoride was mutagenic at the TK locus in 
L5178Y cells. Dose-related increases in mutant fre- 
quency were obtained from 100 to 500 pg/ml of NaF 
for 16 hr treatments and from 10 to 50 pg/ml for 
48 hr treatments. 

In 1978, the U.S. National Institute of Dental 
Research [123] concluded that fluoride was not mu- 
tagenic. 

In 1980, a Victorian Committee of Inquiry [26] 
stated: 

“There is no scientific evidence that fluoride is mutagenic for 
any mammal, but it is possible that in high concentrations 
it may be so for other genera, and in particular for 
Drosophila.” 

In 1985, the U.S. Environmental protection 
Agency [ 1241 concluded: 

A search of the literature spanning the past 20 
years reveals that about 40 teams of investigators 
have studied the potential mutagenicity of fluorides 
(see Table 7). It will be seen from Table 7 that the 
evidence regarding the possible mutagenicity of 
fluoride is conflicting and inconclusive. During the 
past decade a number of officially appointed Com- 
mittees or Government Agencies have attempted to 
evaluate the published evidence. For example. 

“The Agency has concluded that the available evidence on 
the potential mutagenicity of fluoride is conflicting: i.e. there 
are several negative studies and a few properly conducted 
positive studies. Therefore, in the Agency’s opinion it is not 

possible to conclude that fluoride may present a mutagenic 
hazard to humans.” 

If fluoride were an important mutagen for humans, 
there would be real concern that cancer rates and 
congenital malformations might increase. The possi- 
ble carcinogenicity of fluoride has, in the past, raised 
concern with regard to the safety of water 
fluoridation. However, many studies have compared 
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Table 7. Studies presenting evidence regarding the potential mutagenicity of fluoride 

Assay* 
svstem Investieator 

Evidence indicative of mutagenicity 
of F compound tested. 

Date Ref. Neaative Inconclusive Positive 

P 
P 
P 
D 
P 
P 
P 
D 
D 
D 

MC 
P 
P 

MC 
MC 

P 
D 
D 

MC 
B 

MC 
MC 

P 
MC 
MC 
MC 
MC 

B 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 
MC 

Mohamed et al. 
Mohamed ef al. 
Mohamed 
Mukherjee and Sob& 
Mohamed 
Hakeem and Shehab 
Mouftah and Smith 
Gerdes er al. 
Gerdes et al. 
Mitchell and Gerdes 
Vorosholin et al. 
Bale and Hart 
Bale and Hart 
Jagiello and Lin 
Klein et al. 
Galal and Abd-Alla 
Mend&on 
Bucchi 
Jachimzac et al. 
Martin ef al. 
Martin er al. 
Kram er al. 
Temple and Weinstein 
Holland 
Holland 
Hong& and Holland 
Aliev et al. 
Nikiforova 
Imai and Veda 
Aliev et al. 
Tsutsui et al. 
Tsutsui er al. 
Tsutsui et al. 
Kishi and Tonomura 
Thomson et al. 
Scott 
Skare et al. 
Skare et al. 
Cole et al. 
Caspary et al. 

;;;; WI 
I871 

1968 I881 
1968 I891 
1970 I901 

1970 1971 ;;:; 
197la 193) 
l97lb [94] 

1973 1973 $2; 
1973a (971 
1973b [98] 

1974 I991 
1974 [loo] 
1976 [IOI] 
1976 [IO21 
1977 [IO31 
1978 [IO41 
1978a [IO51 
l978b IlO 
1978 [IO61 
1978 [107] 
l979a [IO81 
l979b [IO91 
1979 [IIO] 
1981 [III] 
1982 [I121 
1983 [113] 
1983 [II41 
1984a (II51 
l984b [I 161 
1984c [II71 
1984 [II81 
1985 [II91 
1985 [I201 
1986 [I211 
1986 1122) 

1986 [851 
1987 [841 

- 

- 

- 

- 

- Yes 
Yes 

- Yes 
YCS 
YCS 
Yes 
Yes 
Yes 
Yes 

- Yes 
??? 
- Yes 

Yes 
m - 

YCS 
Yes 

Negative 
Negative 

- 

Negative? 
Negative? 
Negative 
Negative 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Negative 
Negative 

- 

Negative 
Negative 

- 
- 

Yes 

- 

??? 
??? - 

??? - 

Yes 
??? 
??? 

