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1. INTRODUCTION

The fluoride fon (F ) is ubiquitous and occurs in igneous and sedimentary
rock, soil, surface water, sea water and air. Elemental fluorine (Fz) is a
pale yellow, acrid gas at 20°C, with a freezing point of -219,.6°C and a
boiling point of. ~188.2°C. Fluorine is highly reactive; however, the fluoride
ion occurs naturally in combined, mineral forms such as fluorspar,
fluorapatite and cryolite as well as in aluminum, calcium and magnesium salts.
Industrially, fluorspar is treated with sulfuric acid to produce hydrofluoric
acid (HF), the intermediare €rom which other fluorine compounds, such as
sodium fluoride (NaF), are prepared. Sodium fluoride is used commercially in
fluxes, for drinking water fluoridation, in tablets and topically applied
preparations for the prevention of dental caries and for scrubbing HF from
fluorine. Sodium fluoride 1is occasionally used as an insecticide and as a

wood preservative.

Approximately 97 of ingested fluoride is rapidly absorbed from the
gastrointestinal tract of the rat and the human. The absorbed fluoride is
distributed throughout intracellular and intercellular spaces by the blood.
Although appreciable quantities of fluoride are not stored in soft tissue, its
vapid uptake and bioconcentration in bone and teeth .re functions c¢. both
concentration and duration of exposure. Concentrations in bone increase with
increasing age. Absorbed fluoride is usually excreted in urine or deposited
as fluorapatite in calcified tissues. Under steady-state intake conditions,

the urinary concentration of fluoride in adults tends to approximate the



fluoride concentration of the drinking water. Fluoride may be excreted

through perspiration in hot environments.

Drinking water, food and air are the main sources of fluoride exposure
for humans. In general, a 70-kg adult male takes in up to 1.2 yg F/day in
air, 0.2 to 0.8 mg F/day in food and 0.2 to 2.0 mg F/day in vater. On a per
body weight basis these values are 1.7 x 107> mg/kg/day for air, 2.9 x 10-3 to

3 to 2.9 x 10-4 mg/kg/day for

1.1 x 192 2g/kg/day for food and 2.9 x 10"
vater. Thus, compared to food and water, the contribution of fluoride by air
is negligible. Under typical exposure conditions (1.0 mg F/L), adult males
consume 72% to 91X of their fluoride intake via drinking water; for five- to
thirteen-year-old children the range of fluoride intake via drinking water is
647 to 972Z. (At exposures greater than 2.0 awg F/L, drinking water accounts
for over 90% of the exposure for both groups). On a per body weight basis,
five- to thirteen-year-old chiliren consume 1.4 times as much flucride via

drinking water as adult males, and newborn, formula-fed infants consume moTe

than eight t° .es as much as adults.

Acute lethality of NaF in animsils varies with rcute of administrationm,

age and sex. In mice the oral LDSO was 46.1 mg F/kg compared to an

intravenous LD50 of 23.0 mg F/kg. The approximat- intraperitoneal LD_,. of NaF

50
in adult rats is 26 mg F/kg. Young rats (less than seven months of age) and

specifically young male rats appear to be resistant to NaF toxicity. Acutely
toxic doses of fluoride in rats occasionally resulted in fatal polyuria, but

100 mg F/L in drinking water did not cause renal injury.



Cattle tolerated 27 ppm (equivalent to 0.64 mg F/kg/day) in the diet
without observable leleterious effect. Cattle chronically exposed to 49 ppm
fluoride in the ration (equivalent to 1.17 mg F/kg/day) showed skeletal and
dentul fluorosis. Sheep were less sensitive than cattle to the chronic
effects of fluoride. Growth in most species was unaffected by dietary
concentracions cf 100 ppm or less; however, growth in cattle appeared to be
slightly affected at 40 ppm. Cardiovascular effects were observed in dogs at
9 mg F/kg or higher. At concentrations of 50 mg/L or below of fluoride in
drinking vafet, no structural or functional changes in the thyroid have been
observed in animals. No conclusive evidence has been found to indicate that

fluoride is mutagenic or carcinogenic either in wvitro or im vive.

