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NOTE TO READERS OF THE CRI TERI A DOCUMENTS

Wil e every effort has been nade to present information in the
criteria docunents as accurately as possible without unduly
del aying their publication, mstakes m ght have occurred and are
likely to occur in the future. 1In the interest of all users of the
environmental health criteria docunents, readers are kindly
requested to comruni cate any errors found to the Manager of the
I nternational Programme on Chenical Safety, Wrld Health
Organi zation, Ceneva, Switzerland, in order that they may be
included in corrigenda, which will appear in subsequent vol unes.

In addition, experts in any particular field dealt with in the
criteria docunments are kindly requested to nake available to the
WHO Secretariat any inportant published infornmation that may have
i nadvertently been omitted and which may change the eval uation of
health risks from exposure to the environnmental agent under
exam nation, so that the informati on may be considered in the event
of updating and re-evaluation of the conclusions contained in the
criteria docunents.

A detailed data profile and a legal file can be obtained from
the International Register of Potentially Toxic Chemicals, Palais
des nations, 1211 Geneva 10, Switzerland (Tel ephone no. 988400 -
985850) .

ENVI RONMVENTAL HEALTH CRI TERI A FOR FLUORI NE AND FLUORI DES

Further to the recomrendati ons of the Stockhol m United Nations
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WHA 25.58, WHA 26.68) and the recomendati on of the CGoverning
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The programme, known as the WHO Environnental Health Criteria
Programme, has been inplenmented with the support of the Environnent
Fund of the United Nations Environnent Programme. |n 1980, the
Envi ronmental Health Criteria Programe was incorporated into the

I nternational Programme on Chemical Safety (IPCS). The result of
the Environnental Health Criteria Progranme is a series of criteria
docunent s.

The first, second, and final drafts of the Environmental Health
Criteria Docunment on Fluorine and Fluorides were prepared by Dr
B.D. Dinman of the USA, Dr P. Torell of Sweden, and Professor R
Lauwerys of Bel gi um

The Task Group for the Environnental Health Criteria for
Fl uorine and Fluorides net in Geneva from 28 February to 5 March,
1984. The neeting was opened by Dr M Merci er, Manager,
I nternational Programme on Chem cal Safety, who wel coned the
partici pants on behalf of the three co-sponsoring organi zati ons of
the 1PCS (UNEP/ I LO WHO). The Task G oup reviewed and revised the
final draft criteria docunment and nade an eval uation of the health
ri sks of exposure to fluorine and fluorides.

The efforts of all who helped in the preparation and the
finalization of the docunent are gratefully acknow edged.

Partial financial support for the publication of this criteria
docunent was kindly provided by the United States Departnent of
Heal th and Hunan Services, through a contract fromthe Nati onal
Institute of Environnental Health Sciences, Research Triangle Park,
North Carolina, USA - a WHO Col | aborating Centre for Environnental
Heal th Effects.

PREFACE

In contrast with nmobst conpounds treated earlier in this series,
fluorine and fluorides enconpass both beneficial and toxic effects,
each of which have extrenely inportant public health inplications.

Fluoride illustrates strikingly the classical nedical concept
that the effect of a substance depends on the dose. As Paracel sus
said, "All substances are poisons; there is none which is not a
poi son. The right dose differentiates a poison and renedy". Wile
a continuous daily intake of milligrams per day of fluoride has
been found to be beneficial in the prevention of caries, long-term
exposure to higher quantities nmay have del eterious effects on
enanmel and bone, and single, gram doses cause acute toxic effects
or may even be | et hal

1. SUMVARY AND RECOMVENDATI ONS FOR FURTHER RESEARCH

1.1. Summary
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1.1.1. Analytical nethods

The neasurenent of fluoride in inorganic and organic materials
i ncl udes sanpl e collection, preparation, and determ nation
Preparation usually involves one or nore of the follow ng stages:
washi ng, drying, ashing, fusion, acid extraction, distillation, or
di ffusion. Ashing and fusion nay be necessary to oxidize organic
matrices and to release fluoride fromrefractory conpounds,
respectively. Separation is used to avoid interference or as a
nmeans of concentration. Many nethods are available for the
determnation of fluoride in suitably prepared sanples. The nost
wi dely used involve colorinetry or the fluoride specific ion
el ectrode; several nethods have specialized application. The ion
el ectrode method is nore popul ar than other methods because it
of fers speed and relative freedomfrominterference; in sone
ci rcunmstances, separation may not be necessary. Variation in
reported concentrations of fluoride in the same nedia, and the
results of inter-laboratory collaborative trials involving al
nmet hods of determination indicate that frequently accuracy and
precision are limted by poor quality control rather than by the
nmet hod.

1.1.2. Sources and magni tude of exposure

Because it is so reactive, fluorine rarely, if ever, occurs
naturally in the elenentary state, existing instead in the ionic
formor as a variety of inorganic and organic fluorides. Rocks,
soil, water, air, plants, and animals all contain fluoride in
wi del y-varying concentrations. As a result of this variation, the
sources and their relative inportance for human bei ngs al so vary.
Fl uoride enters the body by ingestion and inhalation, and, in
extreme cases of acute exposure, through the skin. Not all of the
fluoride that is ingested or inhaled is absorbed, and a proportion
is excreted by various neans. Intake is lowest in rura
communities in which there are no fluoride-rich soils or waters,
and no exposure to industrial, agricultural, dental, or nedica
sources. Fluoridation of water for the prevention of caries may
result in this being the largest source, if there is no exposure to
ot her man-nmade sources, such as industrial em ssions. Consunption
of high-fluoride foods such as tea or sone fish dishes nmay increase
intake significantly. The use of fluorides or fluoride-containing
materials in industry |leads not only to an increase in occupationa
exposure but also, in sone cases, to increased general popul ation
exposure. Significant occupational exposure occurs where contro
technology is old or outnbded. However, nore significant than the
precedi ng sources are deposits of high-fluoride rocks that in sone
areas cause a large increase in the fluoride content of water or
food. There are nmany parts of the world where this exposure to
fluoride is sufficiently high to cause endem c fluorosis.

1.1.3. Chenobi oki neti cs and mnet abol i sm

A large proportion of the ingested and inhaled fluorides is
rapi dly absorbed through the gastrointestinal tract and through the
| ungs, respectively. Absorbed fluoride is carried by the blood and
is excreted via the renal systemor taken up by the calcified
tissues. Most of the fluoride bound in the skeleton and teeth has
a biological half-life of several years. The concentration of
fluoride in the calcified tissues is a function of exposure and
age. No significant accumul ation occurs in the soft tissues.

Renal excretion appears to be based on glonerular filtration

foll owed by a variable tubular reabsorption, which is higher at |ow
pH and low urinary flow rates. Fluoride passes through the

pl acenta and occurs in |ow concentrations in saliva, sweat, and
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m | k.

1.1.4. Effects of fluoride on plants and ani mal s

(a) Plants

Upt ake of fluoride in plants mainly occurs through the roots
fromthe soil, and through the leaves fromthe air. Fluoride may
i nduce changes in netabolism decreased growth and yield, |eaf
chlorosis or necrosis, and in extrene cases, plant death.

Consi derabl e di fferences exist in plant sensitivity to atnospheric
fluoride, but little or no injury will occur when the nost
sensitive species are exposed to about 0.2 pg/n? air, and nmany
speci es tol erate concentrations many tinmes higher than this.

(b) Animals

Plants are a source of dietary fluoride for aninmals and hunan
bei ngs. Thus, elevation of plant fluoride many lead to a
significant increase in aninmal exposure. Chronic toxicity has been
studied in livestock, which usually devel op skel etal and dent al
fluorosis. Experinmentally-induced chronic toxicity in rodents is
al so associated with nephrotoxicity. Synptons of acute toxicity
are generally non-specific. Fluoride does not appear to induce
direct mutagenic effects, but at high concentrations it may alter
the response to mutagens.

1.1.5. Beneficial effects on hunman bei ngs

Wth exposure to optimal |evels of fluoride in the drinking-
water (0.7 - 1.2 ng/litre, depending on climatic conditions), there
is aclearly denonstrated cariostatic effect. The extent of caries
reducti on by various nethods is influenced by the initial caries
preval ence and the standard of health care in the conmunity.

Fl uori de has been used in the treatnent of osteoporosis for two
decades and, though beneficial effects have been reported, the

dose-response rel ationships and efficacy need further clarification

1.1.6. Toxic effects on human bei ngs

The nost inportant toxic effect of fluoride on human beings is
skel etal fluorosis, which is endenmic in areas with soils and water
contai ning high fluoride concentrations. The sources of fluoride
that contribute to the total human intake vary geographically
bet ween endem ¢ fluorosis areas, but the synptons are generally
simlar. They range from skel etal histol ogical changes, through
i ncreases in bone density, bone norphonetric changes, and exostoses
to crippling skeletal fluorosis. This condition is usually
restricted to tropical and subtropical areas, and is frequently
conplicated by factors such as cal ciumdeficiency or malnutrition

I n non-endem c areas, skeletal fluorosis has occurred as a
result of industrial exposure. This condition, whether of endemnc
or industrial origin, is normally reversible by reducing fluoride
i nt ake.

In endemc fluorosis areas, devel oping teeth exhibit changes
rangi ng fromsuperficial enanel nottling to severe hypopl asi a of
the enanel and denti ne.

Patients with kidney dysfunction may be particularly
susceptible to fluoride toxicity.
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Acute toxicity usually occurs as a result of accidental or
sui cidal ingestion of fluoride, and it results in gastrointestina
effects, severe hypocal caem a, nephrotoxicity, and shock
I nhal ation of high concentrations of fluorine, hydrogen fluoride,
and ot her gaseous fluorides may result in severe respiratory
irritation and del ayed pul nonary oedenma. Exposure of the skin to
gaseous fluorine results in thermal burns, while hydrogen fluoride
causes burns and deep necrosis.

A special case of acute toxicity is the reversible water-1osing
nephritis caused by netabolic liberation of fluoride ions from
fl uori de-contai ni ng anaest heti c gases.

1.2. Recommendations for Further Research

(a) Because of the |arge nunber of people affected and the
severity of the synptons, the nost inportant adverse effect of
fluoride on human beings is endenic skeletal fluorosis. The
probl em needs a mul ti-disciplinary approach and good
communi cati on among the scientists in the different areas at a
gl obal level. The nost inportant reconmendation is that there
shoul d be an assessnent of the magnitude of the probl em and
research carried out on the foll ow ng:

(i) the sources of fluoride in the diet, especially
water, in different areas;

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

(iii) the neans of prevention and cure (e.qg.
def | uori nati on).

Assessnent of the problem coul d best be acconplished by neans
of a workshop under the auspices of the WHO

(b) Mapping of the fluoride concentrations in household water
shoul d be carried out to determ ne, on the one hand, where
there m ght be unrecorded excessive exposure to fluoride
conduci ve of fluorosis, and on the other hand, where there
m ght be concentrations of fluoride sub-optimal for caries
preventi on.

(c) Balance studies are required, especially in relation to
variation in the availability and retention of different
chem cal forns of fluoride. Data are also needed on the rate
and control of release of fluoride fromcalcified tissues.

(d) The etiol ogy and pathol ogy of early skeletal fluorosis
shoul d be further studied, particularly in relation to the
bi ochem stry of bone mneralization

2. PROPERTI ES AND ANALYTI CAL METHCDS
2.1. Chemical and Physical Properties of Fluorine and its Conpounds

The terms "fluorine"” and "fluoride" are used interchangeably in
the literature as generic terns. In this docunment, the termn nol ogy
suggested by US NAS (1971) is foll owed:

"This docunent, rather than foll owing commbn usage, uses the
term"fluoride" as a general term everywhere, where exact
differentiation between ionic and nol ecul ar forms or between
gaseous and particulate forns is uncertain or unnecessary. The
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termcovers all conbined forns of the elenent, regardl ess of
chemical form unless there is a specific reason to stress the
gaseous elenental formF,, in which case the term"fluorine" is
used. "

Fl uorine and fluorides occur ubiquitously in the environnent,
and because of their wide and growing use in industrial processes,
their environnental inportance is increasing. The use of fluorides
in dental health care products is also grow ng.

Conpounds dealt with in this docunent, besides fluorine,
i ncl ude hydrogen fluoride, alkali fluorides, fluorspar, cryolite,
fluoroapatite, other inorganic fluoride conpounds, and certain
organic fluorides that rel ease fluoride when netabolized.

2.1.1. Fluorine

Fluorine has a relative atomic nass of 19; at roomtenperature
it is a pale, yellowgreen gas. It is the nost electronegative and
reactive of all elenments and thus, in nature, is rarely found in
its elenental state. Fluorine conbines directly at ordinary or
el evated tenperatures with all elenments other than oxygen and
ni trogen (Banks & Gol dwhite, 1966) and therefore reacts vigorously
with nost organi c conpounds. Fluoride ions have a strong tendency
to form conpl exes with heavy netal ions in aqueous sol utions, e.g.
FeFed, Al F¢>, MiFs>, MFs, ZrF¢>, and ThFe?>. The toxic
potential of inorganic fluorides is nmainly associated with this
behavi our and the formati on of insoluble fluorides.

Fluorine reacts with netallic elenments to form conpounds that
are usually ionic, both in the crystalline state and in solution
Most of these fluorides are readily soluble in water; however,
[ithium alumnium strontium barium |ead, nagnesium cal cium
and manganese fluorides are insoluble or sparingly soluble. Some
hi gh-mel ting fluorides such as aluminiumfluoride (A F3) are not
conpl etely deconposed, even by boiling sulfuric acid.

Fl uori ne and hydrogen fluoride react with nonnetallic el enents
to form coval ent conpounds, e.g., fluorine nonoxide, silicon
tetrafluoride, sulfur hexafluoride, organic conpounds contai ning
fluorine, and conplex anionic forns. Coval ent conpounds of
fluorine tend to have low nelting points and high volatility
(Durrant & Durrant, 1962).

2.1.2. Hydrogen fluoride

At room tenperature, hydrogen fluoride is a colourless liquid
or gas with a pungent odour. |Its freezing point is -83°C and its
boiling point is +19.5°C. It fumes in air; below +20°C, it is
conpletely soluble in water. Anhydrous hydrogen fluoride is one of
the nost acidic substances known (Horton, 1962). It readily
protonat es and di ssol ves even nonbasi ¢ conpounds such as al cohol s,
ketones, and nmineral acids. It is a strong dehydrating agent; wood
and paper are charred on contact and al dehydes undergo condensati on
by elimnation of water (Gall, 1966).

In the industrial production of hydrogen fluoride, the mnera
fluorspar is treated with concentrated sulfuric acid. The volatile
hydrogen fluoride fornmed is then condensed and purified by
distillation. On the basis of the quantity produced, hydrogen
fluoride is the nost inportant fluoride nanufactured. About 292
000 tonnes were produced in the USA in 1977 (Chem cal Marketing
Reporter, 1978b). Approxinmately 40% of this amount was used in the
manuf acture of al um niumwhile 37% was converted into fluorocarbon
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conmpounds and ot her products.

Because of its extensive industrial use, hydrogen fluoride is
probably the greatest single atnospheric fluoride contam nant.
However, owing to its great reactivity, it is unlikely to remain in
its original formfor very |long

2.1.3. Sodium fluoride and other al kali fluorides

The al kali fluorides are typical salts. They have high nelting
and boiling points and are fairly to highly soluble in water. Al
al kali fluorides, with the exception of the lithiumsalt, absorb
hydrogen fluoride to formacid fluorides of the type MiF,, where M
is the alkali netal (Banks & Coldwhite, 1966).

Sodium fluoride is the nost inportant of the alkali fluorides.
It is awhite, free-flowing crystalline powder that is usually
prepared by neutralizing aqueous sol utions of hydrofluoric acid
wi th sodi um carbonate or sodi um hydroxi de. Sodiumfluoride is
wi dely used in fluxes and has been proposed for the renoval of
hydrogen fluoride from exhaust gases. Sodiumfluoride was the
first fluoride conmpound used in the fluoridation of drinking-water
in the USA in 1950.

There are nore reports of accidental intoxications caused by
sodi um fluoride than by any other fluorine conpound. This is
chiefly because of the confusion of edible materials with sodi um
fluoride preparations donestically used for the externi nation of
insects, fungi, rodents, etc.

2.1.4. Fluorspar, cryolite, and fluorapatite

From an industrial point of view, fluorspar (CaFy) is the
principal fluorine-containing mneral; the theoretical fluorine
content is 48.5% It is nmned in many countries. The world
production of fluorspar in 1979 was estimated to be 4 866 000
tonnes (US Bureau of M nes, 1980).

Cryolite (3NaF x AlF3) is arelatively rare nmineral that is an
essential raw material in the alum niumindustry; it has a
theoretical fluorine content of 545 g/kg. The fornerly inportant
cryolite deposits of Greenland are now al nost exhausted; today nost
supplies have to be prepared synthetically (US NAS, 1971).

Fluorapatite [CaF, x 3Caz(POy) 3], a constituent of rock
phosphate, has a theoretical fluoride content of only 38 g/kg.
Thus, rock phosphate is uninportant as a conmercial source of
fluorine. However, it is of great environnental significance as it
is the source of fluoride in sone areas of endenic fluorosis and
because vast quantities are nmined and consuned in the production of
el emental phosphorus, phosphoric acid, and phosphate fertilizers.
The fluorine content of the rock phosphate mined annually in the
USA has been estimated to be 729 000 tonnes (Wod, 1975) and the
total amount of fluoride emitted into the atnosphere from
i ndustrial sources to be nore than 16 300 tonnes in 1969 (US NAS
1971).

2.1.5. Silicon tetrafluoride, fluorosilicic acid, and fluorosilicates

Silicon tetrafluoride (SiFs) is a colourless, very toxic gas
with a pungent odour. |Its boiling point is -86°C and its nelting
point is -90°C. \Wen bubbled into water, hydrolysis results in
the formation of the hexafluorosilicate ion (SiFe), which is very
toxic. Mst of the fluorosilicates are soluble in water

Page 11 of 99



Fluorine and fluorides (EHC 36, 1984)

Silicon tetrafluoride is of inportant environnmenta
significance as it is fornmed in large quantities during the
conmbustion of coal and in the manufacture of superphosphate
fertilizers, elenental phosphorus, wet-process phosphoric acid,
aluminium and brick and tile products. In plants, where off-gases
are scrubbed with water, nost of the silicon tetrafluoride is
removed as fluorosilicic acid.

Fluorosilicic acid is a colourless flowing liquid that is
increasingly used to fluoridate drinking-water, as it is sinple to
transport and store and easily provides the ideal fluoride |Ieve
for drinking-water. Sodiumfluorosilicate is suitable for dry-
dosage fluoridation equi pnent as it is obtained as a dry, free-
fl owi ng powder.

2.1.6. Sodi um nonof | uor ophosphat e

Sodi um nonof | uor ophosphat e (Na,FPQ;) is another form of
synthetic fluoride that is widely used in the fluoride dentifrice
industry, since it is conpatible with nost abrasives used in
dentifrices.

2.1.7. Oganic fluorides

Coval ent |l y-bound fluorine so closely resenbles hydrogen that it
is possible, in principle, to synthesize fluoride anal ogues for
al nost all of the hydrocarbons known at present and their
derivatives; already several thousand fl uorine-containing conmpounds
have been prepared (Banks & Gol dwhite, 1966).

(a) Fluorocarbons

Fl uorination of organic conpounds producing chiefly
fluorocarbons constituted the greatest single use of hydrogen
fluoride in the USA in 1977. About 108 000 tonnes were used
resulting in the production of 386 000 tonnes of fluorocarbons
(Chem cal Marketing Reporter, 1978a,b). The fluorocarbons were
used in aerosol propellants (24%, refrigerants (39%, solvents
(11%, and bl owing agents (12% . Owi ng to the banning of non-
essential uses of fluorocarbon propellants in 1978 by the US
Envi ronnental Protection Agency, the propellant segnent of the
fluorocarbon market in the USA, for exanple, shrank to about 2% of
its former val ue.

Al t hough nmost of the saturated conpounds of fluorine and carbon
are neither toxic nor narcotic, many of the hi gher unsaturated
conpounds of carbon, hydrogen, fluorine, and other hal ogens are
very toxic (ACAH, 1980).

(b) Methoxyflurane (2,2-dichloro-1,1-difl uoro-1-nethoxyet hane) (Penthrane)

Met hoxy- fl urane (CHs- O CF,- Cd ,H), enflurane (CHF,- O CF,- CC FH),
and i soflurane (CHF,-O CHO - CF3), are organofl uorine anaesthetics
that release fluoride when netabolized in the body (Cousins &
Mazze, 1973; Cousins et al., 1974; Marier, 1982).

(c) Natural organic fluorides

Natural organic fluorides are rare. Only a few such conpounds
have been described, the nost well-known being fluoroacetic acid
and fluoro-oleic acid. These have been reported to occur in over
20 tropical or arid-zone plants; in sone species to such an extent
that their | eaves are poisonous to aninmals (Caneron, 1977,
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Weinstein, 1977; King et al., 1979).

Conflicting evidence has been published concerning the possible
presence of fluoroacetate and fluorocitrate in conmon crop plants
exposed to fluorides. The very high concentrations reported in
sone papers were found to be in error, because of contami nation

with inorganic fluorides (Yu et al., 1971). Fromrecent
literature, there does not seemto be any reason to nodify the
opi ni on expressed by Hall (1974): "... it seens unlikely that the

| evel s of toxic conpounds in pastures arising fromthe sources of
i ndustrial contam nants nmentioned earlier, if they are fornmed at

all, constitute a serious hazard." However, organic fluorides have
been identified in human plasma, but the significance of this
finding is still unknown (section 4.2.2).

2.2. Determnation of Fluorine

The determi nation of elenentary fluorine is difficult, chiefly
because of the great reactivity of this elenent. Many nethods and
nodi fi cati ons have been proposed for the liberation of fluoride
fromsanples of various origins as well as for the subsequent
determ nati on of the separated fluoride. This section deals with
the nobst conmmonly used nmethods. Qher techni ques are di scussed by
Jacobson & Weinstein (1977).

2.2.1. Sanpling and sanpl e preparation

In investigations of fluoride-containing conpounds present in
the environnent, due care nust be taken in collecting and handling
the sanples in order to obtain a representative sanple and to avoid
contamination with outside fluoride and | oss of fluoride after the
sampling. It nust be recogni zed that deternination of fluoride is
one step in a series of operations, all of which may affect the
accuracy or validity of the final data. Errors introduced in
sampling or handling may be much greater than those due to | ack of
accuracy or reliability in the analytical technique. The nmedia to
be nonitored are nmany and varied; each situation should be assessed
and a schene devised for the collection, preparation, and anal ysis
of sanpl es.

2.2.1.1. Ar

Sanpling for airborne fluorides is conplicated by the very | ow
concentrations of these conpounds generally found in the anbi ent
air and by the occurrence of both gaseous and particul ate forns.
For instance, gaseous fluoride conpounds such as hydrogen fluoride
and silicon tetrafluoride are nore toxic to vegetation than nost
particul ate fluoride conpounds (Less et al., 1975; Winstein,
1977). Thus, it is inportant to use a nethod for collection in
which it is possible to separate the two fornms, when potentia
injury to vegetation is concerned (Jacobson & Winstein, 1977).