Yes 
- Yes 

Yes 
Yes 

- 

Yes 
- - 
- - 

Yes 
Yes 

Total 10 7 23 

*ASSAY system key: P = plant; D = drosophila: MC = mammalian cell; B = bacterial assay (Ames test), 
tMartin et of. used two assay systems. 

SSM x,:--E 
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cancer mortality in areas with fluoridation with 
that in comparable areas without fluoridation 
[I, 2, 125, 1261. The studies have not identified any 
risk for all cancer or for any individual site associated 
with the consumption of fluoridated water. Although 
adjustment for population mobility and differences in 
age, ethnic background, and socio-economic status 
has been achieved to varying degrees, the absence of 
an effect related to fluoridated water is a convincing 
conclusion. To date, reliable information from ani- 
mal experiments is not yet available. 

Occupational fluoride exposures result in much 
higher intake rates than does the ingestion of 
fluoridated water [127]. Permissible fluoride levels in 
the workplace atmosphere may be 2.5 mg/m3 or 
higher, thus causing a possible daily absorption of 
several milligrammes. 

Excess cancer rates have been documented in var- 
ious occupational groups exposed to fluoride [9]. For 
example, fluorspar miners [ 1281 and aluminium prod- 
uction workers [129-1311 have been subject to lung 
cancer more frequently than expected. Results of a 
cohort study on more than 20,000 workers who had 
been employed for more than 5 years in an alumi- 
nium reduction plant did not confirm an excess 
pulmonary cancer rate, but slight excesses were seen 
in pancreatic, lymphohaematopoietic, and genito- 
urinary cancers [132]. However, the fluorspar miners 
were also exposed to radon, and the aluminium 
workers to polycyclic aromatic hydrocarbons. Be- 
cause most occupational exposures that include 
fluoride are mixed exposures, only limited evidence 
from such studies bears specific relevance to the wider 
concept of the possible carcinogenic effects of long- 
term fluoride exposure on human beings. 

Since a number of widely-used dental health prod- 
ucts contain significant concentrations of fluoride 
(fluoridated toothpaste contains 0.1% F; fluoride 
mouthrinses, 0.054.2% F; and acidulated fluoride 
gels, from 0.5 to 1.23% F), Tsutsui et al. [117] 
examined whether sodium fluoride could damage the 
cells most likely to be exposed during toothbrushing, 
i.e. the oral keratinocytes. They demonstrated that 
unscheduled DNA synthesis (UDS) was induced in 
human oral keratinocytes with NaF (lo&330 pg) at 
concentrations of 10&330pg/ml. (Note: the U.S. 
market leader in toothpaste sales is Procter and 
Gamble’s ‘Crest’ toothpaste which contains 0.24% 
sodium fluoride.) Tsutsui et al. [115, 1161 have also 
reported that sodium fluoride was genotoxic and 
capable of inducing neoplastic transformation of 
Syrian hamster embryo cells in culture. The issue of 
whether fluoride is a potential mutagen should be 
clarified at the earliest opportunity. 

DISCUSSION 

Fluorides began to be used about 40 years ago for 
the prevention of dental caries in children. Their use 
has become widespread in the developed nations of 
the world in the past 30 years. During the same 
period, fluorine and its compounds have become 
extremely important in modern industry. Indeed, 
there are few chemicals with greater industrial poten- 
tial than fluorides. But, has our knowledge about the 
biological effects of this important element and its 

compounds kept in step with the advances in indus- 
trial uses? 

The early pioneers envisaged artificial fluoridation 
as a means of bringing controlled amounts of fluoride 
to a population deficient in fluoride. They recognised 
the potential dangers of over-exposure to fluoride, 
and in America, Britain and Australia, they suggested 
that if water fluoridation was implemented there 
would be no need for the use of fluoride-containing 
products such as toothpaste and tablets [133-1351. 
However, views about the mechanism of fluoride 
action as a caries preventive changed [136]. The 
action of fluoride post-eruptively in influencing the 
dynamic processes of cavity formation and re- 
mineralisation is now considered to be of equal if not 
more importance than its pre-eruptive effect [72]. This 
has led to a marked increase in the number of 
fluoride-containing products used in both the dental 
surgery and the home. Fluoride compounds are now 
incorporated in toothpastes, mouth-rinses and a vari- 
ety of dental filling materials; gels, varnishes and 
paints are used in the surgery, and sometimes the 
home, to apply fluoride to teeth; fluoride tablets, 
drops and fluoride-vitamin supplements are regularly 
prescribed; and even fhroride-impregnated tooth 
picks and dental floss have been manufactured. 