The beneficial effects of fluoride on human health have been demonstrated,
both in terms of general health and in the treatment of specific diseases.
Flﬁoride ingested during childhood results in a marked reduction of dental
caries. Similarly, fluoride has.found application in stimulating substituted
bone growth in patients with osteoporosis. The daily intaka levels considered
to be protective against both dental caries and possibly osteoporosis are
established by age category with 1.5 to 4.0 mg/day (0.7 to 2.0 mg/L in
drinking water) the range for adults. Fluoride has also been suggested to
have beneficial effects on the qavliovascular system (reduced zortic
calcification) and hearing (stabilization of patients with actilve

otospongiosis).

Incidences of human poisoning from NaF have been reported. The estimated

lethal dose for humans is 70 to 140 mg/kg. Hypothetical relationships between
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mongolism and sensitivity to fluoride, lmficll as exposure to fluoride and
cencer incidence have been reported but not substantiated. Persons with renal

dnsufficiency may he at increased tisk to the toxic effects of fluoride.

Delayed skeletal maturation has been reported in children exposed to weter
containing as little as 3.6 mg F/L. These data, however, were derived from a
study of 11~ to 15~year-old Tanzanian girls and several confounding factors
(i.e., warm climate, drinking water intake, nutritional status, incidence of
other diseases, etc.) prevent drawing any conclusions from this study for
application to the U.S. situation. Skeletal fluorqsis (as measured by
increased bone density) has been observed in populations using drinking water
containing from 4 to 8 mg F/L. Severe skeletal fluorosis has occurred in both

adults and children who consumed drinking water containing 10 or more mg F/L.

Dental fluorosis occurs during the developmental period of enamel
formation. Epidemiological studies have shown that dental fluorosis is a
function of fluoride concentration, age, duration of exposure and possibly
ambient temperature (as related to water consumption). In nearly all
epidemiological evaluations, including warm climates, objectionable (moderate
and severe) dental fluorosis 1is generally not observed in a significant
percentage of the population at drinking water concentrations below
2.0 mg F/L. There is no evidence of adverse health effects in humans

resuiting from properly controlled fluoridation of domestic water supplies.

Fluoride interacts with bonés and teeth by replacing hydroxyl or bicarbon-

ate radicals in hydroxyapatite to form fluorohydroxyapatite. The presence of
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fluorohydroxyapatite increases the crystalline structure of the bone and
reduces its solubility. This is believed to increase the resistance of teeth
to dental caries and, possibly, to decrease the incidence of osteoporosis. As
bone crystal growth continues, fluoride is incorporated into the inner layers
of the crystals as well as on the surface. The available evidence suggests
that dental fluoroéis results from the effects of fluoride on the epithelial
enamel organ. Specifically, several studies have shown that ameloblasts are
susceptibl; to fluoride. Dental staining often accompanies fluorosis but does

not determine the degree of the fluorosis.

Populations that appear to be at increased risk from the effects of
fluoride are individuals that suffer from diabetes insipidus or some forms of
renal impairment. These high risk popuvlations represent a relatively small

segment of the general population.

There is a general absence of suitable experimental or clinical data
following short-term oral exposure to fluoride for the derivation of one-day
or ten-day Health Advisory values for children and adults. The dose-response
for dental fluorosis, while subject to considerable variation at different
locations and in different populations, represents a steady increase in
-noderate and severe dental fluorosis with increasing fluoride conce:itration in
the drinking water. It is genmerally observed that the incidence of moderate
and severe dental fluorosis begins to impact a marked segment of the
population when the drinking water concentration approaches and exceeds Z.F’mg
F/L. One recent study of children suggested that the maximum protection from

dental caries was achieved when drinking water contained approximately 2 mg F/L.



Various studies and reviews indicate that the no-effect levels for the
initial signs of skeletal fluorosis (increased bone density) in adults appear
to be at drinking water concentrations between 3.0 and 8.0 mg F/ﬂ. Protection
of human health from this effect is believed to be achieved at 4.0 mg F/L with
an adequate margin of safety. There is no valid evidence to classiff fluoride

as a potential carcinogen.

The National Academy of Sciences has estimated an adequate and safe total
intake of flucride ranging from 0.1 to 0.5 mg/day for infants (less than six
months old) to 1.5 to 4.0 mg/day for adults. These estimates are corsidered

protective -sainst dental caries atcd possibly osteoporosis.