Much equi pnent has been designed for the collection of air
sanples. Particulate fluorides are usually collected on acid-
treated filters. Gaseous fluorides are trapped: (a) on sodium
bi carbonate in tubes or on beads; (b) in bubblers containing water
or a solution of sodium hydroxide, potassium hydroxide, or alkal
carbonates; or (c) on alkali-treated filters. Automated equi pnent
for determ ning gaseous fluorides in the air is available.

However, it is expensive, nay need skilled technical attention, and
is of limted value for measuring | ow concentrations.

Once trapped, determination of fluorides does not present any
difficulties. Particulate fluorides, however, usually require
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fusing with alkali to convert refractory fluorides into sol uble
forns. Details of these nethods are given in surveys by

Hendri ckson (1968), MacDonald (1970), the American Industria
Hygi ene Association (1972), Israel (1974), Jacobson & Winstein
(1977), and US EPA (1980).

An alternative or adjunct to the above nethod for the
determ nati on of gaseous fluoride concentrations in air is to
measure flux to al kali inpregnated surfaces (Davison & Bl akenore,
1980; Alary et al., 1981).

2.2.1.2. Soil and rocks

M xing soils of different types and horizons to provide a
singl e conposite sanmple can nmask inportant information and lead to
| arger errors than separate anal ysis of each soil type and horizon
(Jacobson & Weinstein, 1977). Simlar problens may arise in the
sanpl ing of rocks, because wide variations in the fluoride contents
of rocks may occur. Soil sanples are usually pul verized and
honogeni zed in ball or hammer mlls. Oganic matter present in the
sanmples is renoved by ashing, generally with fluoride-free cal cium
oxi de as a fixative (Horton, 1962).

Determ nation of fluoride in soil is preceded by operations to
convert the fluoride compounds into readily sol ubl e conpounds.
Usual ly fusion is necessary as soils nmay often yield refractory
fluorine conbinations of iron, alumnium and silicon

In many circunstances, the labile (Larsen & Wddowson, 1971)
fraction is of greater significance than total soil fluoride, as
this fraction is nore available for plant and ani mal uptake
(Murray, 1982). A review of the nethods is given in Davison
(1984).

2.2.1.3. Water

Sanpl es fromreservoirs, |akes, rivers, and seas nust be
representative, and repeated collection of sanples from severa
sanpling stations is often necessary. Sanpling fromdifferent
depths is sonetinmes advisable, especially when studying industrial
fluoride discharged into a water recipient.

Usual ly, the fluoride content of the water in deep wells is
fairly constant, while water fromshall ow wells can present
fluctuating values. For exanple, values nmay be high during dry
peri ods or periods when the ground is frozen conpared with
those obtained during rainy periods. The fluoride levels in
relatively shallow wells, therefore, should be assessed by repeated
det er mi nati ons.

The fluoride content of sanples stored in polyethyl ene
contai ners does not change significantly (Sholtes et al., 1973).

Al t hough fluoride usually occurs in water in the ionic form
direct quantitative determnation of fluoride ions is possible only
in sanples of fresh water with a low mneral content. In other
cases, a preceding step of acid distillation is recormended if a
colorinetric method is to be used, otherw se polyval ent cations
such as A1%", Fe®', Si*, as well as anions such as Cl, SO, and

PO,> may interfere. Wen using the ion selective el ectrode, no
distillation is normally required, provided the fluoride is in a

free ionic form This may be achieved by using a buffer to
maintain a suitable total ionic strength, pH, and to avoid conpl ex
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ion formation (section 2.2.2.2).
2.2.1.4. Animal tissues

Preparation of sanples usually includes mneralization before
separation of the fluoride ion. Fusing to deconpose refractory
fluorides is seldom necessary as aninmal tissues contain little
silicon or alum nium

Bone sanples are usually collected and prepared for subsequent
anal ysis using the fluoride selective electrode. The sanples can
be prepared in different ways. For instance, sanples freed of
flesh are sinply dissolved in acids (chiefly perchloric acid
HC104); ashed and di ssol ved in HC10, or hydrochloric acid (HCLl); or
def atted, ashed, and dissolved in HC10, or HCl. Charen et al
(1979) conpared results obtained using the fluoride selective
el ectrode, and different nethods of preparati on of bone sanples.
They did not find any significant systematic differences in the
results obtained between nmethods with or without ashing or, with or
wi t hout defatting.

Before the fluoride selective el ectrode becane avail abl e, body
fluids (e.g., blood, serum saliva, and urine) were generally
gently evaporated to dryness and ashed before the separation of
fluoride (US NAS, 1971). Since ashing frequently results in
refractory fluorides, the solubility of the residue is ensured by
fusing with al kali carbonate or hydroxide. Follow ng fusion, the
nelt is dissolved and the fluoride separated for determination

2.2.1.5. Plants

Representative sanpling requires thorough planning as the
fluoride content of plants varies with tine, the type of soil
net eor ol ogi cal conditions, the physiological condition and age of
the plant, and the nature of the fluoride en ssion (Jacobson &
Weinstein, 1977; US EPA, 1980). The fluoride contents of different
parts of the canopy and different organs al so vary consi derably.

Whet her or not fluoride conpounds superficially adhering to
| eaves and stens of plants should be renpbved by washi ng depends on
the use of the analytical results. Wshing is used when an
i ndication of the internal fluoride content of the plant is
required. It is not used when the purpose is to estimte the
fluoride intake of cattle fromgrass, forage, etc.

2.2.2. Separation and deternination of fluoride

It may be necessary to separate fluoride from other
constituents of the sanple to be analysed. Most frequently, the
separation is obtained by distillation or diffusion. 1lon exchange
has al so been proposed. Pyrohydrolysis and precipitation
techni ques are used in nore specialized cases.

Distillation was formerly the separation techni que nost
commonly used in fluorine determination. The basic Wllard &
Wnter (1933) nethod included the volatilizaton of
hexafl uorosilicic acid with vapour fromperchloric or sulfuric acid
at 135°C, in the presence of gl ass beads or glass powder. It is
still widely used and is the method used for conparing other
nmet hods for fluoride determi nation

Di ffusi on nethods for the separation of fluoride have been
wi dely used for determ nations in mcrosanples and have found nmany
applications in clinical and biochem cal work. Wth the diffusion
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net hod devel oped by Singer & Arnstrong (1954, 1959, 1965), hydrogen
fluoride |liberated by perchloric or sulfuric acid is trapped by an
al kali layer in a closed vessel

2.2.2.1. Colorinetric methods

Wth certain nultivalent ions, fluoride ions formstable
col ourl ess conpl exes such as (AlFg) %, (FeFg)*, (ZrFe)?, and

(ThFg)?. Most of the colorimetric methods for the indirect
determination of fluoride ions are based on such conplex formation
i.e., on the bleaching resulting fromreactions of fluoride ions
wi th col oured conpl exes of these netals and organi c dyes. The
degree of col our change can be assessed by conparison with a
standard either by visual titration or, as in nost cases, by

spect rophotonetry. Conmonly used reagents are zirconyl-alizarin
for visual titration and zirconyl - SPADNS or zirconiumeriochrone
cyanine R for spectrophotonetry.

The alizarin fluoride blue nethod (Belcher et al., 1959) has
been widely applied for direct spectrophotonetric determ nation of
fluoride. The basic reaction is that a red ceriumconplex wth
alizarin conpl exone turns blue on the addition of fluoride ions.

Colorimetric nmethods for fluoride determ nation have been used
for plant and animal tissues and fluids, water, soils, foods and
beverages, and air (Jacobson & Weinstein, 1977). A seni-automated
anal yser using colorimetric technique is comercially avail abl e.

2.2.2.2. The fluoride selective el ectrode

The fluoride selective el ectrode was introduced by Frant & Ross
(1966). Because of its excellent performance, speed, and genera
conveni ence, it has becone an inportant nethod for deternining
fluoride in a wide variety of environnental and industrial sanples
(Jacobson & Weinstein, 1977; US EPA, 1980; Victorian Conmittee,
1980).

The selectivity of the electrode is based on the properties of
a nenbrane of sparingly soluble single crystals of |anthanum
praseodyni um or neodynium fluoride. It gives an el ectrochem ca
response that is proportional to the fluoride ion activity in the
sanpl e.

The fluoride selective electrode is used for the determnination
of fluorides in drinking-water, in industrial effluents, sea water,
air, and aerosols, flue gases, soils and mnerals, urine, serum
pl asma, plants, and other biological materials (Jacobson &
Weinstein, 1977). M cronmethods have been devel oped in which
determ nati ons can be nade in volunes as small as 10 plitres or
less (Ritief et al., 1977). Instrunents are available for the
automat ed nonitoring of fluoride |evels using the fluoride
sel ective el ectrode.

The precision and accuracy of the el ectrode nmethod equal or
even exceed those of the colorinetric techniques for nost sanples.

2.2.2.3. Oher nmethods

I on chromat ography has recently been introduced for the
determination of fluoride in a variety of nedia.

The remai ni ng nethods for determining fluoride are nostly
speci al i zed procedures that are appropriate for selected sanples or
that involve specialized facilities; they seemunlikely to find
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wi despread, general application (US EPA, 1980).
3. FLUORIDE I N THE HUVAN ENVI RONVENT

Fl uorine ranks 13th anong the elenments in the order of
abundance in the Earth's crust. However, despite the preval ence of
the fluoride ion, gaseous fluorine rarely, if ever, occurs
naturally.

3.1. Fluoride in Rocks and Soi

The nean fluoride content of rocks |lies between 0.1 and 1.0 g/kg.

The main primary fluoride-containing mnerals are fluorspar (CaF,),
cryolite (3NaF x Al F3), and apatite (3Ca3(PQy) . x Ca(F,OH d),),

but in nost soils it is associated with micas and other clay

m neral s (Davison, in press). Sodiumfluoride and nmagnesi um
fluoride are also found as natural mnerals.

The nean fluoride content of mneral soils is 0.2 - 0.3 g/kg
(US NAS, 1971), whereas that of organic soils is usually |ower.
However, in soils which have devel oped from fluoride-containing
mnerals it may range from7 (Smth & Hodge, 1979) to 38 g/kg
(Vi nogradov, 1937; Danilova, 1944).

The fluoride content of top soil may be increased by the
addi tion of fluoride-containing phosphate fertilizers, pesticides,
irrigation water, or by deposition of gaseous and particul ate

em ssions. In a recent review, Davison (in press) calculated that
phosphate fertilizers typically add between 0.005 and 0.028 ng F/ kg
per year to soil. A concentration of 1 ug F/n? in air sinilarly

adds about 0.004 - 0.018 g/ kg per year. Soils have a capacity to
fix fluoride, so depletion by |eaching and renoval by crops is very
slow. In the USA one estimate of the annual |oss was 0.0025 g/ kg
per year (Orueti & Jones, 1977). Muich research by Maclntire and
hi s col | eagues showed that addition of fluoride did not
significantly increase uptake by plants, though there was evi dence
that this might be the case in saline soils (Davison, 1984).

3.2. Fluoride in Water

Some fluoride compounds in the Earth's upper crust are fairly
soluble in water. Thus, fluoride is present in both surface- and
ground-water. The natural concentration of fluoride in ground-
wat er depends on such factors as the geol ogical, chemical, and
physi cal characteristics of the water-supplying area, the
consi stency of the soil, the porosity of rocks, the pH and
tenmperature, the conpl exing action of other elenents, and the depth
of wells (Livingstone, 1963; Wrl et al., 1973). Owing to these
factors, fluoride concentrations in ground-water fluctuate within
wide limts, e.g., from< 1 to 25 ng or nore per litre. |In sone
areas of the world, e.g., India, Kenya, and South Africa, |evels
can be much higher than 25 ng/litre (WHO 1970). |In surface fresh
waters, |ess influenced by fluoride-containing rocks, the fluoride
content is usually low, 0.01 - 0.3 ng/litre (Gabovic, 1957).

Fl uori de concentrations are higher in sea than in fresh water
averaging 1.3 ng/litre (Mason, 1974). Mst of the fluoride in sea
wat er has conme fromrivers. At the present rate of delivery of

fluoride fromrivers to seas, it would take about one mllion years
to doubl e the average concentration in sea water. However, it
appears that a steady-state equilibriumhas al nost been reached as
the seas lose fluoride in the formof aerosols to the atnosphere,
by precipitation as insoluble fluorides, and by incorporation in
the carbonate- or phosphate-containing tissues of |iving organi sns
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(Carpenter, 1969).

Data on the fluoride contents of natural waters and drinking-
water are available frommany parts of the world (WHO, 1970).
However, sufficiently detailed information is still |acking.

Suppl erent ati on of drinking-water with fluoride has been carried
out since 1945. Today nore than 260 million individuals receive
fluoridated drinking-water throughout the world. In addition

about as many individuals are supplied with drinking-water with a
natural fluoride content of 1 ng/litre or nore. A procedure such
as adding fluoride to drinking-water occasionally carries with it a
ri sk of overexposure. A few instances of control system breakdown
have resulted in acute intoxications of popul ation subgroups but
the effects lasted only a short tinme (Wl dbott, 1981).

About 50% of sewage fluoride is renoved by biol ogical treatnent
(Masuda, 1964), and considerable amounts of fluoride will be
precipitated by aluminium iron, or calciumsalts during chem ca
treatment. Thus, effluents fromareas with fluoridation will have
alimted influence on the final fluoride Ievel in the fresh-water
reci pi ent (Singer & Arnstrong, 1977).

3.3. Airborne Fluoride

Traces of fluoride in the air of rural communities and cities,
arise fromboth natural sources and human activities. The natura
di spersal of fluoride into the air has |ong been recognized in
regi ons of volcanic activity. The contribution of this source to
the Earth's atnosphere is 1 - 7 x 10° tonnes per year (US EPA,
1980). O her natural sources of fluoride in the air are the dust
fromsoils, and sea-water droplets, carried up into the atnosphere
by wi nds. However, nost of the airborne fluoride found in the
vicinity of urbani zed areas is generated through human activities.
It has been estinmated that, in 1968, nore than 155 000 tonnes of
fluoride were discharged into the atnosphere from power production
and major industrial sources in the USA (Snmith & Hodge, 1979). The
al um niumindustry was responsi ble for about 10% of this fluoride
em ssion. Oher industrial sources include steel production
pl ants, superphosphate plants, and ceramic factories, coal-burning
power plants, brickworks, glassworks, and oil refineries. In nany
of these industries, occupational exposures of the order of

magni tude of 1 ng/nt may occur

The anount of airborne fluoride increases with increasing
ur bani zati on, because of the burning of fluoride-containing fuels
(coal, wood, oil, and peat) and because of pollution from
i ndustrial sources. Individual types of coal contain fluoride
| evels ranging from4 to 30 g/ kg (MacDonal d & Berkel ey, 1969;
Robi nson et al., 1972). Increased burning of fuel during the

wi nter nonths results in increased concentrations of airborne
fluoride. However, in densely-popul ated areas, the fluoride
concentrations will only occasionally reach a |level of 2 pg/nt.
In a 3-year study, Thonpson et al. (1971) found that in only
0.2% of urban sanples did the fluoride concentrati on exceed 1
ug/ n¥.  The maxi mum val ue was 1.89 pg/n?t. A survey of fluoride
in the atnosphere of sone comunities in the USA showed that
concentrations varied between 0.02 and 2.0 pg/nt (US EPA, 1980).
The Anerican data are in accordance with the European findings of
Lee et al. (1974). Near heavily industrialized Duisburg in the
Federal Republic of Germany, Schneider (1968) found a nean
concentration of 1.3 pg/n®, the 90%range being 0.5 - 3.8 g/ n?.
In the immediate vicinity of factories producing fluorides or
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processing fluoride-containing raw materials, the anount of
fluoride in the anbient air may be much hi gher for short periods.
More recently reported values for fluoride concentrations in
ambient air near fluoride-emtting factories are usually | ower
than the ol der val ues, because of inproved control technol ogy.

Fluorides emtted into the air exist in both gaseous and
particulate forns. Particulate fluorides in the air around
aluminiumsnelters vary in size from0.1 nmto around 10 nm (Less

et al., 1975; Davison, in press).
3.4. Fluoride in Food and Beverages
Several thorough reviews concerning the fluoride content of

foods have been presented, e.g., McCure (1949), Truhaut (1955),
Kunpul ai nen & Koi vi stonen (1977), and Becker & Bruce (1981).

Conpr ehensi ve determinations of fluoride in foods have been
reported from Finland (Koivistonen, 1980), the Federal Republic of
Germany (Cel schl &ger, 1970) and Hungary (Toth & Sugar, 1978; Toth
et al., 1978). Becker & Bruce (1981) conpiled data from studies
before 1956 and data fromthe two | ast decades (Table 1). Wth the
exception of values for fish, nore recent data tend to be slightly
| ower; values for neat and grain products are sonetines
considerably |lower. There are other notable differences between
val ues given in sone of the papers.

Various values for fluoride concentrations in vegetabl es have
been reported. Cccasional values in the range of 1 - 7 ng/kg fresh
wei ght have been reported for spinach, cabbage, |ettuce, and
parsl ey, while values for other vegetabl es have sel dom exceeded 0.2
- 0.3 ng/kg. Probably, in some cases, the high fluoride val ues
have been caused by contamination fromair, soil, pesticides, etc.
It al so seens probable that some kind of contamination is
responsi ble for the very high values of 10.7 ng/kg and 11 ng/ kg,
respectively, for polished rice given by Cel schl &ger (1970) and

Ohno et al. (1973) since nmore recent confirmation of the results
i s | acking.
Table 1. Fluoride content of foods according to different

i nvesti gations?

Food Bef ore Cel schl ager Toth & Sugar Koi vi st oi nen
1956° (1970) Toth et al. (1980)
(1978)
(mg/ kg fresh weight)
Egg products 0.3 - 1.4 - - 0.3 - 1.7
Wheat, whole 0.1 - 3.1 0.1 - 0.2 0.1 - 0.4 0.2 - 1.4
Wheat, white 0.2 - 0.9 - - 0.1- 0.9
O her cereal 0.1 - 4.7 (rice 0.2 - - 0.1- 2.5
products 10.7)
Pul ses 0.1- 1.3 0.1 - 14.1° 0.1 - 0.2 0.1- 1.3
Root s 0.1- 1.2 0.1- 0.2 0.1 - 0.5 0.1 - 0.2
Leafy 0.1- 2.0 0.1- 1.1 0.1- 1.0 0.1 - 0.8
veget abl es
Q her 0.1- 0.6 0.1-0.3 0.1- 0.4 0.1- 0.3
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veget abl es

Frui t 0.1-1.3 0.1- 0.7 0.1 - 0.4 0.1 - 0.5
Mar gari ne 0.1 - - -
M | k 0.1- 0.1 <0.1 0.1 0.1
Butter 1.5 - - -
Cheese 0.1- 1.3 0.3 - 0.3 - 0.9
Pork, fresh 0.2 - 1.2 0.3 0.2 - 0.3 0.1 - 0.3
Pork, salted 1.1 - 3.3 - 0.1 - 0.2 -
Beef 0.2 - 20 0.2 0.2 - 0.3 0.1- 0.3
O her neats 0.1 - 1.2 - 0.2 - 0.7 0.1 - 0.2
O f al 0.1- 2.6 0.3-0.5 0.2 - 0.6 0.1- 0.3
Bl ood <0.1 - - <0.2
Sausages 1.7 0.3 0.1 - 0.6 0.1 - 0.4
Fish fillets 0.2 - 1.5 1.3-52 1.3- 2.5 0.2 - 3.0
Table 1. (contd.)
Food  Before  Celschlager  Toth & Sugar Koivistoinen

1956° (1970) Toth et al. (1980)

(1978)
nmg/ kg fresh wei ght)

Fish, canned 4.0 - 16.1 - 38-94 009-80
Shel I fish 0.9 - 2.0 - - 0.3 - 1.5
Eggs 0.1 - 1.2 < 0.1 0.1 - 0.2 0.3
Tea, |eaves 3.2 - 178.8 100.8 - 143.6 - -
Tea, beverage 1.2 1.6 - 1.8 - 0.5

& From Becker & Bruce (1981).

b Dani el sen & Gaarder (1955);
Fel | enberg (1948).

© Product dried.

Nomm k (1953); Truhaut (1955); von

According to McClure (1949), the fluoride contents of fresh
pork and fresh beef varied within the range of 0.2 - 2 ng/kg and
the range for salted beef was 1.3 - 3.3 ng/ kg wet weight. For
heal thy ani mal s, none of the nmore recent studies have reported
val ues higher than 0.6 ng/kg wet weight. However, Szulc et al
(1974) found 0.9 ng of fluoride/ kg wet weight in beef fromcattle
with synptons of fluorosis. Inconplete deboning could have
contributed to certain high values reported for pork, beef, and
chicken. Kruggel & Fiels (1977) and Dol an et al. (1978) have shown
that bone fragments left in neat can increase considerably the
fluoride content of, e.g., frankfurters. Bone contains high
amounts of fluoride; 376 - 540 ng fluoride/ kg bone neal was
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reported by Manson & Rahemtulla (1978) and 260 - 920 ng/ kg by Capar
& Gould (1979). However, the availability of fluoride in ingested
bone fragments is lower than in neat.

Fl uori de values given for fish fillets vary appreciably, from
0.1 - 5 ng/kg wet weight. However, as fishbone contains
consi derabl e anpbunts of fluoride, inconplete gutting could have
contributed to the high fluoride values reported. It is nost
likely that bone fluoride contributed to the high fluoride val ues
for fish protein concentrate, e.g., 21 - 761 ng/kg dry wei ght,
reported by Ke et al. (1970). Canned fish contains fairly large
anmounts of fluoride, mainly originating fromthe skeleton. In
studi es by Koivistonen (1980), there were no major differences
bet ween the amounts of fluoride in the fillets of fish fromfresh
wat er and those of fish fromnmarine water

The fluoride content of water used in industrial food
production and hone cooking affects the fluoride content of ready-
to-eat products. Sonme exanples are presented in Table 2. Martin
(1951) observed that the uptake by vegetabl es of fluoride from

cooki ng water was proportional to the fluoride content of the water
over a concentration range of 1 - 5 ng/litre. The fluoride content
of vegetabl es cooked in fluoridated water was about 0.7 ny/kg

hi gher than the content of vegetables cooked in water containing a
negligi bl e anount of fluoride (Martin, 1951). |In general, the
fluoride content of processed foods and beverages prepared with
water containing a fluoride level of 1 ng/litre will contain

about 0.5 ng/kg nore fluoride than those prepared with non-
fluoridated water (Marier & Rose, 1966; Auermann, 1973; Becker &
Bruce, 1981). Thus, foodstuffs processed with fluoridated water
may contain a fluoride concentration of 0.6 - 1.0 ng/ kg rather than
the normal 0.2 - 0.3 ng/kg (US EPA, 1980).