In 1986, the U.S. National Preventive Dentistry 
Demonstration Program, the largest and most com- 
prehensive preventive dentistry program ever conduc- 
ted, published its Report [66]. Amongst the conclu- 
sions was the following: 

“A second important principle arising from this project is 
that it is very dangerous to neglect basic research into the 
mechanism of action of preventive measures while pushing 
ahead with their practical application. The case in point here 
is that basic research to reveal the mechanism of action of 
fluoride in the prevention of dental decay and the reason it 
may produce dental fluorosis has not been a major area of 
research supported by the National Institute of Dental 
Research, while clinical studies have received emphasis. As 
a consequence, the mechanism of action of fluorides still is 
unsettled and therefore several of the modes of application 
of the agent in the NPDDP study may only have been 
merely duplicating, rather than reinforcing, each other.” 

(emphasis in original) 

In other words, we still do not know how fluorides 
prevent tooth decay. 

In 1963, Dustin [137] claimed that the safety and 
efficacy of fluoridation “is one of the best documen- 
ted facts in the history of medicine”. In the same year 
the Michigan Department of Public Health stated 
that the bibliography on the subject included 16,000 
scientific papers [138]. Now, this simply was not true. 
Today, the literature on fluorides contains more than 
24,000 papers published in referred scientific journals. 
But, only a relatively small proportion (less than 
10%) are concerned with the use of fluorides as a 
decay preventive. The remainder deal chiefly with the 
potentially harmful effects of fluoride on man, live- 
stock, vegetation and other components of the envi- 
ronment. For example, more than 7000 references are 
concerned with industrial skeletal fluorosis; and the 
literature on the influence of fluoride on enzyme 
systems is overwhelming [ 1391. 

Contrary to popular belief, anyone reviewing the 
fluoride literature would have no difficulty in identi- 
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fying important areas in need of further study. Tooth 
decay is not a life-threatening affliction, hence with 
any anti-decay measures in widespread use we must 
be sure that the beneficial effects far outweigh any 
possible adverse reactions. 

On the basis of available evidence it appears that 
the prevalence of dental caries in developed countries 
is declining. This decline may be caused primarily by 
the increasing availability of fluoride, either in- 
tentionally introduced in drinking water and various 
systemic and topical forms of treatment; or unin- 
tentionally introduced as fluoride contamination of 
the environment by industry, or by the use of 
fluoridated water in food processing, or by increasing 
use of infant formulas with high fluoride content 
[140, 1411, or by ingestion of fluoride intended for 
topical use--especially fluoridated toothpate. 

If there are increasing concentrations of fluoride in 
the food chain, then we would expect fluorosis to be 
increasing as well. This is, indeed, the case [8]. In a 
study in Minnesota [ 1421, children in non -fluoridated 
communities were found to have high levels of 
fluorosis if they received fluoride supplements soon 
after birth, if they were bottle-fed, or if they were 
breast-fed for less than 3 months. Other studies have 
shown mild fluorosis in 25-28% of children, 11-13 
years of age, from communities with so-called ‘opti- 
mally’ fluoridated drinking water [143-1451. 

In October 1985, the U.K. Parliament passed a Bill 
allowing water authorities to fluoridate community 
water supplies under their jurisdiction. The legis- 
lation came in response to a court action in 1983 that 
resulted in Strathclyde Regional Council’s decision to 
fluoridate its public water supply being declared 
illegal [2]. The Parliamentary debate preceding the 
vote was uninspiring. No figures were introduced 
demonstrating present-day fluoride intake in Britain 
from sources other than water. No data was 
presented to indicate that health authorities are mon- 
itoring fluoride intake. And, even though tooth decay 
rates in the United Kingdom have fallen markedly in 
the past 30 years, no-one felt it necessary to 
scientifically establish the need for fluoridation. Most 
members probably assumed that the ‘fluoride issue’ 
was settled long ago. But, we are not primarily 
concerned with whether or not fluoridation was a 
good idea 40 years ago, the question is: Do we still 
need fluoridation? Not surprisingly perhaps, only 230 
members voted on the Bill. 