I11. PHYSICAL AND CHEMICAL PROPERTIES

A. Physical and Chemical Properties

Elemental fluorine is highly reactive. Fluorine is a pale yellow, acrid
gas with a freezing point of -219.6°C and a boiling point of -188.2°C (Weast
1980). However, fluorine is widely disseminated in ionic or combined forms.

The terms "fluorine" and "fluoride" are both used in the general literature to

refer to combined forms of fluoriae,

The fluoride-containing minerals fluorspar, fluorapatite and cryolite are
essentially insoluble in water. They have very high melting aud boiling

points and very low vapor pressures (Drury et al. 1980).

There are hundreds of ionic compounds of fluorine. Some commercially
important ionic fluorides are‘the sodium, calcium, aluminum and magnesium
salts; these have characteristically high melting and boiling points. Sodium
fluoride 1s a white crystalline powder with a melting point of 9§3°C and a
boiling point of 1695°C. This compound is only minimally soluble in water
(4.22 g/100 ol at 18°C) (Weast 1980). Aluminum, calcium and magnesium

fluorides are also only sparingly soluble in water.
Hydrogen fluoride is a colorless liquid or gas with a boiling point of

19.5°C and a fireezing point near -83°C (Weast 1980). ‘Hydrogen fluoride is

highly soluble in water and fumes strongly in contact with the atmosphere.
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Hydrogen fluoride has a high vapor pressure (17.8 psia at 25°C) and its liquid

density is 0.9576 g/cm® at 25°C (Gall 1966).

Silicon tetrafluoride is a colorless gas with a melting point of -90°C, a
boiling point of -86°C (Weast 1980) and an odor reminiscent of hydrogen
chloride (Windholz et al. 1976). 1t reacts with water to form fluorosilicic

acid (H251F6); which 18 very soluble in water.

Fluorine also combines covalentiy with organic compounds. There are
thousands of known fluorine-containing organic compounds, but few of these
occur naturally. The chemical and physical properties of many of these
compounds differ greatly from their hydrocarbon counterparts, mainly because

of the stronger carbon-fluorine bond (Drury et al. 1980).

Table II-1 summarizes the properties of most of the naturally occurring

fluorine compounds and various fluorine compounds used industrially.

B. Manufacture and Uses

Of the three major fluoride-containing ores (fluorspar, phusphate rock
and - fluorapatite), on;y fluorspar is used cormercially as a source of fluorides.
Generally, fluorspar is treated with sulfuric acid to produce hydrogen fluoride.
Hydrogen flvoride is the most important manufactured fluoride aﬁd is the
intermediate from which other fluorine compounds are prepared. About 292,000
metric tons of HF were produced in the United States in 1977 (Drury et al.

1980). Approximately 402 was used to manufacture aluminum, 37% was converted
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€~-11

Selected Fluoride Compounds and Properties

Table II-1
Sotubfiiry Vapor
Melting fofling nonulsv‘ in Uscer Pressure

Suhntance Pormuln Color Point (°C) Paint (°C) (g/em’) (/100 u1) fwm Mp)
Flunrine ', yellow =219.62 ~1A8. 14 1.90 (nolid) react 160 (-IR7.9)
Mineral Flyoriden
Plucrapar CaP, vhite 1402 7511 1.1R (nolid) 0.0014 (1R°C) 7.8 (2100°C)
Crvolite lﬂa3 AIF) white 1009 ~——— 7.97 (noltd) 0,062 (2%°C) 1.9 (1009°)
Fluorapatite Jﬂl"ﬂ‘,7'0lf7 - 1630 ——- J.IB (anitd) f(nsoluble ———
tonic Pluoriden
Aluminun Yiunride A"! wvhite 1040 1791 3.07 0.5%9 (25°C) 780 ('S
Calctius Fluoride Ca', white | 1402 2513 J. IR a.0014 (IR°C) 7.6 (2100°CY
Magnenium Flunride Na?? wvhite 122% 22640 3.0 0.0026 (18°C) ———
Sodium Flunride NafF vhite 293 169% 2.5%R 4.22 OR°CY cm-
Covalent FPluorides
Rvdrogen Flyoride HF colnrienn -83.7 19.5 1.0015 (0°CY wmiscible 760 (19.7)
Stlicon Tetrafluoride (114 cnloriess -90 ~86 1.66 (-95°C) rescts 760 (-94.R)
Fluorontlicic Actd “751'6 —— - 10R.5 1,274 (25°CY  verv saluble 7201 (25°C)