Table 2. Influence of the fluoride content of process water on
fluoride levels in processed food
Content in process water
0- 0.2ng/litre 1.0 ng/litre

Food (mg/ kg fresh weight) Ref er ence

Bakery products 0.3 - 0.6 0.8 - 1.7 Auer mann (1973)

Mar gari ne 0.4 1.0 - 1.2

Sausage 0.4 - 1.8 0.7 - 3.3

Beer 0.3 0.7 Marier & Rose
(1966)

Veget abl es 0.3 (0.1 - 0.4 0.8

(canned) (0.6 - 1.1)

Beans and pork 0.3 0.8

(canned)

Cheese 0.2 - 0.3 1.3 - 2.2 El gersma & Kl onp
(1975)

General ly, substitutes for human mlk have a relatively high
fluoride content conpared with that of human milk. |Infant
fornmul ae, infant gruel, syrups, and juices prepared with
fluoridated water contain 0.9 - 1.3 ng fluoride/litre conpared with
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0.2 - 0.5 ng/litre if prepared with Iow fluoride water, i.e., water
containing < 0.2 ng/litre (Becker & Bruce, 1981). Simlar results
wer e obtai ned by Singer & Ophaug (1979) who al so conpared fluoride
levels in fruit juices nade from concentrates by the addition of
fluoridated or non-fluoridated water

Tea | eaves are usually very rich in fluoride, and levels
ranging from 3.2 - 400 ng/ kg dry wei ght have been reported
(Canadi an Public Health Association, 1979). About 40 - 90% of the
fluoride in tea |eaves is eluted by brewing. The nean fluoride
concentration of tea brewed with water containing fluoride at 0.1
ng/litre was found to be 0.85 ng/litre, the upper level being 3.4

ng/litre (Anderberg & Magnusson, 1977). Duckworth & Duckworth
(1978) reported that the fluoride concentrations in tea infusions,
prepared from 12 different brands of tea, varied fromO0.4 to 2.8
ng/litre. The authors estinmated that the ingestion of fluoride by
tea drinkers of all ages in the United Kingdomranged from0.04 to
2.7 ng per day.

O her beverages are usually lowin fluoride. However, ninera
waters may contain fluorine levels higher than 1 ng/litre. It is
desirable that the fluorine concentration of mneral waters be
decl ared on the container.

3.5. Total Human | ntake of Fluoride

The fluoride contents of air, water, and food determ ne the
human i ntake of fluoride. As discussed above, there are
consi derabl e variations in fluoride levels, and a significant
variability in human fluoride intake would therefore be expected.

The average respiration rate in an adult person is about 20 n?
per day. Thus, even if the fluoride concentration in urban air
occasionally rose to 2 pg/n?, the amount of fluoride inhaled would
only be 0.04 ng/day. Martin & Jones (1971) estinmated that a person
l[iving in central London inhaled 0.001 - 0.004 ng of fluoride per
day. They stated that this ampbunt m ght be increased by a factor
of five or ten on an exceptionally foggy day. |In heavily
i ndustrialized English cities, the authors considered that the
maxi mal armount of fluoride inhaled daily would be of the order of
0.01 - 0.04 ng. In the close vicinity of an alum niumplant in the
Federal Republic of Germany, fluoride intake by inhalation was
calculated to be 0.025 ng/day (Erdmann & Kettner, 1975). Biersteker
et al. (1977) estimated that persons living near two industrial
sources of fluoride could inhale 0.06 ng fluoride during a day of
maxi mal pollution. Sinilar values have been reported from
fluoride-emtting industries in Sweden (SQU, 1981). As only a
proportion of inhaled fluoride is retained, actual uptake will be
| ess than the above estimate.

Qccupati onal exposure may add considerably to the total intake
of fluoride. Such exposures occur in the nmining and processing of
fluorspar, cryolite, and apatite (in sedinentary phosphate rock).
According to NIOSH (1977), fluorides are used in industry as a flux
in metal snelting; catalysts for organic reactions; fernmentation
i nhi bitors; wood preservatives; fluoridating agents for drinking-
wat er; bl eaching agents; anaesthetics; and in pesticides,
dentifrices, and other materials. They are al so used or rel eased
in the manufacture of steel, iron, glass, ceramcs, pottery, and
enanels; in the coagulation of latex; in the coating of welding
rods; and in the cleaning of graphite, netals, wi ndows, and
gl assware. Assuning a total respiration rate of 10 nt during a
wor ki ng day, the daily anobunt of fluoride inhaled could be as high
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as 10 - 25 ng, when the air concentration is at the nost frequent
exposure linmits of 1 -2.5 nmy/n? (I1LO 1980). Dependi ng on hygiene
conditions, dust contamination in the industrial setting could al so
add to the oral intake of fluoride.

Water requirenents increase in hot climates. Based on the nean
maxi mum t enperature, Galagan & Vernillion (1957) presented the
foll owi ng widely-used fornmula for the calculation of the "optinunt
fluoride concentration in drinking-water in different climtic
regions: "optinmum' level of fluoride in ng/litre = 0.34/(-0.038 +
0.0062 tines the nean nmaxi mum tenperature in degrees Fahrenheit).
In tenperate areas, the "opti num' |evel has been established to be
about 1 ng/litre (section 6.1).

When estimating the fluoride intake during the first 6 nonths
of life, whether the infant is bottle- or breast-fed should be
taken into account because of the very low fluoride concentration
in breast mlk. Different nmethods of preparing substitutes for
breast mlk will result in different fluoride concentrations in the
formulae. In the USA, the nean daily fluoride intake of bottle-fed
infants during the first 6 nonths of |ife has been estimted to be
0.09 - 0.13 ng/ kg body weight in fluoridated areas and a m ni num of
0.01 - 0.02 ng/kg in areas without water fluoridation (Singer &
Ophaug, 1979). The corresponding estinmate for areas with opti nal
fluoride content in the drinking-water in Sweden is 0.13 - 0.20
ng/ kg body weight and 0.05 - 0.06 ng/kg in | owfluoride areas
(Becker & Bruce, 1981). In contrast, the breast-fed infant wll
only receive 0.003 - 0.004 nyg fluoride/ kg body wei ght, assuning a
fluoride level of 0.025 ng/litre in human mlk (Ericsson, 1969).
The fluoride content of human mlk is practically the sane in | ow
fluoride and fluoridated areas (Backer Dirks et al., 1974).

Between 6 and 12 nonths of age, the fluoride intake will be
determined mainly by the proportion of tap-water used for the
preparation of infant food. Between 1 and 12 years of age, about
hal f of the necessary quantity of fluids may be ingested in the
formof cows mlk with a fluoride concentration of 0.10 ng/litre
(Backer Dirks et al., 1974) or slightly nore.

The intake of drinking-water in a tenperate clinmate by direct
consunption and by addition to food, has been estimated to be 0.5 -
1.1 litre per day for children aged 1 - 12 years (McCure, 1953).
McPhail & Zacherl (1965) calculated the total anount of water
necessary for children aged 1 - 10 years to be 0.7 - 1.1 litre per
day.

The fluoride intake of adults from food and dri nki ng-water has
been estimated in several studies. Table 3 includes data from | ow
fluoride areas with drinking-water containing < 0.4 ng of fluoride
per litre. These data indicate that the daily fluoride intake does
not exceed 1.0 ng. However, certain national consunption habits,
for instance, the ingestion of tea in Asia, and seafood in sone
other parts of the world, can be of significance. The various
estimates have differed significantly, possibly as a consequence of
the anal ytical nmethod used. Differences can also be related to the
cal cul ations of weight or the contribution fromdifferent
conponents in a characteristic diet. The total diet in comunities
where the water is fluoridated may contain a nean of 2.7 ng
fluoride/day, conpared with 0.9 ng/day where the water is not
fluoridated (Kunpul ai nen & Koi vistoinen, 1977). Estinmates of the

daily fluoride intake in fluoridated areas in several studies have
ranged from1.0 to 5.4 ng (Table 4). These figures correspond to
data given in a nunber of papers fromthe USSR (Gabovich &
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Ovrutskiy, 1969). Wth the different fluoride |levels in various
food itenms, considerable variations in individual fluoride intake
may occur. Thus, subgroups with very |low or very high fluoride
exposures through the diet may exist.

Close to a fluoride-emtting industry, limted contanination of
| eafy vegetables may increase the total fluoride intake of |oca
residents by about 1.7%or 1.0%in non-fluoridated and fl uoridated
localities, respectively (Jones et al., 1971). The fluoride intake
fromanimal products is practically unaffected by industrial air
pollution (US NAS, 1971; US EPA, 1980). Thus, no increase in
fluoride concentrations in soft tissues could be found in cattle
with a high fluoride intake, severe dental fluorosis, and a very
hi gh | evel of bone fluoride (US EPA, 1980). Backer Dirks et al
(1974) reported that the nornmal fluoride concentration in cow s
mlk was 0.10 ng/litre conpared with 0.28 ng/litre in mlk from
cows feeding close to an alum niumplant. Poultry eggs were found
not to be affected by industrial fluoride pollution (Balazowa &

H uchan, 1969; Ri ppel, 1972).

Table 3. Daily fluoride intake of adults in areas with a | ow
fluoride content in the drinking-water (< 0.4 ng/litre)?®

Ref er ence Fl uori de Fl uoride Total Comment s
in food in liquid intake
(ny/ day)
Armstrong & 0.27-0.32 - - Anal yses of 3 neals for
Know ton (1942) hospital staff, no
wat er
Machl e et al. 0.16 0. 30° 0. 46 Anal yses of one persons
(1942) 0. 54 max 0.75 daily intake during 40
weeks
McClure et al. 0.3-0.5 Anal yses of norna
(1944) diets for young nen
Ham & Smith 0.43-0.76 0.0-0.03 0.43-0.79 Analyses of diets of 3
(1954Db) young wonen avoi di ng
hi gh fluoride foods
(tea, fish)
Dani el sen & 0.56-0.57 - - Cal cul at ed i nt ake of
Gaarder (1955) persons > 14 years
of age
Chol ak (1960) 0.3-0.8 - - Excl udi ng fluoride from
dri nki ng-wat er
Kramer et al. 0.8-1.0° - - Anal yses of general hos-
(1974) pital diets in 4 cities,

3 neals, no food/drink
bet ween neal s

Csis et al. 0.7-0.9° - - See Kraner et al. (1974)
(1974)

Si nger et al. 0. 37 0.54 0.91

(1980)

Becker & Bruce 0.41 0. 20 0.61 Cal cul ated from anal -
(1981) yses of nmarket basket

sanpl es and from food
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consunption data

From Becker & Bruce (1981).

b | ncludes tealcoffee.

Table 4. Daily fluoride intakes of adults in areas with fluoridated
drinking-water (ca 1 ng/litre)

Ref erence Fl uori de Fl uori de Tot al Comment s
in food inliquid intake
(ny/ day)
San Filippo & 0.78-0.90 1.3-1.5 2.1-2.4 Anal yses of 4 market
Batti stone basket sanples
(1971)
Mari er & Rose 1.0-2.1 1.0-3.2 1.9-5.0 Cal cul ated fromthe
(1966) diets of 7 laboratory
wor ker s

Spencer et al. 1.2-2.7 1.6-3.2 3.6-5.4 Anal yses of diets de-
(1969) signed for |ow cal cium
content for 9 patients

Kramer et al. 1.7-3. 42 Anal yses of hospita

(1974) diets in 12 cities, 3
meal s per day, no food/
drink between neal s

Csis et al. 2.0 Anal yses of hospita

(1974) diets in 4 cities, 3
nmeal s, no food/drink
bet ween neal s

Csis et al. 1.6-1.8% Anal yses of a metabolic

(1974) diet, 3 neals, no food/
drink between neal s

Si nger et al. 0.33-0.59 0.61-1.1 0.99-1.7 Calculated from anal yses

(1980) of market basket sanples

and from food
consunption data

Koi vi st oi nen 0. 56°

(1980)

Becker & Bruce 0.41 1.6-1.9 2.0-2.3 Cal cul ated from
(1981) anal ysi es and food

consunption data

I ncl udes teal coffee.
I ncludes 1iquid except drinking-water.

Heal th hazards have been associated with fluoride pollution
near industrial sources. Neighbourhood fluorosis in cattle has
been described since 1912. Results of case-finding studies in the
vicinity of facilities producing fluoride-pollution in the German
Denocratic Republic reveal ed several cases of human skel et al
fluorosis. The total nunber of cases nentioned was about 50,
nostly slight cases of osteosclerosis and periosteal thickening,
but detailed clinical exam nation was only carried out on a few
patients (Schm dt, 1976a,b; Franke et al., 1978). Mst of the
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German patients had resided within 2 km of the source for at |east
20 years. A few additional cases were reviewed by Snith & Hodge
(1979). Mdller & Poul sen (1975) identified dust pollution froma
phosphate nmine as the cause of extensive dental fluorosis in
several hundred children living within 1 - 1.5 km of the mine
Thus, several cases of skeletal abnormalities have been identified
in a few case-finding studies in the vicinity of fluoride-emtting
production facilities. 1In all these cases, the enission contro
technol ogy was ol d or out noded.

The human intake of fluoride may al so include iatrogenic
sources. A frequent assunption is that the use of fluoridated
dentifrices and mouthrinses results in a daily fluoride uptake of
about 0.25 ng (Ericsson & Forsman, 1969), although individua
fluoride intake could conceivably be higher. Accidental intake of
sodi um fluoride tablets has only occasionally lead to intoxication
in children (Spoerke et al., 1980; Duxbury et al., 1982). Adverse
effects have been attributed to daily ingestion of considerable
amounts of fluoride as a remedy for osteoporosis (G ennan et al.
1978). Several anaesthetic gases contain fluoride. After
i nhal ati on of these conpounds, fluoride ions nmay be rel eased,
resulting in considerable internal exposure to fluoride (Marier
1982).

4. CHEMOBI OKI NETI CS AND METABOLI SM
4.1. Absorption

Absorption of fluoride entering the gastrointestinal tract is
af fected by a nunber of factors such as the chem cal and physica
nature of the ingested fluoride and the characteristics and anount
of ot her conponents of the ingesta (US NAS, 1971). Sol utions of
fluoride salts are rapidly and al nost conpletely absorbed fromthe
gastrointestinal tract, probably by sinple diffusion (Carlson et
al., 1960a). Fluoride frominsoluble or sparingly soluble
subst ances, such as calciumfluoride and cryolite, is less
efficiently absorbed. However, sone fluorides nmay be nore easily
di ssolved in the stomach because of the | ow pH, and hydrogen
fluoride will then be fornmed. This conpound nay easily penetrate
bi ol ogi cal nmenbranes, and its chem cal reactivity is the probable
cause of the resulting gastrointestinal synptons when | arge anounts
have been ingested. Recent bal ance studi es have shown that |ess
than 10% of the ingested fluoride is excreted in the faeces, but
the proportion varies with circunstances (US EPA, 1980) (section
4.3.2). The simultaneous presence of strongly fluoride-binding
ions, especially calciumions, will reduce the absorption of
fluoride (Ekstrand & Ehrnebo, 1979). |In conparison with cal ci um
phosphat e, and nagnesi um alumniumis much nore effective in
reduci ng fluoride absorption. Thus, in patients ingesting
al um nium contai ning antacids, fluoride absorption decreased to
about 40% and the retention decreased to nil (Spencer et al.
1980).

In the industrial environment, the respiratory tract is the
maj or route of absorption of both gaseous and particul ate fluoride.
Hydrogen fluoride being highly soluble in water is rapidly taken up
in the upper respiratory tract (Dinman et al., 1976a). Depending
on their aerodynamic characteristics, fluoride-containing particles
will be deposited in the nasopharynx, the tracheo-bronchial tree
and the alveoli (Task G oup on Lung Dynanics, 1966).

Dermal absorption of fluoride has only been reported in the

case of burns resulting fromexposure to hydrofluoric acid (Burke
et al., 1973).

Page 26 of 99



Fluorine and fluorides (EHC 36, 1984)

4.2. Retention and Distribution

4.2.1. The fluoride bal ance

The fluoride absorbed by the human body will circulate in the
body and then be retained in the tissues, predoninantly the
skel eton, or excreted, mainly in the urine. Both uptake in
calcified tissues and urinary excretion appear to be rapid

processes (Charkes et al., 1978). The previously retained fluoride
may be slowy released fromthe skeleton, and this fluoride nay add
to the levels in blood and urine. |If this factor is taken into
account, the results of recent bal ance studies (Maheswari et al.
1981; Spencer et al., 1981) in a nunber of subjects over severa

weeks of observation suggest that retention nmay be 35 - 48% Thus,

these results have, in general, confirnmed the early findings of
Largent & Heyroth (1949) that daily retention of increased anounts
of fluoride intake approximates 50% Additional metabolic studies
have been conducted using radi oactive fluoride (F-18) in healthy
subjects and in patients (Charkes et al., 1978). Using published
data, these authors conducted a conputer sinulation of a
conpartmental nodel for fluoride kinetics. The results suggested
that bone retains about 60% of intravenously-injected fluoride and
that the half-tine for this uptake is only about 13 min; both bl ood
and extracellular fluid levels therefore decrease rapidly. After

i ngestion of sodiumfluoride, plasnma fluoride |evels show a nuch
sl ower change with a half-life of about 3 h (Ekstrand et al.
1977a). This protracted course may be caused by a | onger
absorption time. Approximately 99% of the fluoride in the body is
localized in the skeleton. The rest is distributed between the

bl ood and soft tissues.

4.2.2. Blood

The bl ood acts as a transport nediumfor fluoride. About 75%
of the blood fluoride is present in the plasma; the rest is mainly
in or on the red blood cells (Carlson et al., 1960b; Hosking &
Chanberl ain, 1977). The levels of total plasma fluoride reported
inthe literature before 1965 differ by several orders of nmagnitude
fromnmore recently reported levels. Differences in analytica
performance may explain these discrepancies. It is now generally
accepted that fluoride in hunman serumexists in both ionic and
nonionic forms. This conclusion was orginally derived fromthe
observation by Taves (1968a) that the total fluoride content of
serumdetermned with the fluoride-ion selective electrode after
ashing was greater than the val ues obtained with procedures that
measure ionic fluoride and do not involve ashing of the specinen
The nonionic fraction of serumfluorine was found by Taves
(1968a, b) to be nonexchangeable with radi oactive fluoride, and not
ultrafilterabl e fromhuman serum El ectrophoresis of human pl asma
at pH 9.0 resulted in a clear separation of inorganic fluoride from
the nonionic fluorine which mgrated with al bunin (Taves, 1968c).
GQuy et al. (1976) isolated and characterized the conpounds that
conprise the major portion of the nonionic fluorine fraction of
human serum and found themto be predomnantly perfluoro-fatty acid
derivatives containing six to eight carbons. They indicated that
human serum al so contains nuch smaller quantities of other
uncharacterized organi ¢ fluorocarbons. |In human serum the
noni oni ¢ fluorine nornally constitutes at |east 50% of the total
fluorine. However, when fluoride intake is high, the ionic form
may predominate (Guy et al., 1976). 1In a group of rural Chinese,
organic fluoride constituted about 17% of the serum fluoride
(Belisle, 1981). The origin of nonionic fluorine in the serumis
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still unknown (Singer & Ophaug, 1982).

For the general popul ation under steady-state conditions of
exposure, the concentration of fluoride ions in plasma is directly
related to the fluoride content of the drinking-water. This close
rel ati onship has been clearly denonstrated by several authors (Quy
et al., 1976; Ekstrand et al., 1978; Singer & Ophaug, 1979). The
hal f-time of fluoride in plasma has been found to increase with
dose, ranging from2 to 9 h (Ekstrand, 1977; Ekstrand et al.
1977b), perhaps related to a del ayed uptake of higher doses. For
the sane intake, the plasnma fluoride ion concentration increases
significantly with age (Carlson et al., 1960a; Ekstrand, 1977;

Si nger & Ophaug, 1979). A possible explanation of this phenonenon
in children is that uptake is faster in young bone, which is |ess
saturated with fluoride (Weatherell, 1966). In addition, because
of the accumul ation of fluoride in the skel eton, increased anmounts
may be rel eased from bone renodel ling processes to the plasma in
ol der individuals.

Several studies on plasma or serumfluoride | evels have been
performed, and a few should be nentioned to illustrate the
magni tude of fluoride concentrations. In 16 non-fasting young
adults froman area in which the water was fluoridated, Taves
(1966) found an average serum fluoride concentration of 13
mg/litre. 1In 20 adults froman area with a fluoride content of
0.18 ng/ litre in the drinking-water, Fuchs et al. (1975) found a
nean plasma fluoride ion concentration of 10.4 pg/litre. Schiffl &
Bi nswanger (1980) found a nean serum fluoride ion concentration of
9.8 pug/litre in 8 healthy persons living in an area with a fluoride
| evel of 0.06 ng/litre drinking-water. Five subjects living in an
area with a fluoride level in the drinking-water of 0.15 ng/litre
had plasnma fluoride ion concentrations ranging from27 to 99
mg/litre, whereas the plasna fluoride level in 7 subjects living in
an area where the fluoride in drinking-water mght reach a val ue of
3.8 ng/litre ranged from57 to 277 pg/litre (Jardillier & Desnet,
1973) . Ekstrand (1977) measured plasma fluoride concentrations in
13 fluoride-exposed workers. The concentrations were el evated
conpared with a normal range of 10 - 15 pg/litre and exceeded 50
mg/litre in several workers. The naxi mum concentration was 91
pg/litre, 2 h after the end of exposure. These narked vari ations
found in different studies stress the inportance of future
i nvestigations on blood |evels of fluoride, and inter-1|aboratory
anal ytical conparison progranmes.

4.2.3. Bone

Fluoride ions are taken up rapidly by bone by replacing
hydroxyl ions in bone apatite. It has been suggested that fluoride
in extracellular fluid enters the apatite crystal by a three-stage
i on exchange process: the hydroxyapatite of bone nineral exists as
extrenely small crystals surrounded by a hydration shell; fluoride
first enters the hydration shell, in which the ions are in
equilibriumw th those of the surrounding tissue fluids and those
of the apatite crystal surface; the second stage reaction
constitutes an exchange between the fluoride of the hydration shel
and the hydroxyl group at the crystal surface; once it has entered
the surface of the crystal, fluoride is nore firmy bound; in the

third stage, some of the fluoride may migrate deeper into the
crystal as a result of recrystallization. The consensus is that
absorbed fluoride is incorporated into the hard tissues |argely by
a process of exchange and by incorporation into the apatite lattice
during mneralization (Neuman & Neuman, 1958; US NAS, 1971).
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The anmount of fluoride present in bone depends on a nunber of
factors including fluoride intake, age, sex, bone type, and the
specific part of the bone. About half of the absorbed fluoride is
deposited in the skeleton (section 4.2.1) where it accumul ates
because of the long biological half-life of fluoride in bone.
Young aninals store nore of the daily intake than ol der ones, this
is perhaps related to the skeletal growh; this observation may
partly explain the faster renoval of fluoride ion fromthe plasna
of young individuals and their |lower fluoride ion concentrations in
pl asma. The concentration of fluoride in bone increases with age
(Smith et al., 1953; Jackson & Wi dmann, 1958). For exanple, in
cortical bone fromm dshaft diaphysis of human fenora from areas
supplied with drinking-water containing less than 0.5 ng/litre,
Weat herell (1966) found fluoride concentrations ranging from 200 to
800 ng/ kg (ash) in the age group 20 - 30 years and from 1000 to
2500 nmg/ kg (ash) in the age group 70 - 80 years, respectively.
Trabecul ar bone contains nore fluoride than conpact bone, and the
biologically active surfaces of bone take up fluoride nore readily
than the interior (Arnstrong et al., 1970). Fluoride can be
rel eased frombone, as is evidenced by its continuous appearance in
the urine in increased anpbunts after exposure has ceased. Hodge &
Smith (1970) have suggested, on the basis of published data, that
such renmpval takes place in two phases: a rapid process taking
weeks and probably involving an ionic exchange in the hydration
shel |, and a sl ower phase with an average half-life of about 8
years owing to osteoclastic resorption of bone. Human data have
suggested that 2 - 8%of fluoride retained is excreted during 18
days following the initial retention (Spencer et al., 1975, 1981).
Because of slower renodelling process, fluoride would be rel eased
even nore slowy from conpact than fromtrabecul ar bone. Linited
i nformati on on 43 cases of skeletal fluorosis suggests that the
fluoride content fromiliac crest biopsies may be reduced by one-
hal f, 20 years after cessation of exposure (Baud et al., 1978).