It has been claimed that fluoridation is beyond 
scientific debate [146]. But how can any subject in 
science be declared non-debatable, closed for ever? 
Circumstances can change, and new evidence may 
emerge. How often have the apparent truths of today 
become the myths and fallacies of tomorrow? 

Finally, there is one particular aspect of water 
fluoridation that obviously needs to be clarified. This 
concerns the ‘optimal’ concentration of fluoride in 
community water supplies. Conclusions from early 
research maintained that a drinking water concen- 
tration of 1 mg/l fluoride (1 ppm F) provided ade- 
quate benefits with an acceptable level of enamel 
mottling. This concentration was, therefore, consid- 
ered ‘optimal’ and is still recommended for public 
drinking water in temperate regions. Because people 
in warmer climates tend to drink more fluids, and 

individuals in colder regions less, it is also recommen- 
ded that ‘optimal’ fluoride levels be slightly modified 
with regard to mean maximum temperatures in the 
region under review. But, this approach implies that 
the only criteria necessary for establishing ‘optimal’ 
fluoride levels in drinking water is the local climate. 
This is plainly absurd. Consideration of fluoride 
intake from all possible sources is essential for the 
determination of optimal fluoride prophylaxis with 
minimal associated risks. 

It cannot be assumed that fluoride intake will be 
identical in two areas simply because they are located 
in similar climatic zones. For example, residents in 
one location may consume, on average, relatively 
large amounts of tea and seafood-products with a 
high fluoride content. Similarly, the fluoride intake 
from sources other than fluids may change over 
time in the same area. If, for example, the use of 
fluoride-containing toothpaste became common- 
place, or an aluminium smelter with inadequate 
anti-pollution devices became operational in the vi- 
cinity. 

It is possible, therefore, that the concentration of 
fluoride in community water supplies may require 
downward revision at some time in order to maintain 
the optimal trade-off between decay prevention and 
possible harmful effects from excessive fluoride in- 
take. Furthermore, it is conceivable that in some 
areas, especially where the use of fluoridated tooth- 
pastes is widespread and ready access to dental health 
care systems is available, water fluoridation is no 
longer necessary. 

In fact, the World Health Organisation [147] ad- 
dressed this aspect of fluoridation as long ago as 1969 
when they proposed a method for establishing ‘opti- 
mal’ fluoride levels in drinking water which took 
account of intake from all sources. They recommen- 
ded Member States 
“ . to examine the possibility of introducing and where 
practicable to introduce fluoridation to those community 
water supplies where the fluoride intake from water and 
other sources for the given population is below optimal 
levels.” 

The WHO resolution can be expressed as a 
formula: 

o-i=f, 

where o is the optimal level for fluoride intake per 
day; i is the total daily intake of fluoride from ‘water 
and other sources’ for the given population; and f is 
the additional daily amount of fluoride which should 
be provided by the fluoridation of the water supply. 
It is obvious that the valuefwill be a strong influence 
in establishing the fluoride concentration required in 
the water, and that until f is known no rational 
approach can be made to the fluoridation of a 
particular water supply. In fact, the value f cannot 
be known unless both o and i are known. However, 
the value of o is generally agreed to be about 0.06 mg 
F/kg body weight [59]; and the value i can be 

determined for the population concerned. The WHO 
formula can establish, in a scientifically acceptable 
manner, the ‘optimal’ concentration of fluoride in 
drinking water for a specific population. It is possible, 
however, that in many areas the value of i is equal to, 
or even exceeds, the value o. 
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CONCLUSION 

Fluoride has been credited with producing “a 
revolution in dental health” [148]. Even if this is true, 
it does not mean that unnecessary exposure to the 
element should be tolerated. Health Authorities have 
established the ‘optimal’ fluoride intake to prevent 
dental caries as between 0.05 and 0.07 mg F/kg body 
weight per day. The narrowness of the therapeutic 
dose is emphasised by the fact that fluorosis has been 
seen with oral intakes greater than 0.1 mg F/kg body 
weight per day [59]. Fluoridation could only be 
justified if it can be scientifically demonstrated that a 
significant proportion of the population under review 
is deficient in fluoride intake. Otherwise, the intro- 

duction of fluoridation is not only unnecessary, it 

could prove counter-productive in the sense that 

some individuals might inadvertently be exposed to 

excessive intakes of fluoride. 
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