(07 nnin) (30X noln) (30T snin)
Organie Fluorides
Trichlornfluoromethane  CC1.7 - -1 23.8 1.467 0.011 we? 25°C) %0 (23.7)
Dachiornd{fivornmethane CC!zlz -——— =158 -29.8 1,311 5.7 (26°C) . 180 (-729.R)
Tetraf luoromethane cr‘ —— -104 -128.0 1.2 (-RO°C) OD.0N18 wr? (25°CH 760 (-127.1Y
Fludremethane CH.?Y —— ~142 B LY 1.587 (-713°C) - TAO ( TR, D)
Pluarasthans e A - -143 -3, 1,519 (-74°C)  -n- 760 (<12.m
Fluoroethene Czﬂ,' -——— -160 ~12.0 0.675 (IN°C)  0.96 (RO°C, 300 paia) 760 (-72.2)

(vinyl (luoride) Ja2.s

Tetraf luoroethy)ene c,? —— -142, ~16.3 1.519 (-76°C) --- 216,27 pata (0°C)
Hexalluoropropene c;r: ——— -156.2 ~29.4 }.583 (-40°C) ~-- — P ’

.Denalty given at 25°C unless noteu othervise.
1980 (haned an Hotton

Adspted from Drurv ot al,

Perry and Chilton 1973,

1961 Windholz et al,

1976; Bvrns

1966: Veant

1978;

Gall

1966); Veast

1OR0

and



into fluorocarbon compounds, 72 was used in processing uranium, 52 was used in
alkylation catalysts in petroleum refining, 42 was uced in manufacture of
fluoride salts and 42 was used in stainless steel pickling operationms.

Smaller quantities were used as fluxes in metal casting, welding and brazing
operations; as etching agents in glass and ceramics industries; as cleaners in
metal fiﬁishing processes; in pesticides; in fluoridation of water supplies

and in roothpaste and other dental preparations (D-.cy et al. 1980).

The fluorination of organic compounds amounted to about 108,000 metric
tons in 1977 (Drury et al. 1980) and is the greatest single end use of
fluorides. Hydrogen fluoride is used in the synthesis of dichlorodifluoro-
methane, trichlorofluoromethane, tetrafluoromethane, tetrafluoroethylene,
vinyl fluoride and hexafluoropropene. These compounds are u;ed chiefly for
aerosol propellants, refrigerants and fluorinated plastics. Small quantities
of other fluorocarbons find specialized uses as inhalation anesthetics, fire

extinguishing agents, cleaners and degreasers (Drury et al. 1980).

Sodium fluoride is widely used in fluxes, for fluoridation of water
supplies, in dentifrices and other dental preparations and for scrubbing HF
from fluorine. 1t is also occasionally used as an insecticide and a wood

preservative (Drury et al. 1980).
Fluorosilicic acid (H251F6) is sometimes used in hardening cement,

preserving timber, manufacturing enamels and preserving oil pigments. A small

amount of sodium fluorosilicate is used as insecticide (Drury et al. 1980).
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Fluorides are emitted into the atmosphere as a result of the manufacture
of fertilizer and phosphorus from rock phosphate, the operation of aluminum-
and steel-producing furnaces, the manufacture of brick and tile products and
the combustion of coal. The fluorides are generally in the form of HF,
fluorine, boron trifluoride, H281F6. sodium fluorosilicate, aluminum fluoride,
calcium fluoride, lead difluoride, fluorapatite, silicon tetrafluoride and

fluoride particulates (Drury et al. 1980).

Liquid wastes containing HF or fluoride fon (F ) are generated in
appreciable quantities by glass manufacturers, pesticide and fertilizer
producers, steel and aluminum makers, met- processing industries and

inorganic chemical producers (Drury et al. 1980).

C. Summary

Fluorine is highly reactive. It usually occurs as ionic or covalently
bonded fluoride. The most common chemical forms are flubrspar. fluorapatite,
cryolite, HF, 3251r6 and fluorocarbons. Most naturally occurring forms of

L

fluoride are insoluble or only slightly soluble in water.
The main industrial source ,f fluoride is the mineral fluorspar.