4.2.4. Teeth

The factors controlling the incorporation of fluoride into
dental structures have been revi ewed by Wi demann & Weat her el
(1970); they are essentially the sane as those pertaining to bone.

Cenentumis nore akin to bone than to enanel and dentin, but
its fluoride concentration has been found to be higher than that of
bone (Singer & Arnstrong, 1962). Cenentum exposed to oral fluids
by recession of the gingiva nay accunul ate consi derabl e anounts of
fluoride.

Once formed, enanel and dentin differ frombone in that they do
not undergo continuous renodelling. The fluoride content of enane
is acquired partly during devel opnment and partly fromthe ora
environment after eruption. Wile the concentration of enanel
fluoride decreases exponentially with distance fromthe surface,
the actual values also vary with site, age, surface attrition, and
i ncreases with system c and topical exposure to fluoride
(Weat herell et al., 1977; Schanschula et al., 1982). |In adult
teeth, the fluoride content of the surface |ayer of enanel
(thickness 10 m) is reported to be 900-1 000 ng/kg in areas with
low fluoride levels in the water, about 1 500 ng/kg in fluoridated
areas, and about 2 700 ng/kg in areas with fluoride concentration in
the drinking-water of 3 ng/litre (Berndt & Sterns, 1979). High
fluoride content of enanel is associated with decreased solubility
(Isaac et al., 1958) and probably with increased resistance to
caries (Schanmschula et al., 1979).

The average concentration of fluoride in dentine is 2 - 3 tines

Page 29 of 99



Fluorine and fluorides (EHC 36, 1984)

that in enanel and is affected by growh and mineralization. As
wi th bone and enanel, dentin fluoride | evels are higher in the
surface (circunpul pal) regions than in the interior (US NAS, 1971).

4.2.5. Soft tissues

The concentrations of fluoride in human soft tissues reported
by different authors vary greatly. It is generally agreed,
however, that the normal soft tissue fluoride concentration in
human beings is low, usually less than 1 ng/kg wet weight (US EPA,
1980). Fluoride has a relatively short biological half-life in
these organs, and the soft tissue fluoride concentration is
therefore practically in equilibriumwth that in the plasm
Unli ke fluoride in bone, the concentration does not increase with
age or duration of exposure (Underwood, 1971). However, ectopic
calcification loci may accumul ate fluoride in certain tissues, e.g.
aorta, tendons, cartilage, and placenta (Hodge & Snith, 1970).

4.3. Excretion

The principal route of fluoride excretion is via the urine.
Sone excretion takes place through sweat and faeces, and fluoride
al so appears in saliva. Fluoride crosses the placenta; it rarely
seens to be excreted in mlk to any significant extent.

4.3.1. Uine

In adults, approximately half of the absorbed fluoride is
excreted via the urine (section 4.2.1). Renal fluoride ion
excretion involves glonerular filtration foll owed by pH dependent
tubul ar reabsorption. Fluoride clearance is less than that of
creatinine (typically about 0.15 I/h per kg body wei ght, according
to Ekstrand et al. (1977b)). Fluoride appears rapidly in the urine
after absorption. Following a single oral dose of a soluble
fluoride conpound, the maximal rate of excretion is observed 2 - 4 h
after fluoride intake; the half-time for the fast conmpartnent after
gastrointestinal absorption averages about 3 h (Ekstrand et al.

1977b), but injected fluoride is excreted even nore rapidly
(Charkes et al., 1978). Several factors nay influence the urinary
excretion of fluoride, such as total current intake, previous
exposure to fluoride, age, urinary flow, urine pH and kidney
status (Wiitford et al., 1976; Ekstrand et al., 1978, 1982; Schiffl
& Bi nswanger, 1980). In urine, fluoride exists both as the ion (F)
and to a small extent as HF. The equilibriumbetween F and HF is
pH dependent. The tubul ar reabsorption of fluoride occurs mainly
as HF and is therefore greater in acid urine (Witford et al.
1976). Fluoride excretion can therefore be increased by

mai ntai ning al kalosis in a poisoned patient. |In a study where

al kal i ne urine was produced by a vegetarian diet and acid urine by
a protein-rich diet, renal fluoride clearance was significantly
related to urinary pH and also to urinary flow (Ekstrand et al.
1982). In practice, exposure is the nost inportant factor and
urinary fluoride concentration is recognized as one of the best

i ndi ces of fluoride intake.

On a group basis, the correlation between the fluoride
concentration in urine and that in drinking-water is excellent.
This finding inplies that, during periods of relatively constant
fluoride supply, there exists an al nbst steady-state rel ationship
bet ween absorbed fluoride and fluoride excreted in the urine.
However, some of the fluoride excreted originates fromfluoride
rel ease during bone renodelling. Thus, excretion rates may
increase slightly with age, but no sex difference in fluoride
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excretion has been found (Vandeputte et al., 1977; Toth & Sugar
1976). In patients with skeletal fluorosis froman area where this
di sease occurs endem cally, the urinary excretion of fluoride was
related to the severity of the disease and, to sone degree, to the
l ength of exposure (Rao et al., 1979). Excess excretion rates nay
continue for years after the cessation of high exposure (Linkins et
al., 1962; Grandjean & Thonsen, 1983).

Younger persons who are actively form ng bone minerals excrete
less fluoride, i.e., a |ower proportion of the absorbed dose, than
adults. Zipkin et al. (1956) exam ned the urinary fluoride
concentrations of children and adults before and after the start of
fluoridation of the drinking-water supply. Already after one week,

the urinary fluoride levels of adults had reached 1 ng/litre. In
contrast, it took several years for the urinary fluoride of the
children to reach the same concentration. 1In chronic rena

failure, the urinary excretion of fluoride is dininished when
creatinine clearance values drop below 25 m/min (Schiffl &

Bi nswager, 1980). In such cases, the inpairnent of urinary
fluoride excretion is also reflected by an increase in the fluoride
content of bone (Parsons et al., 1975). The health significance of
fluoride in dialysis fluids is discussed in section 7.3.4. In
situations with extrenely high plasnma |evels of fluoride, e.g.
fol |l owi ng anaesthesia w th nethoxyflurane, acute kidney dysfunction
may ensue with decreased cl earance of fluoride.

4.3.2. Faeces

The proportion of ingested fluoride that is elimnated in the
faeces varies depending on circunstances (US EPA, 1980; Maheshwari
et al., 1981; Spencer et al., 1981). Fluoride present in faeces
results fromtwo sources: the ingested fluoride that is not
absorbed and the absorbed fluoride that is reexcreted into the
gastrointestinal tract. |In persons not occupationally exposed to
fluoride and not using fluoridated water, the faecal elinination of
fluoride is usually less than 0.2 ng/day (US NAS, 1971).

4.3.3. Sweat

Usual ly, only a few percent of the fluoride intake is excreted
in the sweat. However, under excessive sweating as nuch as 50% of
the total fluoride excreted may be | ost via perspiration (Crosbhy &
Shepherd 1957).

4.3.4. Saliva

Less than 1% of absorbed fluoride is reported to appear in the

saliva (Carlson et al., 1960a; Ericsson, 1969). Saliva fluoride
| evel s were found to be about 65% of plasma |evels (Ekstrand et
al., 1977a). |In fact, saliva does not represent true excretion

because nobst of the fluoride will be recycled in the body.
However, the fluoride content of the saliva is of mmjor inportance
for maintaining a fluoride level in the oral cavity.

4.3.5. MIKk

The concentration of fluoride in human mlk is quite simlar to
that in plasma (Ekstrand et al., 1981b), and significant exposure
to fluoride through human milk is therefore very unlikely. 1In

fact, fluoride levels in human mlk are lower than those in mlKk
substitutes (Backer Dirks et al., 1974).

4.3.6. Transplacental transfer
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Fl uoride crosses the placenta. A study by Arnstrong et al
(1970) neasured fluoride frommaternal uterine vessels and the
umbi l i cal vein and artery at caesarean section in human patients
and did not find any significant gradi ent between maternal and
fetal blood levels. At higher fluoride levels, a partial barrier
may exist (Gedalia, 1970). The fluoride content of the fetal
skel eton and teeth increases with the age of the fetus and with the
fluoride concentration of the drinking-water used by the nother
(Cedalia, 1970).

4.4, |ndicator Media

Under steady-state conditions of exposure, the plasna fluoride
concentration is a reflection of the balance between fluoride
absorption, excretion, and transfer to, and rel ease from storage
depots. Several authors have found a rel ationship between fluoride
ion levels in plasma and fluoride intake (sections 4.2.1 and

4.2.2). Previous nmethods for fluoride determ nati on needed an

i ntravenous bl ood sanple, but mcro-nethods using the fluoride ion
sel ective el ectrode have now nmade capillary bl ood sanpling
feasible, if contamination fromthe skin surface can be excl uded.
Thus, plasma (or serum may becone a useful indicator nediumin the
future

Urinary fluoride has usually been used to estimte the absorbed
anount (Kaltreider et al., 1972; Pantchek, 1975; D nnman et al.

1976a,b). In persons not occupationally exposed to fluoride, the
fluoride level in urine is alnpst the sane as the fluoride
concentration in the drinking-water. |In occupational fluoride

exposure, the results of a retrospective study by D nman et al
(1976a) suggest that group post-shift urinary fluoride
concentrations averaging less than 8 ng/litre over a |ong period
were not associated with enhanced risk of skeletal fluorosis and
the sanme result appears to apply if preshift urinary fluoride
concentrations are less than 4 ng/litre. However, the presence of
skel etal fluorosis in 43 al um nium potroom workers, of whom 37 had
a urinary fluoride excretion below 4 ng/24 h during an exposure-
free period (Boillat et al., 1979), may cast sone doubt on the
validity of this limt, since the exposure causing the disease was
probably much hi gher several years previously. Wth exposure
mainly by the respiratory route, an average urinary fluoride
concentration in postshift sanples of 8 ng/litre in alum nium
workers was found to correspond to an exposure of 2 ng/n? (Di nman
et al., 1976b). However, because of the rapid excretion process,
the timng of urine sanmpling is crucial. Since it is usual for
only spot urine sanples to be available, correction of the widely
varying urine volunmes per time unit is advisable. Correction to a
standard density, to a defined anount of creatinine or to
osmolality is used. Furthernmore, a postshift |evel below a certain
[imt on one day does not exclude that this limt nmay be exceeded
on ot her days, if exposure conditions are sonewhat variable. Al so,
since a nunber of factors, including urinary flow and pH, may

i nfluence the fluoride concentration in the urine, it is not
possi bl e to nake an accurate assessnent of individual fluoride
status on the basis of the urinary fluoride level in a single
sanpl e.

In addition, nails and hair may be useful indicators of |ong-
termfluoride exposures, under conditions where externa
cont ami nati on can be excl uded.

5. EFFECTS ON PLANTS AND ANl MALS
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5.1. Plants

Plants are exposed to fluoride in the soil, and in the air as a
result of volcanic activity, natural fires, w nd-blown dusts,
pesticides, or as em ssions from processes in which fluorine-
containing materials are burned, nmanufactured, handl ed, or used (US
NAS, 1971). The main route of entry of fluoride into animals is by
i ngestion, so plants are inportant vectors of the elenent in al
ecosyst ens.

Fluoride is taken up fromthe soil by passive diffusion, then
it is carried to the shoot by transpiration. |n tenperate
climtes, and in nost soils, the amount accunulated in this way is
small so the average content of |eaves in a non-polluted atnosphere
is usually less than 10 nmg F/ kg dry weight. Were soils are saline
or enriched by fluoride-containing mnerals or the atnosphere
contains el evated fluoride concentrations, the concentrati on may be
much higher. |n such areas, there may be sufficient plant uptake
of fluoride to contribute significantly to the human or ani nal
diet. This factor should be considered in areas with endemc
fluorosis. A nunber of species accumul ate hi gh concentrations,
even when grown on |owfluoride soils, perhaps as a result of
conplex formation with alum nium (Davison, 1984). The tea fanmly
Theaceae, is the best known of these accunul ators, but there are
several others that warrant further investigations (Davison, 1984).

Gaseous and particulate fluorides in the air are deposited on
exposed plant surfaces, whilst gaseous fluoride enters |eaves
through stomatal pores. Fluoride is also constantly |ost from
plants by a variety of little-understood processes (Davison, 1982,
1984). Superficial deposits may be tenaciously held and may
account for over 60% of the total fluoride content of the |eaf.
Though such deposits are of negligible toxicity to the plant, they
may present a hazard for grazing animals. Fluoride that penetrates
the internal tissue of |leaves or that is deposited on active
surfaces such as stigmata may affect a variety of netabolic
processes and result in effects on appearance, growh, or
reproduction. Recent reviews of the nmetabolic effects of fluoride
have been reported by Bonte (1982) and by Winstein & Al scher-

Her man (1982).

The visible effects of toxic concentrations of fluoride on
plants are well docunented (Jacobson & Hill, 1970; Wi nstein,
1977). They nmay include chlorosis, peripheral necrosis, |eaf
distortion, and mal formation or abnormal fruit devel opnent. None
of these synptonms are specific to fluoride, and the effects of many
other stresses may appear very simlar. The diagnosis of fluoride
injury normally involves both visual and chenical evidence, and
conparison of a nunber of species of known tol erance grow ng around
the source. Factors relating to the frequency of exposure have
also to be taken into account.

The susceptibility of different plant species to excessive
at nospheric fluoride varies considerably (Jacobson & Hill, 1970; US
NAS, 1971). Many conifers are very susceptible during the short
period of needle growth, but they then becone nmuch nore resistant.
Sone monocot yl edons, such as gladiolus and tulip, are simlarly
susceptible, though there is great varietal variation. In sone
species, there is a great difference in susceptibility between
| eaves and fruits. For exanple, peach fruit are extrenely
sensitive to very |low concentrations of fluoride, but |eaves are at
| east an order of nmgnitude nore resistant.

Avail abl e evi dence (Weinstein, 1977, Davison, 1982) indicates
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that visible injury and effects on growmh or yield are to a |large
extent independent. Many cases have been reported where there was
visible foliar injury but no associated growh effects. Equally,
there have been instances where visible synptonms were conbined with
stimulation of sone paraneters of growth, probably by alteration of
resource allocation. Most significant, however, are reports that
there may be economically significant reductions in yield with no
vi sible synptons on the | eaves (MaclLean & Schnei der, 1971; Pack &
Sul zbach, 1976; Unsworth & Ornrod, 1982). This |ast aspect of
effects on plants needs clarification

Attenpts have been nade to devise air quality criteria for the
protection of plants, notably by MCune (1969), who produced dose-
response curves for a nunber of species. Generally, there is a
non-linear, negative relationship between concentration and the
| ength of exposure necessary to cause an effect, so air quality
criteria nmust be stated in terns of tine-related concentration
Ti ssue concentrations are a useful adjunct to diagnosis and to
quality criteria, but superficial fluoride deposits and
conmpartmentation within the | eaf make interpretation difficult. A
useful summary of air quality criteria adopted by different
organi sations for plant protection is given in | PAl (1981). Such
criteria can be adjusted fromplace to place and fromtine to tine
to take account into: (a) the dissimlarity of vegetation and its
consequent sensitivity in different areas; (b) changes in
susceptibility of vegetation to fluoride during the year; and (c)
the i ntended use of the vegetation (MacLean, 1982).

Generally, little or no injury will occur when the nost
sensitive species are exposed to a fluoride |level of about 0.2
my/ n¥. Mbst species tolerate concentrations many times higher than
this. It is difficult to define the m nimumtissue fluoride
concentration associated with injury; however, there are reports of
sone species showing effects with concentrations as | ow as 20 ng/ kg
dry wei ght (Weinstein, 1977).

Fl uoride taken up by plants fromsoil or air is transferred to
animal s by ingestion of plant cellular fluids, nectar, pollen
ti ssues, or whole organs. Because the concentration of fluoride
varies greatly in different parts of plants, the anount ingested by
an ani mal depends on its feeding strategy. For exanple, aninals
that consunme whol e shoots will ingest nuch greater quantities of
fluoride than phl oem sucking invertebrates. Food preparation

reduces the anount of fluoride ingested from contani nated
veget abl es by hunman bei ngs, because the outer |eaves are renoved
and the material is washed before eating.

Because of the potential econom c inportance of fluoride
accunul ation in livestock and the role of plants in fluoride
transfer to animals, air quality criteria designed to protect
livestock fromfluoride injury are usually based on the fluoride
content of forage, although the role of fluoride in dietary
suppl enents nust al so be considered (section 5.5.3).

5. 2. | nsects

Bot h inorganic and organic fluoride conpounds have been used as
i nsecticides for many years. |In sub-lethal doses, the former have
been shown to reduce growth and reproduction in nmany species of
i nvertebrates (US EPA, 1980). It has been suggested that fluoride-
i nsect interactions have been responsi ble for extensive insect
damage to forests around al um nium snelters, although the nechani sm
of this interaction is not clear (Winstein, 1977; Alcan

Page 34 of 99



Fluorine and fluorides (EHC 36, 1984)

Surveill ance Conmittee, 1979).

Honey bees are known to be susceptible to fluoride, and
api ari sts have suffered significant econoni c damage in areas around
sone sources of fluoride em ssion

I nsects collected fromfluoride-polluted areas show hi gher
concentrations of this elenent than those from non-pol |l uted areas,
and it has been suggested that this is partly due to food chain
accunmul ation (US EPA, 1980). However, firm evidence concerning
bi omagni fication is | acking.

Cenot oxi c effects are di scussed in section 5.6.
5.3. Aquatic Aninals

Reactions to fluoride have been exanmined in several studies on
aquatic animals , chiefly on fish, to provide a basis for
regul ati ons on the permssible anmount of fluoride in waste water
di scharged into the sea or fresh water recipients.

Fi sh exposed to poi sonous ampunts of sodiumfluoride (Tables 5,
6) becone apathetic, |ose weight, have periods of violent novenent,
and wander aimessly. Finally, there is a loss of equilibrium
acconpani ed by tetany and death. Micous secretion increases,
acconpani ed by proliferation of rmucous-producing cells in the
respiratory and integunentary epithelium (Neuhold & Sigler, 1960).

Studies on the effects of fluoride on aquatic aninmals (sone
results are given in Tables 5 & 6) show that sensitivity and |etha
doses are influenced by many factors, e.g., size of fish, density
of fish per m of aquarium water tenperature, calciumand chloride
concentrations in the water, and proper nai ntenance of streani ng
water. Crustaceans may be nore tolerant to fluorides than fish (US
EPA, 1980). However, the studies give only scattered information

concerning the effects of fluoride on the fish under various |iving
conditions. New and nore systematic and detail ed studies
concerning the long-terminfluence of fluorides on aquatic aninals
are therefore necessary.

5.4. Birds

The bones of birds collected near enission sources show
el evated fluoride levels, but there are no reports of any other
effects. Most reports on the effects on birds pertain to donestic
speci es such as chickens, turkeys, quails, etc. The paucity of
reports on wild birds may be the consequence of their | ower
economc value. 1In addition, the nobility of birds nakes it
difficult to define the exposure to fluoride. High fluoride
i ngestion by birds can result in reduced growth rate, |eg weakness,
and bone lesions. Tolerance to fluorides varies anong bird species
and anong individuals of the sanme species (US NAS, 1971, 1974; US
EPA, 1980).

5.4.1. Acute effects

Typi cal synptons of acute toxicity are reduction or |oss of
appetite, local or general congestion, and sub-mucosal haenorrhages
of the gastrointestinal tract (Cass, 1961; US EPA, 1980). Such
acute responses were recogni zed when chickens were fed for 10 days
on a diet containing 6786 ng F per kg (as sodium fluoride).
Roosters receiving sodium fluoride at 200 ng/ kg body wei ght, twice
in 24 h, devel oped gastro-enteritis with oedema of the nucosa of
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the stomach and upper bowel s,
and atrophy of the pancreas.

subcut aneous oedenm, hepat onegaly,

5.4.2. Chronic effects

Chronic fluorosis in birds can be difficult to diagnose,
because birds do not have teeth, which are inportant aids to
diagnosis in other animals (US NAS, 1974). It is necessary to
establish the presence of characteristic | esions, a history of
exposure at the proper time to levels of fluoride known to be
toxic, and anal ytical evidence that bone contains fluoride
concentrations consistently associated with the | esions of chronic
fluorosis, before a definite diagnosis can be nade (Cass, 1961).

partly

In birds, chronic fluoride toxicosis devel ops slowy and
primarily involves gross and mcroscopi c changes in bone. |If
el evated fluoride intake persists, the general health of the
aninmal s deteriorates progressively. Gowh rate decreases
| aneness may devel op, and usually there is |oss of appetite (US
EPA, 1980). Levels of fluoride in the ration that can be tol erated
have been given as 300 ng/ kg for growi ng chicks and 400 ng/ kg for
I ayi ng hens and turkeys (US NAS, 1974).

The body weight, tibia weight in Japanese quail, and the bone
ash, and eggshell thickness were not affected by a sodium fluoride
concentration in the drinking-water of 50 ng/litre (Vohra, 1973).