Hydrofluoric acid is made from fluorspai and is used primarily in the produc-

tion of aluminum and fluorocarbon compounds.
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Fluoride occurs in wost rocks and soils inm concentrations of 200 to 1,000
ppm. 1t is & normal constituent of most natural waters in concentrations up
to 0.3 ppm. The water supplies of most major United States cities naturally
contain 0.02 to 0.1 ppm fluoride. Groundwater fluoride concentrations va<vy
with the type of rock the water flows through but usually do not exceed 10

Ppn.

Fluorides occur in the atmosphere from natural and industrial emissions.

Most atmospheric fluorides are washed out by rainfall which may contain 0.02

to 14 ppm fluoride.
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II1. TOXICOKINETICS

A. Absorption

Soluble fluorides are rapidly absorbed from the gastrointestinal tract of
animals and humans. 2ipkin and Likins (1957) demonstrated that when rats were
administered, by intubation, 0.2 mg F as NaF in solution, 86X of the dose was
absorbed in 90 min. In a more definitive experiment by Zipkin and Likins
(1957}, single doses of 1.7 to 1.8 mg F/kg of body weight were administered by
stomach tube to groups of ten male rats weighing 110 to 120 g. After 30
minutes the rats were sacrificed and the percentage of the dose remaining in
the gastrointestinal tract was determined. The percentage of the dose
absorbed was estimated by subtracting the percentage of the dose remaining
from 100Z. The fluoride was administered in several chemical forms. The
readily ionizable compounds NaF, 84281F6, NazPO3F and San (all administered
in solution) were absorbed to.the extent of 50%Z, 512, 432 and 50%,
respectively during the 30 minute period. Compounds not releasing ionic

fluoride were absorbed more extensively. Absorption of KPF, and KBF, was 77%

6 4
and 76Z, respectively.

Ericsson (1958) adminintered 0.08 mg F (labelled with 18?) pzr kg of body
weight to groups of six male rats weighing 269 to 289 g. The fluoride was
administered by stomach tube as 5 ml of an aqueous solution containing 1 ppm F
(1 mg F/L). The percentage of the dose per mL of heart blood was maximal
(approximately 0.182/mL) 45 minutes after administration. Analysis of the
gastrointestinal tract for fluoride remaining after eight to ten hours showed

that 89% to 90Z2 had been abrorbed.
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A number of studies are available describing the absorption of fluoride
in humans. For example, Ekstrand et al. (1977) measured plasma fluoride
concentrations after oral administration of 4.5, 6.0 or 10.0 mg F to eight
subjects (six males and two females) 23- to 29-years-old. The fluoride was
administered as tablets or in gelatin capsules with water. In all cases, the
maximum plasma fluoride concentrations occurred within 30 minutes of
administration. In a similar study, 0.5 mg F as NaF tablets was ingested with
vater by five children three- tov four-years-old and weighing 15.5 to 17.8 kg
(Ekstrand et al. 1983). Plasma fluoride concentrations were measured at 0, 30
and 60 minutes after administration. As in adults, maximum plasma fluoride

concentrations were observed 30 minutes after ingestion.

The concordance among these studies suggests the rat is an adequate model
for the short-term pharmacokinetics of fluoride in humans. In summary,
soluble fluoride ingested by the human i1s absorbed from the gastrointestinal
tract at least to the extent of 97Z. Absorption is rapid with maximum plasma
fluoride concentrations attained in approximately 30 minutes in the human as

well as in the rat.

Carlson et al. (1960a) studied the absorption of fluoride in humans.
Subjects consumed 1 mg fluoride (as NaF containi .g 18?) in 250 mL water.
Maximum plasma concentrations (0.13 to 0.17 mg/L) were reached within 60
minutes. At 150 minutes IBF was no longer present in the stomach. The
gastrointestinal absorption of fluoride in five men 19- to 27-years-old was
studied by McClure et al. (1945). Flucride balances were determined over

five-day periods while their normal diets (containing 0.50 to 0.90 mg
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fluoride/day, or 0.007 to 0.013 mg/kg/day for a 70-kg i{ndividual) were supple-
mented with NaF in water, NaF in food, Can in vater, Can in food, bone meal
in food or cryolite in food. Figure I11-]1 shows the fluoride balances
associated with the various forms of fluoride exposure. Fecal excretion
suggests that NaF in water and food and CaF2 in water are extensively
absorbed, while fluoride in bonemeal and in mineral cryolite is less well

absorbed. The role of gastrointestinal secretion of fluoride was not

determined in this work.