Table 5. Effect of excessive fluoride on fresh water fish
Species  Fluoride Exposure  Effect  Reference
(mg/litre) time
Goldfish 1000 60 h  Nosurvival Elis (1937)
Carp 75 - 91 480 h 50% survival Neuhold & Sigler (1960)
Red-eye fry < 25 5 - 6 days None Vallin (1968)
Red- eye roe < 25 7 days None Vallin (1968)
Juveni |l e sal non 100 5 days Sur vi val Vallin (1968)
Juveni |l e trout 200 5 days Sur vi val Vallin (1968)
(bracki sh
wat er)
Brown trout fry 15 240 h 50% survival Wight (1977)
Brown trout fry 2.0 240 days uncertain Wight (1977)
Brown trout fry 0.9 240 days None Wight (1977)
Rai nbow t r out 2 - 10 days uncertain Angel ovic et al. (1961)
Rai nbow t r out 5.9 7.5 10 days 50% survival Angelovic et al. (1961)
Rai nbow t r out 8.5 504 h 95% survi val Herbert & Shurben (1964)
Rai nbow t r out 4.0 504 h 50% survival Herbert & Shurben (1964)
Rai nbow trout egg 222 - 273 424 h 50% survival Neuhold & Sigler (1960)
Rai nbow trout fry 61 - 85 825 h 50% survival Neuhold & Sigler (1960)
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Table 6. Effect of excessive fluoride on narine aninmals

Speci es Fl uori de Exposure Effect Ref er ence
(mo/litre) time

Mugi | cephal us 100 96 h None Hemens & Warw ck (197
(mullet)
Mugi | cephal us 5.5 113 days None Henmens et al. (1975)
Mugi | cephal us 52 72 days I ncreased Henmens & Warw ck (197
nmortality

Anbassi s saf gha 100 96 h None Hemens & Varwi ck (197
(small fish)

Ther apon j ar bua 100 96 h None Hemens & Warw ck (197
(small fish)

Penaeus i ndi cus 5.5 113 days None Henmens et al. (1975)
(prawn)

Penaeus i ndi cus 100 96 h None Hemens & Warw ck (197
Penaeus nonodon 100 96 h None Henmens & Warw ck (197
Tyl odi pl ax bl eph- 52 72 days I ncreased Hemens & Warw ck (197
ari skios (crab) mortality

Tyl odi pl ax bl eph- 100 96 h None Hemens et al. (1975)
ari ski os

Pal aenon pacificus 52 72 days Af fected Hemens & Warw ck (197

reproduci bility

Per na perna 7.2 5 days Evi dence of Hemens & Warw ck (197
(brown nussel) toxic effects

5.5. Mammal s

The toxicity of various fluorides has been studied mainly in
two categories of aninmals, i.e., laboratory animals (rats, mice,
gui nea-pi gs, rabbits, dogs, and cats) and live-stock. The acute
and chronic effects have usually been exani ned in studies on
| aboratory aninmals, especially rats. The chronic effects have been
extensively studied in large and | ong-term studi es on donestic
manmal s.

5.5.1. Acute effects

5.5.1.1. Exposure to sodiumfluoride

For laboratory aninals, the single |lethal dose of F, when
adm nistered orally as easily soluble fluorides, is in the range of
20 - 100 ng/ kg body wei ght (Davis 1961; Eagers, 1969). The |etha
dose for intravenous, intraperitoneal, and subcutaneous injection
of sodiumfluoride is half of the oral |ethal dose (Miehl burger
1930). Fatal acute intoxication may occur in |laboratory aninals
foll owi ng repeated oral adm nistration of sublethal doses of
sol ubl e fluorides.
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Signs of acute systemic fluoride intoxication are increased
salivation, lacrimation, vomting, diarrhoea, nuscul ar
fibrillation, and respiratory, cardiac, and general depression
The rapidity of onset and the progression of the intoxication
varies directly with the magnitude of the initial dose (Davis,
1961). The anatomi cal |esions of fatal acute intoxication are non-
specific, but the gastro-enteric irritation is nore general and
nore intense than that usually found in nost other forms of gastro-
enteritis.

Several authors have determined the levels of ionic fluoride in
the plasma of |aboratory aninmals, that are sufficiently high to
result in acute fluoride poisoning and ultimately death. De Lopez
et al. (1976) determined the LDsy for female rats, weighing 80,

150, or 200 g, when given sodiumfluoride by stomach intubation
The LDsg for 80 g rats and 150 g rats was practically the same (54
and 52 ng/ kg body wei ght, respectively), but this val ue was

deci dedly higher than that for 200 g rats (31 ng/ kg body weight).
The | ow LDsy observed in the ol dest (heaviest) rats was ascribed to
a higher degree of fluoride saturation in their skeletons. The

pl asma ionic fluoride concentration associated with the LDsgs
ranged from8 - 10 ng/litre and spontaneous death occurred in al
three groups at these levels. The maxi mum fluoride |levels were
reached within 15 nmin of administration, and |l evels of at |east 4
ng/litre persisted for 4 h or nore.

Singer et al. (1978) studied the ionic fluoride levels in
pl asma followi ng intraperitoneal adm nistration of 15, 20, or 25 ng
of fluoride per kg body weight to 200 g rats. |In aninmals given 25
ng/ kg, the nmean ionic fluoride level in plasma was 38 ng/litre
after 10 min and the aninmals invariably died within 1 h. Al
animal s receiving 15 or 20 ng/kg survived, despite nmean ionic

fluoride levels in plasma of 22.9 and 29.2 ng/litre, respectively.
These | evel s are considerably higher than the | evels that resulted
in death in the previously nentioned study by De Lopez et al
(1976). Singer & Ophaug (1982) explained this seenm ng di sagreenent

in the following way: "Administration of the fluoride by stomach
i ntubation results in slower absorption of the fluoride and | ower
peak plasma fluoride |levels that persist for a | onger period. It

appears, based upon these investigations, that plasma fluoride
| evels of 4 - 10 ppmfor a protracted period is nore toxic than
consi derably higher levels for a shorter period of tine".

lonic fluoride levels in plasma of 12 - 41 ng/litre were
observed in rabbits by Hall et al. (1972b), 1 h after the
adm ni stration by stomach intubation of 100 - 140 ng sodi um
fluoride per kg body weight. The authors reported that plasma
concentrations of over 28 ng/litre, 1 h after dosing, were |ethal
Rabbits with a 1-h plasna fluoride level of 24 ng/litre or |ess
survived at |east 24 h.

The nephrotoxic potential has been studied in detail. Fluoride
doses (5 - 20 ny/ kg body wei ght) adm nistered intravenously to dogs
caused an increase in urine volunme and a decrease in urea excretion
(Cottlieb & Grant, 1932). Sodium fluoride (50 ng/ kg body wei ght)
adnmini stered orally to rats caused increased urinary excretion of
i norgani ¢ phosphate, cal cium nagnesium potassium and sodi um
associated with polyuria (Suketa & Mkam, 1977). Sinmilar effects
have been observed in man foll owi ng anaesthesia with fluorine-
contai ning agents (section 7.3.4). A decrease in renal (Na" + K')-
ATPase activity was associated with an increase in urine volune and
urinary sodiumexcretion, and with a conconitant decrease in serum
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sodi um concentration (Suketa & M kani, 1977; Suketa & Terui, 1980).
After intraperitoneal admnistration of a single |arge dose of
fluoride (NaF, 35 ng/kg body weight), the calciumcontents of the
renal cortex and nedulla of fluoride-intoxicated rats were

i ncreased by 33 and 10 tinmes, respectively (Suketa et al., 1977).

5.5.1.2. Exposure to fluorine, hydrogen fluoride, or silicon
tetrafl uoride

Acute intoxication may also result fromsingle or repeated
epi sodes of respiratory exposure to elenental fluorine and gaseous
hydrogen fluoride and silicon tetrafluoride. These gases primarily
act as severe respiratory irritants. Fluorine reacts vigorously
with al nost every elenent or nmaterial, thereby severely injuring
the respiratory tract. Hydrogen fluoride and silicon tetrafluoride
al so induce respiratory tract damage. |If the respiratory danmage is
not initself lethal, systenmic intoxication may follow

D Pasqual e & Davis (1971) reported the nedian | ethal concentration
for a 5-mn exposure (5 mn LGs) to hydrogen fluoride for rat and

nmouse to be 14 400 and 5 000 nmg F/n?, respectively. The 60-nin LG

val ues for rat and nouse were reported to be 1 100 and 270 ng F/ nt,
respectively (Whlschlager et al., 1976).

When rats were exposed through inhalation to hydrogen fluoride
for 5, 15, 30, or 60 mn, the LGCyps were 4060, 2200, 1670, and 1070

my/ n¥, respectively; the LGy for guinea-pigs with an exposure of

15 nmin was 3540 ng/n?. Irritation of the nucous nenbranes of the
eyes and nose, weakness, and a decrease in body weight were
observed in the poisoned animals. Acute inflanmation and foca
necrosi s of the nasal nucosa, irritation of the skin, necrosis of
the renal tubular epithelium congestion of the liver and

vacuol ation of its cells, and myel oid hyperplasia of the bone
marrow were found histologically. Wen rats, dogs, and rabbits
were exposed to hydrogen fluoride at a concentration of 6 - 50% of
the LGy for rats, the animals devel oped tracheobronchitis and
irritation of conjunctiva and the nasal nucosa, which |asted about
4 days (Rosenholtz et al., 1963).

A recent study by Mrris & Smith (1982) sheds sone light on the
question of why |large doses of a reactive gas such as hydrogen
fluoride are required to i nduce pul nonary danmage in certain
species. After surgically isolating the upper respiratory tract
fromthe lower in rats, the authors found that 99.8% of the
hydrogen fluori de was absorbed in the upper respiratory tract at
concentrations ranging from30 - 176 ng F/n’. Plasma fluoride
concentrations were significantly el evated by upper respiratory
tract exposure to hydrogen fluoride and were highly correlated with
ai rborne concentrations of hydrogen fluoride.

5.5.2. Chronic effects on snall |aboratory aninals

The first visible sign of chronic fluoride intoxication in
| aboratory animals is dental fluorosis. No general threshold val ue
can be given. However, a |loss of the orange-brown pignentation of
the incisors is seen in rats maintained on a lowfluoride diet (0.1
- 0.3 ng/kg dry weight) and drinking-water containing 25 ng/litre
of fluoride (Taylor et al., 1961). Wen the fluoride concentration
of the drinking-water was increased to 50 - 100 ng/litre, the
i nci sors becane white and chalk-like with tips that fractured
easily.

Accumul ati on of fluoride in the bones of |aboratory ani mals has
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been exami ned in many studies (reviews Davis, 1961; Singer &
Ophaug, 1982). In rats on a lowfluoride diet (0.1 - 0.3 ng/kg),
accunul ation was chem cally detectable at a fluoride level in the
drinking-water of 1 ng/litre and radiologically visible after 6
nonths at a water concentration of 50 ng/litre (Taylor et al.

1961). At higher levels of fluoride intake, there is generally an
enl argenent of the flat bones and subsequent interference with the
functioning of the joints (Davis, 1961). However, no threshold

val ues seemto have been given in the literature for the appearance
of such clinical osteofluorotic signs in |aboratory animals.

A toxic effect of fluoride in the formof retarded growh was
reported for mce kept for 8 weeks on a lowfluoride diet with a
fluoride content in the drinking-water of 100 ng/litre (Messer et
al., 1973). The sane conditions of fluoride intake over a period
of 6 nonths did not result in growh depression in rats (Taylor et

al., 1961). However, growth retardation was registered in rats

mai ntai ned for 6 nonths on a diet containing a fluoride
concentration of 3 ng/kg and drinking-water with a fluoride content
of 100 nmg/litre (Buttner & Karle, 1974).

A fluoride level of 100 ng/litre in the drinking-water inpaired
reproduction in mce (Messer et al., 1973).

Rats on a lowfluoride diet (0.1 - 0.3 ng/kg) tolerated
drinki ng-water containing 50 ng/litre for 6 nonths w thout the
appear ance of histological alterations or effects on the rena
function (Taylor et al., 1961). At a fluoride level in the
drinking-water of 100 ng/litre, dilation of the renal tubules
appeared in sonme of the rats. This pathol ogi cal change was
acconpani ed by increased urine output and increased water
consunption in the affected aninmals. Evidence was presented by
Spira (1956), that fluoride nmay induce the formation of urinary
calculi. Results of nore recent studies on rats suggest that
fluoride at high dose levels (23 ng/kg diet) is one of severa
factors that determine the Iikelihood of calculus fornmation
crystalluria, and urolithiasis (Anasuya, 1982).

5.5.3. Chronic effects on |livestock

US EPA (1980) lists the nost comonly encountered sources of
excessive fluoride for livestock as foll ows:

(a) forage crops, usually the major source of an animal's
di et, which have been contam nated by fluoride
em ssions, or w nd-blown or rain-splashed soil with a
hi gh fluoride content;

(b) water with a high fluoride content;

(c) feed supplements and mineral mxtures that have not
been properly defluorinated; and

(d) forage crops grown in soils with a high fluoride
content.

The effects and dietary tol erance of animals to | ong-term
exposure to levels of fluoride were reviewed in US NAS (1974),
Suttie (1977), and US EPA (1980).

Chroni c mani festati ons of excess fluoride in cattle are very
simlar to those found in man, i.e., dental fluorosis and
osteofluorosis. Aninmals with noderate to severe osteofluorosis
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sonetines exhibit an intermttent, non-specific, atypical |aneness
or stiffness that may be associated with calcification of
periarticular structures and tendon insertions. This |anmeness or
stiffness is often transitory in nature, and linmts feeding or
grazing time, thereby inpairing aninal performance. O her genera
non-specific signs or synptons sonetinmes associated with chronic
fluoride toxicosis include thickened, dry unpliable skin and poor
per f or mance.

Studies on the effects of fluoride in the diet on |livestock
critically assessed in US NAS (1974), are given in Table 7.
Synptonms or signs devel op progressively at total fluoride dietary
concentrations exceeding 20 - 30 ny/kg.

The tol erance of nany comon domestic ani mals, shown in Table
8, indicates that dairy heifers are the least and poultry the nost
tol erant.

Di agnosis of fluorosis is based on determ nation of fluoride in
the total diet, clinical observations, especially on the teeth,
bi opsy of tail bones and, where appropriate, post-nortem
exam nati on.

Prevention of fluoride injury in donestic aninmals can be
achieved by: (a) control of fluoride em ssions; (b) regular
nmonitoring of the total diet; (c) use of properly defluorinated
m neral suppl enents; and (d) regular exam nation by a veterinarian.

Table 7. Relationship between fluoride levels in the diet and the
devel opnent of various changes in cattle?

Di scerni ble dental nottling® yes yes yes yes
Enanel hypopl asia (score no no yes yes
nunber 4)°¢

Sl i ght gross peri osteal no yes yes yes

hyper ost osi s

Moder at e gross peri ost eal no no yes yes
hyper ost osi s

Si gni ficant incidence of no no no yes
| ameness

Decreased m | k production no no no yes
Skel etal fluoride equivalent no no no yes

to 5000 ng/ kg at 5 years®

Urine fluoride of 25 no no yes yes
ng/litre®

& From US NAS (1974).

The statenents "yes" or "no" indicate if the synptom woul d
be reproduci bly seen at this |evel

Only if fluoride is present during formative period of the
t oot h.

Met acar pal or netatarsal bone, dry, fat-free basis.
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€ Based on values taken after 2 - 3 years of exposure;

= 1.04.

density

Table 8. Dietary fluoride tol erances for domestic ani mal s®P°

iml  performance® Pat hol ogy®
(mo/ kg) (no/ kg)

Beef or dairy heifers o 0

Mature beef or dairy cattle® 50 40

Fi ni shing cattle 100 NA'

Feeder | anbs 150 I D?

Br eedi ng ewes 60 ID

Hor ses 60 40

Fi ni shing pigs 150 NA

Br eedi ng sows 150 100

Growi ng or broiler chickens 300 ID

Layi ng or breeding hens 400 ID

Tur keys" 400 ID

Growi ng dogs 100 50

* From Us Nas (1974).

The values are presented as ng/kg F in dietary dry matter and
assune the ingestion of a soluble fluoride, such as NaF. \When
the fluoride in the ration is present as sone form of
defl uori nated rock phosphate, these tol erances may be
i ncreased by 50%
¢ Levels that, on the basis of published data for this species,
could be fed without clinical interference with norma
per f or mance.
¢ At this |evel

of fluoride intake, pathol ogi c changes occur

The effects of these changes on perfornance are not fully known.

Cattle first exposed to this |eve
NA = non appli cabl e.
ID = insufficient data.

This | evel
Very limted data suggest that the tol erance for growing nale
turkeys may be | ower.

at 3 years of age or ol der.

o

Limts for the fluoride content of the diet, proposed as
standards for the prevention of fluorosis by Suttie (1969),
been adopted by many regul atory organi sations (IPAl, 1981).
Because nmonitoring of the diet of livestock is difficult, it is
essential that a protocol such as that suggested by Suttie (1969)
and Davison et al. (1979) should be foll owed.

have

5.6. Cenotoxicity and Carcinogenicity

5.6.1.

has been shown to be safe for growi ng fenmal e turkeys.

Cenetic effects and other related end points in short-termtests
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Sodium fl uoride did not induce reverse nutations in Sal nonella
typhimuriumeither in the absence or presence of a netabolic
activation systemfrom Arocl or-induced rats. In the same study, it
did not induce gene conversion in Saccharonyces cerevisiae (Martin
et al., 1979).

A fluoride level of 0.4 - 1.0 ng/litre inhibited DNA repair
after irradiation of mouse spleen cells in vitro (Klein et al.
1974). Sodium fluoride was not nutagenic in cell cultures of hunman
| eukocytes at concentrations of 18 and 54 ng/litre (Voroshilin et
al., 1973) and 18 ng/litre (Cbhe & Sl aci k-Erben, 1973). Little or
no effect was noted on chronpbsones when nobuse oocytes were exposed

invitroto a fluoride concentration of 200 ng/litre in media for
up to 14 h. Sheep and cow oocytes were unaffected by a
concentration of 100 ng/litre in nmedia for 24 h (Jagiello & Lin,
1974).

Sodi um fl uori de, hydrogen fluoride, and stannous fluoride were
reported to increase the frequency of sex-linked recessive lethals
in Drosophila nelanogaster follow ng feeding or inhalation exposure
of adults (Gerdes, 1971; Gerdes et al., 1971; Mtchell & Gerdes
1973). I n other studies (Mikherjee & Sobels, 1968; Mendel son
1976), no sex-linked recessive |lethals were induced in Drosophila
followi ng either injection or feeding of sodiumfluoride. Sodium
nonof | uor ophosphate did not induce doninant lethals in mature sperm
or oocytes of Drosophila (Bucchi, 1977). Mhaned & Chandl er
(1977) reported that the nunber of cells from bone narrow or
spermat ocytes with chronbsonal abnornalities increased in mce with
a fluoride dose in drinking-water of 1 ng/litre or nore. Owing to
various inconsistencies and | ack of proper double-blind procedures,
the results of Mhaned & Chandl er (1977) have been questioned
(Victoria Conmittee, 1980). Martin et al. (1979) using the sane
experinmental design, could not reproduce the effects, even when
fluoride | evels were as high as 100 ng/litre drinking-water

Feedi ng of sodium fluoride to mice at concentrations of up to
50 ng/ kg diet for seven generations did not induce chronosonal
aberrations or sister chromatid exchanges in the bone nmarrow (Kram
et al., 1978). No cytogenetic changes occurred in the oocytes of
m ce given single or repeated treatnments of sodiumfluoride
(Jagiello & Lin, 1974).

Sodi um fl uori de has been reported to inhibit or potentiate the

nut ageni c effects of irradation or chemcals in Drosophila

mel anogast er (Mikherjee & Sobels, 1968; Vogel, 1973; Burki &
Bucchi, 1975a,b). The inhibiting effects may be due to decreased
upt ake of the mutagen (MacDonal d & Luker, 1980), whereas
potentiation of the nutagenic effects due to radiation nmay result
fromthe action of fluoride on enzynmes involved in DNA repair
(Mukherjee & Sobels, 1968).

Non- specific cytogenetic effects, including anaphase | agging,
bridges, tetraploidy, nultipolar anaphases, and increase in the
frequency of abnormal mtotic figures, have been induced in severa
pl ant species by sodiumfluoride (Hakeem & Shehab, 1970; Muftah &
Smith, 1971; Bale & Hart, 1973a,b; Galal & Abd-Alla, 1976). In
contrast, Tenple & Weinstein (1978) did not find any chronobsoma
aberrations in plants treated with hydrogen fluoride or sodium
fluoride.

5.6.2. Carcinogenicity in experinental animals

No adequate |ong-term carcinogenicity studies on fluoride
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conpounds are available. Two long-termstudies in which sodi um
fluoride in the drinking-water is being adm nistered to mce and
rats are in progress (I ARC, 1982).

| ARC (1982) reviewed the available data fromthree studies in
whi ch sodium fluoride in the drinking-water or diet had been
adm nistered to mice (Tannenbaum & Sil verstone, 1949; Tayl or, 1954;
Kani sawa & Schroeder, 1969) and concl uded that the avail abl e data
were insufficient to nake an eval uati on of the carcinogenicity of
sodi um fluoride for experinental aninmals.

5.7. Experimental Caries

In several hundred studies, caries has been induced in aninals,
especially in rats and hansters, by sucrose-containing diets (for
revi ews, see Larson, 1977). Addition of fluoride, usually sodium
fluoride, to the diet and/or the drinking-water has been found to
substantially reduce the incidence of experinentally-induced
carious lesions. A reduction in caries incidence has al so been
obt ai ned experimentally by the topical application of fluoride.

5.8. Possible Essential Functions of Fluorides

Because of the presence of fluoride in neasurable anounts in
all human and aninmal tissues and fluids, and because of the extrene
reactivity of fluorides, studies have been designed to test whether
fluorides are essential for animal life. The difficulty of such
studies is that it is virtually inpossible to elininate al
fluoride fromthe diet given to the aninmals tested.

The results of recent studies with diets lowin fluoride
denmonstrate that fluoride promotes growh in rats (Schwarz & M| ne,
1972), and increases fertility, and alleviates anaenia in nice
under the stress of pregnancy on a diet marginally adequate in iron
(Messer et al., 1972, 1973). Fluoride may thus play a secondary
role, by pronoting a nore efficient utilization of dietary |levels
of iron and possibly other trace el ements.

Based on crystall ographic data, Newesely (1961) suggested that
fluoride is essential for nucleation of the precipitation and
crystallization of bone apatite.

A VWHO expert committee (WHO, 1973) considered fluorine to be
one of the 14 elenents that are essential for aninmal |ife.

6. BENEFI Cl AL EFFECTS ON HUMAN BEI NGS

The caries-inhibiting capacity of fluoride ions was discovered
in the 1930s and has given rise to extensive conmunity and clinica
trials, docunented conprehensively in the scientific literature.
There has al so been extensive inplenentation of fluoride preventive
programes at comunity and individual levels. Mre recently, the
possi bl e beneficial effects of fluorides on osteoporosis have been
studi ed. The possible essentiality has been exanmi ned in |aboratory
animals (section 5.8).

6.1. Effects of Fluoride in Drinking-Wter

It was reported in early studies that the preval ence of dental
caries was negatively correlated with the fluoride concentration in
the drinking-water. People using a water supply with a fluoride
content of 1 ng/litre or nore were found to have about 50% ess
dental caries than those with a supply containing 0.1 - 0.3 ng
fluoride per litre (Dean et al., 1941a,b; Dean, 1942). No
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"obj ectionabl e" dental fluorosis was observed at a water fluoride
level of 1 ng/litre (Dean, 1938,1942; MC ure, 1944; McClure &
Kinser, 1944), a level that was called the "optimal" level, as it
was al so connected with a | ow preval ence of caries. As a
consequence of these findings, it was suggested that the water-

wor ks shoul d add fluorides to fluoride-poor waters thus raising the
fluoride level to an "optimal" level. |In areas with a hot clinate,
the "optimal" fluoride concentration is below 1 ng/litre while in
cold climtes it may be up to 1.2 ng/litre (Galagan & Vermllion
1957) (section 3.5). The technical details of fluoride addition do
not inply any nmajor difficulties (Mier, 1972).

In 1945-47, four controlled studies on the effects of
fluoridation of |ow fluoride drinking-water were carried out, in
Brantford, Canada; Evanston, Newburgh, and G and Rapids, USA.

These studi es gave the expected results, a caries reduction of 50%

or nore, i.e., the same |low caries prevalence as in areas naturally
fluoridated to optinal levels (Ast et al., 1956; Brown et al.
1956, 1960; Blayney & Hill, 1967; Arnold & Russell, 1962; Brown &

Popl ove, 1965). The results of the Brantford study are illustrated
in Fig L1

A conpilation of 120 fluoridation studies fromall continents
(Murray & Rugg-@unn, 1979) showed a reduction in caries in the
range of 50 - 75% for permanent teeth and about 50% for primary
teeth, in children, 5 - 15 years of age, following life-1ong
consunption of fluoridated water. In general, water fluoridation
studi es have indicated that nmaxi mal caries reduction and delay in
the progression of carious lesions is achieved in people living in
a fluoridated area froman early age. The increasing effect over
time of fluoridation is illustrated in Fig. 2. |If the fluoridation
of drinking-water in an area is discontinued, nuch of the caries
protection acquired by the residents will gradually di sappear
(Jordan, 1962; Conmttee on Research into Fluoridation, 1969; Lenke
et al., 1970; Kinzel, 1980). It is inportant to realize that these
| arge reductions in caries preval ence and progression were achi eved

in the virtual absence of other nethods of fluoride use and for
popul ations with high or very high caries preval ence. The sane
reducti ons should not be expected for populations with a | ow but

i ncreasi ng preval ence; for this type of popul ation, the effect
woul d be mainly to halt the increase. This is also true for
countries, mainly industrialized, where reductions in caries
preval ence have been experienced through the w despread use of
other fluoride preventive nethods (d ass., 1982; Leverett, 1982;
Thyl strup et al., 1982) (Fig. 3). While addition of water or salt
fluoridation could be expected to have added preventive effects,
the percentage reduction would not be great as that in popul ations
where other fluoride preventive nethods have not been used.
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GROUFPS:
12-14 wears of age

7

50 GROUPS:
9-11 wears of age

Z

Caries {DMFT)}

RET SEEEZ

Sarnia Brantford Stratford Sarnia Brantford Stratford

The Brantford-Sarnia-5S5tratford fluoridation study. Mean number
of permanent teeth with caries experience {DMFT: decayed, missing,
and filled teeth per child)} at the start of the study and after 14
wears of fluoridation. Sarnia: control city with low fluoride content

in the drinking—water during the study. Brantford: fluoridated at
the start of the study to 1.2 mg fluorideflitre, previously a low—
fluoride city. Stroatford: naoturally fluoridated control city, water
fluoride concentration 1.6 mgflitre during the study {Condensed by
SO {1981) from Brown et al. {1956, 1960).

Usual |y, the effect of fluoridated drinking-water has been
studied in children or young adults. However, several papers show
concl usi vely that continued exposure to fluoride ions has a caries-
protecting capacity in adults (Deatherage, 1943; Adler, 1951
Forrest et al., 1951; Russell & Elvove, 1951; Russell, 1953;

Engl ander & Wall ace, 1962; Gabovich & Ovrutskiy, 1969; Hallett &
Porteous, 1970; Keene et al., 1971; Mirray, 1971a,b; Jackson et

al., 1973; Shiller & Fries, 1980). 1In addition to the reduction in
enanel caries, fluoride ions will also significantly reduce the
preval ence of cemental caries (Stanm & Banting, 1980). This fact

is of inportance for nmiddl e-aged and ol d peopl e whose root-surfaces
are often exposed by gingival recession.
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Caries experience in children of three different ages in two communities with
fluoride lewels in the drinking—water of 0.9 — 1.6 mgflitre {Ballerup % Hvidowre)

and 0.3 — 0.6 mgflitre {Vordinghorg) {(From: Thylstrup et al , 1982} DMFS is
drown to different scales.

Reports based on epi deni ol ogi cal studies in the USA (Bernstein
et al., 1966; Taves, 1978) and in Finland (Luoma et al., 1973)
suggest that the preval ence of heart disease may be lower in
popul ati ons exposed to fluoridated water than in | ow fluoride
comunities. However, in tw of the three studies, the influence
of other chem cals could not be excluded. Further studies in this
field should be encouraged.

6.2. Cariostatic Mechani sns

A large nunber of clinical studies and basic research have
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reveal ed i nformation on the nechanisns involved in caries reduction
by fluoride. Conpilations of this material have given the

foll owi ng concept of the mechani sms (Jenkins, 1967; Brown & Koni g,
1977; Cate ten, 1979; Ericsson, 1978):

In general terns, it is thought that fluoride reduces caries
t hrough influencing the norphol ogy of teeth by reducing the
solubility of the enanel and pronoting renineralization, and
through its effect on plaque bacteria. A carious |esion can be
regarded as the result of a local inbalance between, on the one
hand, denineralizing, apatite-dissolving factors and, on the other
hand, renineralizing, apatite-precipitating factors. Demineralization
is effected by acids produced from carbohydrates, especially
sucrose, by microorganisnms in the bacterial (dental) plaques on the
tooth surfaces. Renineralization occurs during relatively neutra
peri ods being pronoted by fluoride ions present in the bio-system
constituted by dental plaque, saliva, and the enanel surface. An
increase in fluoride in this systemw |l facilitate apatite
formati on and consequently stabilize already precipitated crystals,
thereby counteracting dissolution processes that |lead to carious
cavities. In addition to influencing the formation of apatite,
fluoride has also been reported to influence the conposition and
retard the growmh of bacterial plaques and the enzynmatically
conduct ed production of acids and pol ysaccharides in the plaques.
More recently, it has been suggested that the nost inportant
mechanismis the fluoride-facilitated precipitation of cal cium
phosphate at the enanel surface (Fejerskov et al., 1981).

6.3. Fluoride in Caries Prevention

Fluoride is recognized to be the nost effective caries-
preventive agent. Some 260 nillion people receive fluoridated
drinking-water. Systenmic alternatives to water fluoridation are
bei ng used in sone areas wi thout collective distribution of
drinki ng-water or where water fluoridation is not feasible or
all owed. The commonly enpl oyed alternatives are fluoridated food
ingredients, especially table salt and mlk, and fluoride tablets.

6.3.1. Fluoridated salt (Nad)

Fluoridated salt (NaC) has been tested in Switzerland since
1955 (Marthal er & Schenardi, 1962), in Hungary since 1966 (Toth,
1976), and in Col onbia since about 1965 (Mejia et al., 1976). The
results are reported in Table 9. The production of fluoridated

salt is inexpensive and, technically, relatively sinple. Salt
fluoridati on has been recommended as a tenporary alternative to
conmpl enent water fluoridation programres by the Pan American

Heal th Organi zati on (PAHO 1983). However, the considerabl e
variation in individual intake of table salt precludes the

adm ni stration of equal anounts of fluoride to every individual
Because of the possible hypertension-inducing effect of table salt
and its possible significance in cardi ovascul ar di seases, these

i ndi vidual variations are expected to becone even nore pronounced
in the future (Berglund et al., 1976; Freis, 1976; \Waern, 1977;
Kestel oot et al., 1978; Page et al., 1978). Such devel opnents nmay
i nfluence future indications for the caries-preventive fluoride
enrichnent of salt. They will affect also the levels of fluoride
to be added to table salt.

6.3.2. Fluoridated mlk

Fluoridated m |k has been reported to reduce caries (Zegler
1956; Rusoff et al., 1962; Wrtz, 1964; Stephen & Canpbell
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1980). It may be of value in special cases, for instance, as an
ingredient in school |uncheons. However, as the consunption of

m |k varies considerably in different age groups and geographi cal
areas, fluoridated mlk cannot beconme the general source of caries-
preventive intake.

Table 9. Data fromstudies on the effect on dental caries of
fluoridated salt?

Country Fluoride Tine of Age in the Caries Cari es
in salt experinent groups quantity reduction
(mg/ kQ) (years) (years) paraneter (%
Col ombi a 200 8 6 - 14 DVFT 60 - 65
Hungary 250 8 2 -6 deft 41
Hungary 250 8 7 - 11 DMFT 58
Hungary 250 8 12 - 14 DVFT 36
Switzerland 90 51/2 8 -9 DVFT 18 - 22

& From Marthaler & Schenardi (1962); Toth (1976); and Mejia et
al . (1976).

DMFT = pernmanent teeth with caries experience.

deft tenmporary teeth with caries experience

6.3.3. Fluoride tablets

These tablets are prescribed to give a daily dose of fluoride
corresponding to the anpbunt of fluoride received by drinking water
containing the optimal fluoride concentration. Fluoride tablets
properly taken seemto give the same caries reduction as
fluoridated drinking-water, as reviewed by Driscoll (1974) and
Bi nder et al. (1978). However, in general, fluoride tablets cannot

efficiently replace water fluoridation, as only few famlies are
able to maintain a regular tablet intake, day after day, year after
year (Arnold et al., 1960; Richardson, 1967; Prichard, 1969; Hennon
et al., 1972; Plasschaert & Kbnig, 1973; Fanning et al., 1975;
Newbrun, 1978; MEniery & Davies, 1979; Thylstrup et al., 1979).

6.3.4. Topical application of fluorides

In areas | acking caries-preventive fluoride concentrations in
the drinking-water, topical application of fluoride preparations on
tooth surfaces has been recommended by WHO (19792 resol ution
WHA31.50). Hundreds of studies, nostly in children of school age,
have denonstrated a definite caries-reducing effect of topica
application. The nost commonly used self-applied fluoride
preparations are fluoride-containing dentifrices and nmouth rinses.
Wth daily use of fluoride dentifrices, containing about 1 g F/kg,
a 20 - 30%reduction in caries has been reported (Heifetz &

Horowi tz, 1975; Fehr, von der & Mdller, 1978). dinical trials
with mouth rinses, usually containing 0.2 - 1 g F/litre, have been
carried out in at least 15 countries. Frequency of rinsing ranged
fromdaily to once a week or fortnight. A caries reduction of

20 - 35% has been reported (Birkeland & Torrell, 1978; WHO, in
press). In other studies, a caries-inhibiting effect was
denonstrated by the professional application of a fluoride varnish
or fluoride-containing gels.

Topi cal application does not reduce caries to the sanme extent
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as water fluoridation (Kinzel & Soto Padron, 1984). The conbination
of topical nethods and water fluoridation has increased the caries-
preventive effect of the latter, but the ensuing benefit is |ess
than the sum of the effects of the individual nethods.

It has even been clained that the conbination of school - based
nouth rinsing with additional topical application of 2% sodi um
fluoride in children with high caries activity could reduce the
caries rate close to that reached in areas with fluoride in the
drinki ng-water (Thylstrup et al., 1982) (Fig. 3). However, in this
study, the fluoride-treated children were al so exposed to fluoride
levels in the drinking-water of 0.3 - 0.6 ng/litre, which in itself
woul d have a substantial, though not optinmal, caries-reducing
effect. It should also be noted that the caries rate in a town
with 0.9 - 1.6 F/litre in the drinking-water was hi gher than that
reported fromother comunities with sinmlar fluoride |evels (WO
in press).

6.4. Treatnment of Osteoporosis

Ost eoporosi s may be defined as the | oss of bone accel erated
beyond the normal "physiological" rates (Dixon, 1983). The
condition is common either in an idiopathic formor as a
conplication of other diseases. Early diagnosis is difficult
because osteoporosis is asynptomatic until it has advanced far

a Handbook of resol utions and deci sions of the Wrld Health
Assenbly and the Executive Board, Volune Il 1973-78, p. 108.

enough to cause structural failure of bone. Mst adults |ose

m nerals from bone steadily throughout their Iife. In wonen, this
bone | oss is accelerated for a year or two after the nenopause,
after which the decline slows to the previous rate, so that bone

mass may ultimately be |l ess than half of that in young adults. In
mal es, a correspondi ng accel erati on nay appear at 60 - 65 years of
age. Severe clinical manifestations of osteoporosis are: |oss of

cortical bone, which leads to fracture of |ong bones, and | oss of
trabecul ar bone, which may cause fractures in the spine. An
excessive intake of fluoride fromwater and food or fromindustri al
dust has been found to increase bone mass. This fact nmay be
related to the observation that indications of osteoporosis were

| ess frequently found in areas with drinking-water containing
fluoride levels of 4 - 8 ng/litre than in |owfluoride areas (Leone
et al., 1960; Bernstein et al., 1966).

Sodi um fluoride was first used in the treatnment of osteoporosis
by Rich & Ensinck (1961). It inproved the mineralization of bone
but did not reduce the nunber of bone inprovenents, adverse
effects, or unaltered clinical picture (Purves, 1962; Higgins et
al ., 1965; Cass et al., 1966; Inkovaara et al., 1975). In later
studies, it was realized that it was necessary to comnbine the
fluoride therapy with a supplenmentation of calciumto counteract
fluoride-related induction of osteonal acia. Such conbinations with
or without vitam n D have given beneficial effects (Jowsey et al.
1972; Hansson & Roos, 1978; Riggs et al., 1980, 1982), though the
contribution by fluoride may still be somewhat doubtful, because
few of the requirenents for a controlled clinical trial have been
followed. Different conbinations containing fluoride were tested
in the therapy of osteoporosis by Riggs et al. (1982). Most
effective in the therapy of post-nenopausal osteoporosis appeared a
conbi nation of calcium fluoride, vitamn D, and oestrogens. |t
was noted that the greatest beneficial effect was achieved during
the second year of treatnent. This finding could perhaps be
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related to the observation that it takes about a year of fluoride
treatnment to achi eve radiol ogical evidence of increased bone
density (El -Khoury et al., 1982). Mst of the fluoride-treated
pati ents had been given high doses (40 -100 ng) of sodium fluoride
per day. Adverse reactions had been noted in sonme patients as a
result of these doses, in particular rheumatic and gastroi ntestina
synptons (Riggs et al., 1982; Dixon, 1983). To avoid gastric
troubles, enteric-coated tablets have been devel oped. The

m ni mal , active dose has recently been stated to be 30 ng sodi um
fluoride a day when given in conjunction with 1 g calcium a day
(Di xon, 1983).

Skel etal fluorosis has been reported (Gennan et al., 1978).
In one fatal case, high-dose sodiumfluoride therapy (44 ng/day)
was given for osteoporosis in an elderly woman with inpaired rena
function. Dehydration and renal failure developed with initiation
of the sodiumfluoride treatnment. She died, in spite of intensive
treatnment to restore fluid balance (MQueen, 1977). It is
i mpossible to assess the significance of individual reports of this
ki nd.

Sodi um fl uori de has al so been used in the treatnent of
ot ospongi osi s. Shanbaugh & Causse (1974) prescribed 40 - 60 ng of
fluoride a day for up to 8 years. The authors considered this
treatment very effective, and side effects were only reported in a
few cases (Causse et al., 1980).

The possi bl e beneficial effects on osteoporosis of optinmally
fluoridated drinking-water has been examined in a few studies. The
results have not given a conclusive answer (Royal College of
Physi ci ans, 1976). However, the duration of fluoridation in sone
of the studies mght have been too short for an adequate
assessnent. After 20 years of fluoridation in Kuopio, Finland,
cancel | ous bone strength neasured by a strain transducer in wonen
with chronic i mobilizing disease, was statistically significantly
hi gher conpared with that in a corresponding group froma | ow
fluoride area (Al hava et al., 1980). Although a beneficial effect
of fluoride seens likely, additional research is needed to
el ucidate the dose ranges that are effective.

7. TOXI C EFFECTS | N HUMAN BEI NGS
7.1. Acute Toxic Effects of Fluoride Salts

Most cases of acute poisoning in human bei ngs described in the
literature have been associated with the suicidal or accidenta
i ngestion of fluoride-containing insecticides and other products
used in the hone. Poisoning has nost frequently been with sodi um
fluoride, sodiumfluorosilicate, or hydrofluoric or fluorosilicic
aci d.

Acut e fluoride poisoning in man has been described by severa
authors. The nost detail ed survey, 1211 cases from 1873 to 1935,
was given by Roholm (1937). O these, 60 ternminated fatally. In
acute fluoride poisoning, practically all the organs and systens
are affected. The manifestations include voniting (sonetines
bl ood- st ai ned), diffuse abdom nal pain of spasnodic type,

di arrhoea, cyanosis, severe weakness, dyspnoea, nuscle spasns,
pareses and paral yses, cardi ovascul ar disorders, convul sions, and
coma. Hodge & Smith (1965) summarized the acute effects of
fluoride. Hodge (1969) grouped nost of the acute fluoride effects
into four categories of major functional derangenents: (a) enzyme
i nhibition, (b) calciumcomplex formation, (c) shock, and (d)
specific organ injury.

Page 51 of 99



Fluorine and fluorides (EHC 36, 1984)

In acute poisoning, fluoride kills by blocking normal cellular
met abolism Fluoride inhibits enzymes, in particular netall oenzynmes
i nvol ved in essential processes, causing vital functions such as
the initiation and transm ssion of nerve inpul ses, to cease.
Interference with necessary bodily functions controlled by cal ci um
may be even nore inportant. The strong affinity for cal cium
results in hypocal caenm a, perhaps due to precipitation of
fluorapatite (Sinpson et al., 1980). The nost severe case of
hypocal caem a ever reported in a human being was in a patient with
fluoride poisoning (Rabinowitch, 1945). Oher netal ions nay be
bound to fluoride as well, thereby bl ocking various biochenica
nmechani sns. I n addition, hyperkaliaem a may ensue with ventricul ar
fibrillation of the heart associated with peaking of the T waves in
the el ectro-cardi ogram (Bal tazar et al., 1980). Massive inpairnent
of the functioning of vital organs results in cell danage and
necrosis. Terminally, there is a characteristic shock-Iike
syndr one.

Fromdata in the literature, Hodge & Smith (1965) estimated
that the first manifestations of poisoning (nausea, voniting, and
ot her gastrointestinal synptons) appear with the ingestion of 140 -
210 ng of fluoride (F) per 70 kg body weight. In 1- to 3-year-old
children, the ingestion of 5 ng/kg body weight nmay |l ead to toxic
mani festati ons (Spoerke et al., 1980). Hodge & Smith (1965) fi xed
the Il ethal dose of sodiumfluoride for a 70-kg man at 5 - 10 g,

which neans 2.2 -4.5 g of F (or 32 - 64 ng F per kg body weight).

Fl uori de poi soni ng has no specific signs but resenbles
poi soning fromingestion of other gastrointestinal irritants,
notably arsenic, mercury, barium and oxalic acid (Polson &
Tattersall, 1979). Wthout know edge of the preparation ingested,
it may therefore be difficult to identify a case of fluoride
poi soning i medi ately. The rapid onset of synptons fromthe
stomach may be related to the formati on of hydrogen fluoride at | ow
pH conditions. In the honme, incidents of fluoride poisoning
usual Iy occur fromthe swallow ng of insecticides or rodenticides
containing highly soluble fluorides. Sodiumfluoride, e.g., for
cockroach control, may be mi staken for flour or sugar, and in nany
countries such preparations are either banned or required to be
col oured to avoid confusion. Although fluoride supplenment tablets
are sonetinmes stored at honme in |arge nunbers, few cases of
poi soni ng (nausea, voniting, diarrhoea) have been reported in
children after ingestion of fluoride tablets (Spoerke et al.
1980).

Al'l inorganic compounds of fluorine are not equally toxic. The
toxicity depends on the node of entry into the body and the
physi cal and chenical properties of the compound. O special
significance is the solubility: highly soluble conpounds are nore
toxic after oral intake than sparingly-soluble or insoluble ones.
The readily-soluble fluorides, e.g., NaF, KF, Na,Si Fs, and BaSi Fg
i nduce simlar toxic effects (Miehl berger, 1930). To obtain the
same effect, readily-soluble fluorides need to be given in doses of
only one-third of cryolite (Deeds & Thomas, 1933-1934; Evans &
Phillips, 1938), and one-sixth of the dose of calciumfluoride
(Smith & Leverton, 1933). A conparative study of the degree of
t oXi City of NaF, N8.28| Fe, CaF,, CaSi Fe, Nng, Znk,, A|F3, and CuF,
showed that cal cium and al um nium fl uorides were | ess toxic than
the other fluorides and that CuF, occupi ed an internedi ate position
(Marcovitch, 1928; MCure & Mtchell, 1931).

There is no specific treatnment in fluoride poisoning except for
the admnistration of calciumsalts. Vonmiting is usually
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spontaneous. |If not, an enetic should be given. MIk or calcium
chl oride should also be given. Gastric lavage with line water is
effective. A soluble calciumsalt, usually cal cium gluconate, can
be given intravenously. Potassium should be restricted. Unless
nephrotoxic effects are present, efficient excretion takes pl ace,
and the excretion rate may be further enhanced under al kal osi s
conditions. |If a patient survives the first hours of poisoning,
the chances of survival are good. Surviving patients recover

wi t hout known sequelae. This is generally the case in recovery from
poi soni ng through the oral intake of fluoride. On the other hand,
irreversible necrosis and burns nmay be caused by gaseous fl uorides
(section 7.2).

7.2. Caustic Effects of Fluorine and Hydrogen Fl uoride

Gaseous fluorides can cause considerabl e damage to the skin and
respiratory tract. Largent (1952) listed the increasing intensity
of acute effects with increasing concentrations of gaseous
fluorides on the basis of controlled exposures of volunteers (1 ppm

= 0.7 ng/nt for HF) as follows:
2.1 ng/n® (3 ppm): no local inmrediate systemic effects;

7 mg/ m (10 ppm): many subjects experienced disconfort;

21 mg/ n? (30 ppn): all subjects conplained and obj ect ed
seriously to staying in the environnent;

42 mg/ m® (60 ppm): at brief exposures, definite irritation
of conjunctiva, nasal passages, tickling and disconfort of
pharynx and trachea; and

84 ngy/n? (120 ppm: the highest concentration tol erated
(less than 1 min by 2 male subjects), snmarting of skin as
wel | as above effects were noted.

The perm ssi ble occupational levels in the USA for hydrogen

fluoride and fluorine are 2.5 ng/nt and 2.0 ng/ nt, respectively
(ACA H, 1983-84).

Pul monary exposure to either elemental fluorine or hydrogen
fluoride may occur independently or simultaneously with skin
exposure. Continued inhalation of hydrogen fluoride or fluorine at
high | evels results in coughing, choking, and chills, lasting 1 - 2 h
after exposure; in the next one or two days, fever, coughing,
chest tightness, rales, and cyanosis may devel op, indicating
del ayed pul nonary oedena (Dreisbach, 1971). The signs and synptons
progress for a day or two and then regress slowy over a period of
a few weeks. At higher exposures, the violent reaction of gaseous
fluorine with the skin induces a thermal burn; in contrast,
sol utions of hydrogen fluoride induce deep sl ow healing burns that
develop into abscesses. The delicate tissues of the |ung may be
intensely and even fatally irritated by high concentrations of
fluorine or hydrogen fl uoride.

Gaseous conpounds of fluorine attack tissues nuch nore
vigorously than fluoride salts. The toxicity of some gaseous
i norgani ¢ conpounds of fluorine decreases in the follow ng order
F,0, F,, HF, BF3, and H,Si Fe.
7.3. Chronic Toxicity

7.3.1. Cccupational skeletal fluorosis
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El evated intake of fluoride over prolonged periods of tinme may
result in skeletal fluorosis, i.e., an accunmulation of fluoride in
the skeletal tissues associated w th pathol ogi cal bone fornmation
Thi s di sease was first discovered in Copenhagen in 1931 during a
routine examnation of cryolite workers (Ml er & Gudjonsson, 1933).

The di sease was described in detail in a later in-depth study
reported by Roholm (1937).

Skel etal fluorosis has been reported mainly from alunini um
production, nmagnesi um foundries, fluorspar processing, and
super phosphat e manuf acture (Hodge & Smith, 1977).

The first stage of osteofluorosis is sonmetines asynptomatic
and can be visualized radiologically as an increase in the
density of various bones, particularly the vertebrae and the
pelvis. In cryolite workers, such changes were seen after about
four years of daily absorption of 20 - 80 ng of fluoride (Roholm
1937). According to nore recent reports, such osteosclerotic
changes appear at a fluoride content of 5 000 - 6 000 ng/ kg of
dry, fat-free bone (Smith & Hodge, 1959; Widmann et al., 1963;
Zipkin et al., 1958). Franke & Anermann (1972) found pat hol ogi ca
changes at fluoride |evels of about 4000 ng/ kg, and a nore recent,
very thorough study on bone biopsies reveal ed histol ogi cal changes
at fluoride |l evels down to about 2000 ng/kg (Baud et al., 1978;
Boillat et al., 1979). These histological effects associated with
what appear to be very | ow bone fluoride concentrati ons may have
been due to exanination coupled with de-fluorination in the post-
exposure period. It is possible that as fluoride concentrations
vary greatly within bone, so histol ogical effects may be associ at ed
with locally high concentrations. Thus, relatively high |levels may
be accunul ated under constant, |ong-term exposures to |ow | evels of
fluoride, without discernible effects. Wth increasing fluoride
accunul ation, the following picture is noted radiologically: bone
density increases, bone contours and trabecul ae become uneven and
blurred, the bones of the extreneties show thickening of the compact
bone and irregul ar periosteal growth (exostoses and osteophytes),
and there is increasing evidence of calcification in |iganents,
tendons, and nuscle insertions (Roholm 1937).

Bone density changes may be difficult to recognize, particularly
in the early stages of skeletal fluorosis. Furthernore, such
changes coul d be caused by other diseases, such as Paget's di sease
or osteoblastic netastases. Sinmilarly, arthrosis of the joints nmay
be produced not only by fluoride, but many ot her conditions.
Studi es on Swi ss al um ni um potroom wor kers have suggested t hat
calcification of ligaments, tendons, and muscle insertions, in
particul ar, cal caneal spears on the heel bone, nmay be nore usefu
di agnostic markers (Boillat et al., 1981). A bone biopsy is often
necessary, and characteristic changes include: linear formation
defects, nottled periosteocytic |acunae, porosity of cortical bone,
i ncreased trabecul ar bone vol ume, and the presence of new y-forned
peri osteal bone (Baud et al., 1978; Boillat et al., 1979). 1In the
early stages, polyarthralgia is a characteristic conplaint (Boillat
et al., 1979). Wth increased radiological density, clinical signs
and synptons nmay becone nore severe, especially pain in joints of
hands, feet, knees, and spine. Wth increasing severity, the pain
i ncreases and novenent of the vertebral columm and | ower |inbs
becones linmted (Roholm 1937). Finally ossification of the
i gaments and outgrowt hs or bony spurs in joints may result in

fusion of the spine ("poker back") and contractures of the hips and
knees. This severe stage, called crippling fluorosis, has been
reported fromtenperate climate areas in connection with heavy
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i ndustrial fluoride exposure (Roholm 1937).

In a study of 1242 enployees in an alum nium snelter using the
Soder burg process, Carnow & Coni bear (1981) reported that clinical
muscul oskel etal effects could occur before skeletal fluorosis
becones apparent radiologically. Questionnaire answers suggested
an increased incidence of nuscul oskel etal diseases with increasing
total fluoride exposure during enploynent. On the other hand,
X-rays of chest and |unbar spine failed to indicate any differences
related to the exposure index. As recognized by the authors of
this paper, this group of workers was heterogeneous, chenica
exposures were m xed, and ergonom ¢ problens m ght have occurred.
Unfortunately, the fluoride levels and the | engths of exposure
were not reported, thus naking a possible dose-response rel ationship
i mpossible to determ ne. The enpl oyees of the same snelter were
exam ned four years | ater by Chan-Yeung et al. (1983). The
exposure | evels were deternmined, and two control groups were
exam ned. The exposure level in the potroomwas about 0.5 ng/n?
for the subgroup with the highest exposure. The authors were not
able to confirmthe findings of Carnow & Coni bear (1981) that
clinical nuscul oskel etal effects could occur before skel etal
fluorosis becomes apparent radiologically.

It has been suggested that no discernible radiol ogi ca
or clinical signs of osteosclerosis will appear if the air
concentrations of inorganic fluoride in the work-place renain
bel ow 2.5 ng/n? and the urine-fluoride concentration of workers
does not exceed 4 ng/litre pre-shift (collected at |east 48 h after
previ ous occupational exposure) and 8 ng/litre post-shift over |ong
periods of tinme (Dinman et al., 1976b; Hodge & Smith, 1977).
Ameri can recomrendations for the TLV of air-fluoride Iimts have
been established on the basis of these data (NICSH, 1977). However
sone countries recomrend | ower values. The USSR recomends 1.0
my/ n® as the threshold limt value for air-fluoride concentrations
expressed as HF (Gabovich & Ovrutskiy, 1969; [LO 1980; US EPA,
1980). The correlation between fluoride levels in the anbient air
and in the urine and the devel opment of skel etal changes need
further documentation

7.3.2. Endem c skeletal fluorosis

Skel etal fluorosis with severe radiol ogical and clinica
mani f estati ons connected with drinking-water containing fluoride in
excess of 10 ng/litre was reported in 1937 from Madras in I ndia by
Pandit et al. (1940). Correspondi ng observati ons were soon
reported fromother tropical areas of India, and from China, South
Africa, and other countries with a hot climte and hi gh water-
fluoride concentrations (Singh & Jolly, 1970). On the basis of an
ext ensi ve epi dem ol ogi cal survey, Singh & Jolly (1970) stated that
crippling fluorosis was the result of continuous daily intake of 20
- 80 nmg fluoride for 10 - 20 years. |n sone studies in tropica
countries reviewed by the Royal College of Physicians (1976)

(Pandit et al., 1940; Singh et al., 1961b; Jolly et al., 1969),
relatively marked osteofl uorotic synptons were connected with
fluoride levels as lowas 1 - 3 ng/litre drinking-water. However,
the Royal College of Physicians stated that, in these studies,
fluoride intake from sources other than drinking-water, including
sedinments in wells, food, the use of fluoride-containing stones for
grinding food, and bracki sh water of unknown fluoride content for
cooking, etc., was not taken into account. On the basis of nore
recent bal ance studies on patients with endem ¢ fluorosis, which
showed an average daily fluoride intake of 9.88 ng, Jolly (1976)
suggested that a daily intake exceeding 8 ng in adults would be
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har nf ul .

In tropical areas with endenic fluorosis, high fluoride Ievels
in the drinking-water seemto constitute an inportant factor in a
mul tifactorial causation (Reddy, 1979). Thus, poor nutrition
i ncl udi ng cal ci um defici ency, and hard nanual |abour seemto play
an additional role (Siddiqui, 1955; Singh et al., 196l1a). Calcium
deficiency may result in a secondary hyperparathyroidism In
addition, protein deficiency may increase individual susceptibility
to fluorosis.

Neur ol ogi cal sequel ae, usually in the formof cervica
radi cul onyel opathy, result fromthe nechani cal conpression of the
spi nal cord and nerve roots due to osteophyte formation and
subperiosteal growhs (Singh et al., 1961b). These conplications
occur at a late stage of the disease, in one area in about 10% of
the cases, following 30 - 40 years of exposure to water-fluoride
levels of 2 - 10 ng/litre (Reddy, 1979).

In non-tropical countries, no cases of skeletal fluorosis with
clinical signs and synptons have been detected in relation to
drinki ng-water containing fluoride levels of less than 4 ng/litre
(Victoria Conmmttee, 1980). |In Bartlett, Texas, with a (previous)
water-fluoride level of 8 ng/litre, radiol ogi cal evidence of
fluorosis in the formof osteosclerosis was recorded in 10 - 15% of
the people (Leone et al., 1955). X-ray changes were also noted in
a few people living in Cklahoma and Texas where the drinking-water
contained a fluoride level of 4 - 8 ng/litre (Stevenson & WAt son
1957). In other studies, no signs or synptons of osteofluorosis
were detected in areas with fluoride levels of up to 6 ng/litre in
wat er supplies (MCure, 1946; Eley et al., 1957; Kni shnikov,
1958) .

Mar ked skel etal fluorosis nmay al so occur in children exposed to
high fluoride levels in the drinking-water. Thus, in a community
of Tanzani ans who noved to an area where a bore-hole water |evel of
fluoride of 21 ng/litre was nmeasured, crippling deformties
devel oped anong the children during the subsequent years: of 251
i ndividuals bel ow 16 years of age, 58 had knock-knees, 43 had
bow egs, and 30 had sabre shins (Christie, 1980). On radiographic
exam nation of 15 patients, Christie (1980) found several severe
abnormalities including increased acclivity and height of the
posterior ribs, increased anteroposterior dianeter of the chest,
vertebral bodies with increased wi dth and decreased hei ght,

consi der abl e exaggeration of the normal serrations along the iliac
crest, abnormal shape of pelvis, joint deformties, and | atera
bowi ng of the fenora. Wile typical patterns of sclerosis and
skel etal fluorosis were seen, these changes did not necessary
progress into the characteristic adult pattern of the disease.

Al t hough hyper par at hyroi di sm was not taken into account, and
dietary deficiencies may have played a role, heavy fluoride
exposure appears to be the najor causal factor. |In the past,
severe genu valgumin South African children becane known as
Kenhardt bone di sease froma village where it was preval ent, and
simlar cases in children with life-long fluoride exposures were
reported fromlndia (Teotia et al., 1971; Krishnamachari &

Kri shnaswany, 1973). |In these situtations, signs of both

ost eoscl erosi s and osteonal aci a were observed. The results of
these studi es suggest that the devel opi ng skel eton nmay be nore
sensitive to fluoride toxicity than the mature one.

7.3.3. Dental fluorosis
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During the first part of this century, the etiology of a
specific type of nottled teeth was discussed. The nottling was
endenic in certain geographically well-defined areas. FEager (1901)
described a "strange condition in the teeth of people living in a
smal | village near Naples". He characterized its nmildest formas
"very slight, opaque, whitish areas on sone posterior teeth
Becom ng nore severe, the defect is nore wi despread and changes in
colour fromwhite to shades of grey and brown to alnost black. In
areas of marked severity, the surfaces of the teeth may in addition
be marked by discrete or confluent pitting." He attributed the
cause of the dental defects to volcanic funmes either fouling the
at nosphere or formng a solution in the drinking-water. In other
areas when nottled teeth occurred, the drinking-water was nore
directly suspected (MKay, 1926) and the interest was focused on
the presence of fluoride (Churchill, 1931). Fluoride was definitely
identified as the causative agent when nottled teeth devel oped in
rats and sheep given fluoride in the food (Smth et al., 1931; Velu
& Bal ozet, 1931). Thereafter, this type of nottled teeth was
desi gnated dental fluorosis or enanel fluorosis.

I n extensive studi es, Dean and co-workers (Dean & El vove, 1935,
1937; Dean, 1942) rel ated the appearance and severity of dental
fluorosis to different fluoride levels in the drinking-water with
the aid of a special classification and wei ghing of the severity of
the |l esions (Dean 1934, 1942) (Table 10). A graphica
representation of their results is givenin Fig. 4.

Table 10. dassification of dental fluorosis?

Type Wei ght Description
Nor mal 0 The enamel presents the usua
enanel translucent seni-vitriformtype of

structure. The surface is snpoth
gl ossy, and usually of a pale, creany
whi te col or.

Questionable 0.5 Slight aberrations fromthe

fluorosis transl ucency of nornal enanel seen
ranging froma few white flecks to
occasi onal white spots. This
classification is used in instances
where a definite diagnosis of the
m | dest formof fluorosis is not
warranted and a classification of
"normal " not justified.

Very mld 1 Smal | opaque, paper-white areas
fluorosis scatterred irregularly over the tooth
but not involving as nmuch as
approxi mately 25% of the tooth
surface. Frequently included in this
classification are teeth show ng no
more than about 1 - 2 mmof white
opacity at the tip of the sunmit of the
cusps of the bicuspids or second nol ars.

Mld 2 The white opaque areas in the enanel of
fl uorosis the teeth are nore extensive, but do
not involve as nmuch as 50% of the tooth.

Moder at e 3 Al enanel surfaces of the teeth are
fluorosis af fected and surfaces subject to
attrition show nmarked wear. Brown
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stain is frequently a disfiguring

feature.
Severe 4 Al enanel surfaces are affected and
fluorosis hypopl asia is so marked that the

general formof tooth nmay be affected.
The maj or diagnosis of this
classification is the discrete or
confluent pitting. Brown stains are
wi despread, and teeth often present a
corroded-|i ke appearance.

& From Dean (1942).

The "questionabl e" changes occur with increasing frequency at
hi gher fluoride exposure levels. Their relationship to fluoride
exposure in population studies is therefore not questionabl e,
al t hough the aesthetic significance may be. Thus, being an effect
of fluoride on the enanel, the "questionable" changes nmay nore
properly be given nore statistical weight than 0.5, when assessing
the community index of enanel changes according to Dean's nethod.
Several revisions of the scoring system have been proposed, for
exanpl e, those of Jackson (1962), Thylstrup & Fejerskov (1978), and
Murray & Shaw (1979). Thylstrup & Fejerskov (1978) devel oped a
system where the earliest changes are given a score of 1, and nore
severe abnormalities are given higher scores. This classification
systemis designed to characterize the macroscopi c degree of dental
fluorosis in relation to the histol ogical abnormalities.

Very mild fluorosis is only detectable by cl ose exani nation of
dried teeth and in good light. MId fluorosis is nore easily
recogni zed by the trained examner. |In general, both very mld and
mld fluorosis remai n undetected by the | ayman.

Dental fluorosis is a disturbance affecting the enanel during
formation, hence all damage occurs before the eruption of the
teeth. The browni sh-bl ack discoloration of the nore severe
fluorotic defects is, however, a secondary phenonenon due to the
deposition of stains fromthe oral cavity into the spongy surface
of severely nottled areas. MId discoloration can be elininated by
treatnent with a weak sol ution of phosphoric acid, followed by
painting with a sodiumfluoride solution to facilitate a
precipitation of apatite in the spongy areas with the aid of
salivary cal cium and phosphate ions (Craig & Powell, 1980; Edward,
1982). The level of fluoride-induced changes that woul d be
consi dered aesthetically objectionable is debatable.
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Distribution of dental fluorosis at
different lewvels of fluoride in the

drinking—water according to results
published by Dean {19427

Several concepts may be relevant to the etiological nmechani sm
of dental fluorosis: the enanel-formng cells, the anel oblasts, are
affected, the maturation of the enanel is delayed, and the genera
m neral i zati on processes may be inhibited, perhaps through
interference with nucleation and crystal growth. 1In addition
cal ci um honeost ati ¢ nechani sns may be affected. Hi stol ogica
changes are found in the enanel, but, in severe fluorosis, also in
dentin (Fejerskov et al., 1977, 1979). The nmininmal daily fluoride
intake in infants that nay cause very nmild or nmild fluorosis in
human bei ngs has been estinmated to be about 0.1 ng per kg body
wei ght (Forsman, 1977). This figure was derived from exam nation
of 1094 children fromareas with water-fluoride concentrations of
0.2 - 2.75 mg/litre. 1t is in agreenent with the reported 0.1 -
0.3 ng per kg body weight necessary to initiate fluorosis in cows
(Suttie et al., 1972).

The results published by Dean and co-workers have been
confirmed by many studies in various tenperate parts of the world,
as reviewed by Myers (1978), i.e., fluorosis is of a very nmild or
mld character in areas with drinking-water naturally containing
fluoride levels of upto 1.5 - 2 ng/litre, severe fluorotic defects
wi th disfiguring appearance are to be found at higher fluoride
| evels. The results have al so been confirmed in the pioneer water
fluoridation studies and the nmany subsequent fluoridation reports.

It is sonetines difficult or alnobst inpossible to discrininate
bet ween fluorosis and ot her enanel disturbances (Jackson, 1961
Forrest & James, 1965; Goward, 1976; Mervi, van der et al., 1977,
Small & Murray, 1978; Miurray & Shaw, 1979). Opacities sinmilar to
fluorotic opacities are also seen in |owfluoride areas and nmany
etiological factors other than fluoride have been inplicated (Snall
& Murray, 1978). Proposals of differential diagnosis ained at
di stingui shing between fluorotic and non-fluorotic effects are
usual |y based on the fact that fluorosis presents generalized
symretrical defects and therefore can be distinguished from
| ocal i zed non-symretrical |esions (e.g. Z nmrerman, 1954; Jackson
1961; Nevitt et al., 1963; Hargreave, 1972; Small & Miurray, 1978;
Murray & Shaw, 1979). However, generalized symetrical nottling
presents certain difficulties as symetrical defects of non-
fluorotic origin may appear independently of the fluoride content
of the drinking-water. Small & Murray (1978) concluded: "Although
a high concentration of fluoride in drinking-water is one factor
it is extremely difficult to decide just how nmany cases of "enanel
fluorosis"” occur in endenic areas and how many defects are due to
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ot her etiological factors".

Local i zed enanel defects are reported to be nore frequent in
lowfluoride areas than in areas with optimal water fluoridation
(Zi mernman, 1954; Ast et al., 1956; Forrest, 1956; Forrest & Janes,
1965; Al -Alousi et al., 1975; Forsnan, 1977). One of the
expl anations offered is that part of the difference could be due to
the greater anount of caries-induced inflammtion in tenporary
teeth in lowfluoride areas, as such conditions have been found to
di sturb the nmineralization of underlying permanent teeth. It has
al so been suggested that a certain anmount of fluoride is necessary
for the proper organization and crystallization of enanel

As a consequence of higher water consunption, the frequency and
severity of dental fluorosis increases with increasing nmean maxi num
tenmperature (Galagan et al., 1957; Richards et al., 1967; Gabovich
& Ovrutskiy, 1969). |In hot climates, therefore, the values for the
optimal fluoride concentration in drinking-water have been reduced,
e.g., to 0.6 - 0.8 ng/litre, usually according to the formula
devel oped by Gal agan & Vermllion (1957) (section 3.5).

As the community index of fluorosis increases, caries
preval ence decreases until the destructive forns of fluorosis,
scores of 4 and 5 on Dean's index, becone prevalent. Under the
latter conditions, an increase in caries may occur, associated with
loss of integrity of enanel and exposure of underlying dentine.
However, in these situations, the |esions usually progess slowy
and frequently becone arrested (Barnes, 1983).

7.3.4. Effects on kidneys

In cryolite workers, Roholm (1937) found only insignificant
haematuria and no al buminuria. A possible relationship between
al bum nuria and fluoride exposure was suggested by Derryberry et
al. (1963), but Kaltreider et al. (1972) were unable to show any
chronic effects on the kidney. No renal disorder has been rel ated
to fluoride in areas of endemic fluorosis (Jolly et al., 1969) or
to cases of industrial fluoride exposure (Dinman et al., 1976b
Smith & Hodge, 1979). No cases of renal signs or synptons are
nmentioned in connection with prolonged intake of fluoride in the
treatment of osteoporosis and otospongi osis (Causse et al, 1980;
Schamschul a, 1981; Di xon, 1983), although a thorough exanmi nation of
ki dney function may not have been carried out. No indications of
i ncreased frequency of kidney diseases or disturbed ki dney
functions have been recognized in areas with water fluoride
concentrations of 8 ng/litre (Leone et al., 1954, 1955), 2.0 - 5.6
nmg/litre (McClure, 1946; Ceever et al., 1958) and 1.0 ng/litre
(Summens & Keitzer, 1975).

Al t hough there are no reports of fluoride-induced chronic rena
disorders in healthy individuals, several studies have dealt with
the possible influence of fluoride on people with nmanifest kidney
di seases. In patients with kidney failure, fluoride excretion is
decreased, and the ionic plasma fluoride concentration is higher
than the normal (Juncos & Donadi o, 1972; Berman & Taves, 1973;
Hanhijarvi, 1974). The capacity of the skeleton to store fluoride
may provide a sufficient safety margin (Hodge & Smith, 1954; Hodge
& Taves, 1970). On the other hand, it seenms al so plausible that an
i ncreased plasnma fluoride concentration may result fromfluoride
liberation fromthe bone resorption processes involved in certain
ki dney di seases. Patients with diabetes insipidus may absorb
excess amounts of fluoride because of the large quantities of
fluids ingested.
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Patients with chronic renal failure who are dialysed with
fluoridated water receive an additional |oad of fluoride fromthe
dialysate. In conparison with the average gastrointestinal uptake,
the fluoride absorption increases by 20 - 30-fold during a single
pass of dialysis. Thus, raised ionic fluoride levels in plasm
have been reported (Taves et al., 1965; Fournier et al., 1971).
However, aluminiumis currently viewed as the mmjor causative
factor associated with both encephal opathy and bone disease in
di al ysed kidney patients (Platts et al., 1977). The entire subject
of water suitable for dialysis was considered by a joint working
party set up in 1979 by the Austral asian Soci ety of Nephrol ogy and
the Australian Kidney Foundation Dialysis and Transplant Conmittee.
Its report suggested a maximumlimt of 0.2 ng fluoride/litre in
the dialysate (Victoria Committee, 1980).

Moder n- day anaesthetic agents include several that contain
fluorine. Methoxyflurane has a high lipid solubility and a high
potency as an anaesthetic agent. Six years after its introduction
in 1960, nephrotoxicity was discovered as a side-effect related to
the metabolites of nethoxyflurane (Hagood et al., 1973). As a
result of the metabolism of nethoxyflurane, enflurane, and
i soflurane, fluoride is rel eased; hal othane may rel ease fluoride as
well if reductive conditions prevail (Dyke, van 1979; Marier,

1982). Peak serum fluoride concentrations nmay exceed 50 unol/litre
(1.0 mg/litre) foll owi ng net hoxyfl urane anaest hesi a (NAS-NRC
Conmittee of Anaesthesia, 1971; Cousins & Mazze, 1973), while less
than half as nmuch is seen after enflurane anaesthesia and even

| ower | evels are associated with other anaesthetic gases (Cohen &
van Dyke, 1977). Kidney damage is related to the high serumlevels
of fluoride and may show up days after anaesthesia (Hagood et al.
1973). The nephrogeni c di abetes insipidus (polyuria, serum
hyperosnol ality, polydipsia) is unresponsive to fluid restriction
or antidiuretic hornone admnistration. The response is aggravated
by obesity, pre-existing kidney di sease, and exposure to
phenobarbital (Marier, 1982). In mlder cases, kidney function
recovers when fluoride levels normalize. Nephrotoxicity has al so
been observed in relation to enflurane anaesthesia (Mazze et al.
1977). Although peak fluoride | evels associated with acute
nephrotoxi c effects have frequently been higher than 50 pnol/litre,
the total dose may be of nore inportance (Marier, 1982). Changes
in kidney function have been reported at |ower fluoride |levels
(Jarnberg et al., 1979). At serumlevels of fluoride averaging
about 6 nmmol/litre after enflurane anaesthesia, no nephrotoxic
effects were seen, but blood and urine |evels of phosphorus changed
consi derably (Duchassaing et al., 1982). Both nethoxyflurane and
enfl urane have been wi dely used as anal gesi cs and anaesthetics
during delivery (Cuasay et al., 1977; Dahlgren, 1978; Clark et al.
1979; Marier, 1982); maternal plasma-fluoride values of 20 - 25
pmol /litre (0.3 - 0.4 ng/litre), registered 2 h after delivery,
declined slowy during the first 48 h. At delivery, plasna-
fluoride values in the neonate were about 10 - 15 pnol/litre (0.18
- 0.25 ng/litre) conpared with 2.1 punol/litre in control groups

One case of skeletal fluorosis has been reported in a young
nurse who intermttently abused net hoxyfl urane and who showed
decreasing creatinine clearance and a serum fluoride |evel of 180
pmol /litre (Kl emrer & Hadler, 1978).

7.4. Carcinogenicity

Excess cancer rates have been docunented in various
occupati onal groups exposed to fluorides. Thus, fluorspar mners
(de Villiers & Wndish, 1964) and al um ni um producti on workers
(G bbs & Horowitz, 1979; MI|ham 1979; Andersen et al., 1982) have
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been subject to lung cancer nore frequently than expected. Results
of a cohort study on nore than 20 000 workers who had been enpl oyed
for more than five years in an al um niumreduction plant did not
confirman excess pul nonary cancer rate, but slight excesses were
seen in pancreatic, |ynphohaematopoietic, and genitourinary cancers
(Rockette & Arena, 1983). However, the miners were exposed to
radon and the al um nium workers to polycyclic aromatic
hydrocarbons. Because npbst occupational exposures that include
fluoride are m xed exposures, only Iimted evidence from such
studi es bears specific relevance to the w der concept of the
possi bl e carcinogenic effects of long-termfluoride exposures on
human bei ngs.

Cancer nortality rates in areas with different anounts of
fluoride naturally present in the drinking-water have been
conmpared in a considerabl e nunber of epidem ol ogical studies.
These studi es have been carefully reviewed and eval uated by | ARC
(1982) with the follow ng conclusions: "Wen proper account was
taken of the differences anong popul ation units in denographic
composition, and in sone cases also in their degree of
i ndustrialization and other social factors, none of the studies
provi ded any evidence that an increased |level of fluoride in water
was associated with an increase in cancer nortality." Thus,
"variations geographically and in time in the fluoride content of
wat er supplies provide no evidence of an associ ati on between
fluoride ingestion and nortality fromcancer in humans"

7.5. Teratogenicity

The results of a recent study suggest that fluoride may indeed
exert effects on fetal growmh: babies, whose nothers had received
fluoride tablets during pregnancy, were sonewhat heavier and
slightly longer at birth, and prematurity was nuch | ess frequent,
conpared with control groups (denn et al., 1982).

Rapaport (1956, 1959, 1963) reported an augmented frequency of
Down's syndrone with increasing water fluoride concentrations. In
the first study (Rapaport, 1956), data were examined in relation to
the place of birth, not to the place of residence of the nother
Subsequent papers (Rapaport, 1959, 1963) gave frequency figures for
Down's syndrone of only 0.24 - 0.40 per 1 000 births in |owfluoride
areas and 0.70 - 0.80 in high-fluoride areas. H's study conprised
cases of Down's syndrone registered in specialist institutions in

four American states and on birth and death certificates in a fifth
state. Information was gathered for the years 1950-56. Many cases
may not have been detected, because they were cared for at hone.

Berry (1962) exam ned Down's syndrone in certain English cities
and did not find any differences between areas with low (< 0.2
ng/litre) and high (0.8 - 2.6 ng/litre) fluoride levels in the
drinking-water. The rates were 1.58 and 1.42 cases per 1 000
births, respectively. The English custom of tea-drinking was not
taken into account, and the data were not presented in age-specific
groups. Needleman et al. (1974) recorded all children born alive
with Down's syndronme anong Massachusetts residents during the
period 1950-66. The nunber found was 1.5 per 1 000 births in both
lowfluoride and fluoridated areas, but age-specific rates were not
given. Erickson et al. (1976) and Erickson (1980) did not find any
difference in the incidence of Down's syndronme between fluoridated
and |l owfluoride areas, on the basis of birth certificates.
However, the considerable material gathered in this way may only
have covered about a half of the real number of children born with
Down's syndrone. Berglund et al. (1980) related the incidence in

Page 62 of 99



Fluorine and fluorides (EHC 36, 1984)

Sweden during 1968-77 to the nean water fluoride content of the
areas where the nothers were living. Virtually all cases of Down's
syndrone were probably recognized and the incidence rates per 1000
births during the period were found to range from1.32 to 1.46.

The material was divided into groups according to the naternal age
bel ow or above 35 years of age. No influence of fluoride on the

i nci dence of Down's syndronme was seen

7.6. Effects on Murtality Patterns

Limted evidence is avail abl e concerning the possible effects
of occupational fluoride exposures on nortality patterns. Sone of
the relevant studies are reviewed in section 7.4. A |large cohort
study (Rockette & Arena, 1983) concerned the causes of death and
showed i ndications of an excess rate of respiratory disease, while
the nunber of deaths from other non-malignant causes were
i nconspi cuous.

A report stated that the nortality rate fromheart di seases had
nearly doubled from 1950 to 1970 following the introduction in 1949
of fluoridation of the drinking-water in Antigo, Wsconsin, a
l[ittle town with only 9 000 inhabitants (Jansen & Thonsen, 1974).
The report did not adjust for the fact that the nunber of people
aged 75 years or nore had al so doubled in this period.

Subsequent |y, epidem ol ogists fromthe American National Heart and
Lung Institute did not find any correl ati on between deaths due to
heart di seases and water fluoridation in Antigo (US NIH, 1972).

Several epidem ol ogi cal studies, sone of themvery |arge, have
not reveal ed any indications that fluoride in drinking-water
increases the nortality rate fromheart diseases (Hagan et al.
1954; Schl esinger et al., 1956; Heasman & Martin, 1962; Luona et
al ., 1973; Bierenbaum & Fl ei schman, 1974, Erickson, 1978; Rogot et
al ., 1978; Taves, 1978). |In fact, sone of these studies point to
the beneficial effects of fluoride on heart diseases (Heasman &

Martin, 1962; Luoma et al., 1973; Taves, 1978). Considering
reports indicating that fluoride may reduce soft tissue

calcification, such as atherosclerosis (Leone et al., 1954, 1955;
Heasman & Martin, 1962; Taves & Neunman, 1964; Bernstein et al.
1966; Zipkin et al., 1970), it seens of value to encourage further

research on the rel ationship between fluoride and cardi ovascul ar
di seases.

7.7. Alergy, Hypersensitivity, and Dernatol ogi cal Reactions

In 1971, the American Acadeny of Allergy examined the
literature on alleged allergic reactions to fluoride: (Feltman
1956; Feltman & Kosel, 1961; Burgstahler, 1965; Wl dbott, 1965;
Shea et al., 1967). The conclusions of the Executive Comittee
were (Austen et al., 1971): "The review of the reported allergic
reacti ons showed no evi dence that imunol ogically nedi ated reaction
of the types I-1V had been presented. Secondly, the review of the
cases reported denonstrated that there was insufficient clinica
and | aboratory evidence to state that true syndromes of fluoride
allergy or intolerance exist." As aresult of this review, the
menbers of the Executive Committee of the American Acadeny of
Al'l ergy adopted unani nously the followi ng statement: "There is no
evi dence of allergy or intolerance to fluorides as used in the
fluoridation of comunity water supplies.”

Since 1971, only in a fewreports in the allergy literature
have allergic reactions been suspected to be connected with
fluoride exposure. Petraborg (1974) described seven patients with
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various synptons appearing a week after the introduction of water
fluoridation. Ginbergen (1974) using a double blind provocation
test reported on a patient showing allergic reactions to
fluoridated water. WAl dbott (1978) reviewed previous reports.

However, no aninmal or |aboratory studi es have indicated the
exi stence of fluoride allergy or fluoride intolerance, and no
pl ausi bl e mechani sm for such allergic reactions has been suggest ed.
Thus, the allergenic effects of fluoride remain unproven

In some occupational environnents, aluni nium potroom workers
frequently conplain about dyspnoea, chest tightness, and wheezi ng.
The asthmatic response could be potentiated by beta-bl ockade with
propranol ol , and abolished by atropine (Saric et al., 1979).

I ncreased bronchial excitability, as shown by the netacholine

i nhal ation test, can be induced by al um ni um conpounds i ncl udi ng
al um nium fluoride (Sinonsson et al., 1977). These studies
therefore suggest that respiratory exposure to irritants in the
pot room at nosphere, including fluorides, nmay cause a non-specific
hypersensitivity reaction that resenbl es bronchial asthnma.

Skin tel angi ectases were found in an increased nunber on the
upper chest, back, and shoulders in 40% of al um nium reduction
workers in a conprehensive, cross-sectional study (Theriault et
al ., 1980). These skin changes were not related to any excess of
associ at ed di seases, but the occurrence of |arge tel angi ectases was

closely related to the | ength of exposure, and al nost all workers
wi th high exposures for nore than ten years had tel angi ect ases.
However, the role of fluorides al one cannot be eval uated.

Al |l egations have been made through the years, and nost recently
by wal dbott (1978), that a specific skin nmanifestation called
Chi zzol a macul ae coul d be caused by air-borne fluorides. Chizzola
macul ae were first reported in the vicinity of an alum niumsnelter
in the village of Chizzola, Trentino, Italy. The snelter began
operating in 1929; within two years the area suffered fluoride
damage to trees and vines as well as livestock, followed in 1932-33
by an epidem c of skin |esions resenbling ecchynosis or erythena
nodosum The condition gradually di m ni shed, though |esions were
occasionally seen until 1937. No cases were reported from 1937 to
1965. In 1967, a new epidenic occurred in Chizzola and the
surroundi ng area, pronpting a survey by a Health Conmi ssion of the
Mnistry of Health in 1967. The Conmi ssion found that 49% of the
Chi zzola children were affected and that 36 - 52% of conparison
chil dren exani ned had simlar |esions although not exposed to
effl uents (Cavagna & Bobbio, 1970). In addition, urinary-fluoride
| evel s of children living near the plant were no different from
those of children froman uncontam nated area

In 1969, Wl dbott & Cecilioni reported Chizzola nacul ae on the
skin of 10 out of 32 individuals living near fertilizer plants in
Ontario and in lowa, and an iron foundry in Mchigan. They
attributed the spots to fluoride exposure. A Royal Conmission in
Ontario (1968) conducted a thorough environnental and nedica
survey on residents in the nei ghbourhood of the fertilizer factory,
i ncludi ng some of the residents di agnosed by Wal dbott & Cecilion
as suffering fromfluoride poisoning on the basis of a group of
synptons includi ng Chizzola nmacul ae. The Commi ssion did not find
any evidence of fluoride poisoning in any of the peopl e exam ned.

Finally, lesions simlar to the Chizzola macul ae have never
been reported either in areas where fluorosis is endenic, because
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of elevated levels of fluoride in the drinking-water, or anong
workers with significant occupational exposure. At present, it
appears that the evidence associating Chizzola macul ae with
fluoride exposure is circunmstantial and unsupported by the results
of field surveys.

7.8. Biochemical Effects

The literature on the influence of fluoride on enzyne systens
is overwhelming. Both activating and inhibiting effects of the
fluoride ions on enzynes are described. The fluoride ions nay
exert a direct action on enzynes but, nore frequently, the effect
is indirect by conplexing with netals of enzynes. Reviews of the
literature (Hodge & Smith, 1965; Taves, 1970; Wsenman, 1970; US
EPA, 1980; SQU, 1981) suggest that |ow concentrations (about 10
prmol /litre, i.e., 0.18 ng/litre) of fluoride in serumwill
stabilize and activate several isolated as well as nenbrane-bound
enzyne systens. At higher concentrations (at least 0.3 ng/litre),
fluoride in serumw Il inhibit many enzynes. Pyrophosphatase

(EC 3.6.1.1), for instance, is inhibited by about 50% at 0.4
ng/litre, a level that is higher than that found in plasma of an

i ndividual with a skeletal flouride content of 6000 ng/ kg and
exposure to drinking-water levels of 19 ng/litre (Ericsson et al.
1973). However, plasma fluoride concentrations of this magnitude
have been nmintained for years in patients treated with large daily
doses of fluoride for osteoporosis. O particular interest is
fluoride as an activator for adenyl cyclase (EC 4.6.1.1). Studies
i n human bei ngs have shown mnimal increases in urinary cyclic
adenosi ne nonophosphat e excreti on and unchanged plasma | evel s
following an oral intake of about 7 ng fluoride, which resulted in
peak plasma fluoride | evels of about 0.3 ng/litre (Mirnstad & van
Dij ken, 1982).

Al kal i ne phosphatase (EC 3.1.3.1) activity may be increased by
fluoride (Farley et al., 1983), but changes in serumactivity
| evel s of this enzyme, and in serum cal ci um and phosphate, have
been found to be mnimal in potroomworkers with skeletal fluorosis
(Boillat et al., 1979).

In the mineralization of bones and teeth, the proteoglycans and
their constituent glycosamni noglycans nay play an inportant role,
and they forman integral part of the organic matrix of these
tissues. Fluoride-induced changes in the fornmation of these
conmpounds could be part of a common nmechani smfor the skeletal and
dental effects of fluoride. Studies on rats have shown that the
pr ot eogl ycans undergo nol ecul ar changes, particularly in termnms of
decreased size, during the devel opnent of dental fluorosis (Smalley
& Enbery, 1980). |In rabbits, the glycosam nogl ycans show naj or
changes with the novel appearance of dermatan sulfate, an
i dur ogl ycosam nogl ycan in fluorotic bone (Jha & Susheela, 1982a,b).
These data, from experimental animal studies using very high
fluoride exposures, are consistent with Iimted observations in
human beings. A recent study showed that the serum of patients
with endemc fluorosis (both skeletal and dental) contained
decreased concentrations of sialic acid and increased | evels of
gl ycosam nogl ycans, conpared with control levels; parallel findings
were obtained in rabbits that had received sodiumfluoride at 10
ng/ kg body weight, daily, for 8 months (Jha et al., 1983).

Because of the chemical sinmlarities between the hal ogens,
i odine and fluorine, there has been nmuch interest in the possible
effects of fluoride on thyroid function. A century ago, fluoride
was even used in the treatment of exophthalnmic goitre. However
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the therapeutic action was found to be uncertain and such

medi cation is now obsolete. On the basis of a review of the
literature, Denple (1970) suggested the foll ow ng conclusions
concerning the relationship between fluoride and the thyroid gl and:
"the problemof the toxic effects of fluorine in relation to the
thyroid may be regarded as settled; a specific toxicity of fluorine
for the thyroid gland does not exist. The main facts behind this
statenent are: (a) fluorine does not accurmulate in the thyroid; (b)
fluorine does not affect the uptake of iodine by the thyroid
tissue; (c) there is no increased frequency in pathol ogi cal changes
in the thyroid in regions where the water is fluoridated, either

naturally or artificially; (d) the admnistration of fluorine does
not interfere with the prophylactic action of iodine on endenic
goitre; and (e) the beneficial effect of iodine in threshold dosage
to experinental animals is not inhibited by adninistration of
fluorine even in an excessive dose"

Since then, Day & Powel | -Jackson (1972) have reported a | ower
preval ence of goitre in Himalayan villages with a |ow fluoride
content (< 0.1 - 0.19 ng/litre) in the drinking-water than in
villages with a higher content (0.23 - 0.36 ng/litre). Unfortunately,
the fluoride val ues were based on determinations of only one water
sanple fromeach of the soil wells, and the fluoride content of
soil wells could vary considerably over time. Furthernore, the
H mal ayans are heavy tea-drinkers, and differences in this habit
could elinate the difference in daily fluoride intake from water.

The Royal Col |l ege of Physicians (1976) did not find any
evi dence that fluoride was responsible for any disorder of the
thyroid. 1In addition, in a recent German study, no relationship
was detected between goitre and the fluoride content of drinking-
wat er (Sonneborn & Mandel kow, 1981).

8. EVALUATI ON OF SI GNI FI CANCE OF FLUCRI DES I N THE ENVI RONMENT

8.1. Relative Contribution fromAir, Food, and Water to Total Human
| nt ake

Except under occupational exposure conditions, respirable
intake of fluoride is alnost negligible. Total fluoride intake
will generally depend on fluoride levels in food and beverages, and
on conposition of the diet and fluid intake of the individual
Fluoride in water adds considerably to fluoride |levels in prepared
food. Additional intentional fluoride intake may occur through the
i ngestion of fluoride tablets, and the use of fluoride-containing
therapeutic agents and topical fluoride preparations.

8.2. Doses Necessary for Beneficial Effects in Man

The quantity of fluoride needed for mneralization processes is
smal |, and because of the ubiquitous distribution of fluoride, true
deficiency is unlikely to occur in human beings. O her essential
functions have not been studied in detail

Most inportant in a public health perspective is the
cariostatic effect of fluoride. This action depends partly on the
i ncorporation of fluoride in developing teeth and partly on post-
eruptive exposure of enanel to adequate levels of fluoride in the
oral environnment. Both requirenents can be satisfied by an opti nal
fluoride concentration in the household drinking-water (0.7 - 1.2
ng/litre, depending on climatic conditions) or by fluoride
suppl enentati on of food, e.g., table salt, mlk. Judicious
administration of fluoride tablets is an alternative neans of
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system c application. Topical fluoride applications such as
fluoride dentifrices, rinses, or professionally applied
preparati ons confer additional protection and are indicated as a
primary preventative measure where system c admi nistration is not
feasible. The extent of caries reduction obtained by either or a
conbi nation of these nmethods is influenced by the initial caries
preval ence, the anount of fluoride in the diet, and the |evel of
oral health care within the community.

Fl uori de preparations alone or in conbination with other agents
have been used for the treatnent of osteoporosis in numerous
i nstances. Doses have ranged froma fewnilligrans to about 100
mlligrans per day. Although this treatnent has been used for two
decades, and beneficial effects have been reported, the dose-
response rel ati onships and efficacy need further clarification

8.3. Toxic Effects in Man in Relation to Exposure

8.3.1. Dental fluorosis

Excessive fluoride exposure during the period of tooth
devel opment may result in defective tooth formation. The earliest
changes may resenble or be identical to abnormalities caused by
other factors and this nmakes differential diagnosis difficult.
The changes are rarely consi dered aesthetically objectionable.
Dependi ng on the fluoride intake from other sources, and the anmount

of drinking-water consuned, even these early changes occur in only
a small proportion of a population that is using optimal |evels of
wat er fluoridation (section 8.2).

However, with increasing fluoride exposure, dental fluorosis
becones nore preval ent and severe and nay pose a public health
probl em

8.3.2. Skeletal fluorosis

The earliest reports of skeletal fluorosis in devel oped
countries came fromindustries where exposure of workers to an
intake of 40 - 80 ng per day for periods exceeding 4 years resulted
in severe skel etal changes. Such occupational fluorosis has been
reported fromindustries with old or outnoded control technol ogy.

Si nul taneously with the reports fromindustry, skeletal fluorosis
was di agnhosed in several areas where there was excessive fluoride
in soil, water, dust, or vegetable matter

VWhere industrial exposure is concerned, variability of
occupati onal exposure and the difficulty of assessing the anount of
fluoride absorbed and retained, has made it difficult to establish
sati sfactory dose-response relationships. In addition to
nonitoring air concentrations, urinary fluoride concentrations are
used as a neans of indicating individual exposure. Fluorosis is
unlikely to devel op when pre-shift (section 7.3.1) urine fluoride
concentrations are consistently bel ow about 4 ng/litre.

Endem c fluorosis involving severe debilitation of a
substantial proportion of the population remains a serious problem
in areas of several developing countries. It is difficult to
define the exposure that results in these effects, because the
sources of the fluoride vary greatly and the severity is
conplicated by other factors such as malnutrition. The disease is
slowy reversible with treatnment that includes reduction of
fluoride intake and i nprovenent in diet.
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8.3.3. (Oher effects

Consi der abl e evi dence has been presented indicating that
fluoride exposure does not represent any carcinogenic or
terat ogeni ¢ hazard, and no effect on nortality patterns has been
detected. However, exposures to high levels of fluoride occur in
connection with the use of fluorine-containing anaesthetic agents,
in particular methoxyflurane. These exposures have given rise to
wat er -1 osi ng nephritis. A nunber of other toxic effects and
specific health probl ens have been suggested and studi ed during
recent years (section 7). However, the claimthat fluoride played
any role in these problens has never been substanti ated.

8.4. Effects on Plants and Ani nals

8.4.1. Plants

Under nobst circunstances, little fluoride is taken up by roots

fromthe soil so the concentration in the shoots of plants in non-
pol luted atnmospheres is usually less than 10 ng F per kg dry

wei ght. However, there are exceptions, such as when plants grow on
soils that contain high-fluoride mnerals or plants of unusua
physi ol ogy that accunul ate high concentrations fromlowfluoride
soils. Exposure of plants to airborne fluorides leads to
deposition of fluoride on the outer surfaces and uptake into the
tissues. The resultant concentrations in shoots depend on nany
factors, notably the concentration of fluoride in the air and the
duration of exposure. Fluoride in vegetation contributes to that
in the human and aninmal diet. The inportance of this contribution
depends on the relative and absol ute anounts coning from ot her
sources; in sone areas where fluorosis is endenic, the inportance
of fluoride in food is not clear. Toxic concentrations

accunul ated in plants cause visible synptons that vary in
significance frombeing trivial and uninportant to those of great
econom c inmportance (e.g., suture red spot of peach). Plant
species vary greatly in sensitivity to gaseous fluoride, the nost
sensitive being injured by |ong-term exposure to concentrations in
excess of 0.2 pg/nf. Air quality criteria to protect plants have
been wi del y adopt ed.

8.4.2. Animals

The nost inportant effect of fluoride on animals is related to
wild and donestic aninmals that are exposed for long periods to
excess fluoride fromsources such as industrial emissions. Effects
and dietary tol erances of donmestic animals are well docunented, but
conmparatively little is known about w ld animals.

The maj or route of fluoride uptake by donestic animals is
through ingestion. Chronic manifestations of excess fluoride
exposure are simlar to those found in nman, i.e., severe denta
fluorosis and | aneness; this limts feeding and therefore inpairs
performance. Synptons in |ivestock devel op progressively at total
dietary fluoride concentrations above 20 - 30 ng/kg dry matter
Prevention of fluorosis is based on the control of fluoride
em ssions, nonitoring of the total diet (particularly forage), the
use of properly defluorinated mneral supplenents, and regul ar
exam nation of the aninmals by a veterinarian
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