The results of McClure et al. (1945) are similar to those found by
Largent (1960). Largent studied the gastrointestinal absorption of soluble

fluorides in human subjects. Soluble fluorides were administered in the

following manner:

- NaF, 2 to 4% in aqueous solutiom.
- Can in aqueous golution and as the dry salt in capsules.

- Bone meal as a slurry in an aqueous medium and as the dry ma'eirial

in capsules.
- Cryolite as a solid in capsules,

- Finely powdered fluorapatite (rock phosphate) in capsules.

Complete fluoride balance data were collected. Total fluoride intake
during these studies ranged from 3.49 to 22.3 mg/day (0.05 to 0.32 mg/kg/day
for a 70-kg individual). Normal dietary intake of fluoride during these
studies ranged from 0.4 to 0.8 mg/day (0.006 to 0.012 mg/kg/day). Approxi-

mately 961 to 97% of the fluoride from aqueous solutions containing NaF
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8= ELIMINATION OF INGESTED FLUORIDE
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SUrbana water was the local tap water.

Adapted from McClure et al. {(1945).

Figure III- 1 Fluoride Balances in Men During Five-Day Experimental Period

I1I-4



or Can was absorbed. Absorption of fluoride from calcium .fluoride, bone

meal, cryolite and rock phosphate, administered as solids, was approximately

622, 372, 772 and 87, respectively.

B. Distribution

Fluoride added intentionally to drinking water supplies exists in solu-
tion as fluoride ion (Feldman et al. 1957). Perkinson et al. (1955) stated
that the rate and pattern of removal of fluoride from the bluod is similar to
that of ions such as chloride (Cl”) and calcium (Ca+2), in contrast to sodium
(Na*), vhich soon reaches an equilibrium value (see Figure I11-2). The
authors found that the initial rates of removal of fluoride from sheep and cow
blood (expressed as percentage of dose per minute), were 412 and 32%, of the
intravenously administered dose respectively. These data suggést a rapid
distribution of fluoride among the tissues of the body. In a lamb killed two
hours after ingestion ~f NaF éontaining 18?. the abs;rbed fluoride was in fact
found to be widely distributed (Table IIl-1).

r

Carlson et al. (1960a) indicated that distribution of fluoride is also
rapid in humans. Srbjects consumed NaF containing 18? in vater (250 mL at
1 mg/L). Epigastric (abdominal) counts were monitorc] with a por:able
scintillation counter. One hundred and fifty minutes after dosing, the
remaining epigastric counts were attributable to fluoride in the spine.
Counts in muscle (contracted biceps) started_to decline 50 minutes after
ingestion, until at 250 minutes they were nearly zero. In contrast, counts in

the fepur had declined only 152 from their maximum value (at 50 minutes) by

250 minutes.

I11-5



9-1II

PERCENT OF LV. DOSE IN TOTAL BLOOD

01 T T T T
100 200 300 400 500

TIME (minutes)

Oissppearance of "*F and ¥Na trom blood of Iamb after
intrgvenous adminiatration

Adapted from Perkinson et al. (1955).

F‘igure I11-2 Concentrations of 1

PERCENT OF ORAL DOSE IN TOTAL BLOOD

10 T T L} Y Y ™
0 200 400 600
TIME (minutes)

Blood "*F and ?Na alter oral administration of radiosctlive
sodium Huoride lo lambs

sz in Blood after Ihtravenous

and Ovral Adwinistration of Radioactive Sodium Fluoride to Lambs



18

Table II11-1 F Distribution in a Lamb Killed Two Hours After Ingestiona

Blood 0.00061 Rib epiphysis 0.0048
Bile © 0.00050 Rib shaft 0.0018
Muscle 0.00015 Femur epiphysis 0.0046
Spleen 0.00016 Femur shaft 0.0008
Pancreas 0.00033 Angle of mandible 0.0045
Lymph noae 0.00028 Molar tooth 0.0010
Liver 0.00033

%Values in percentage of dose per gram fresh weight.

Adapted from Perkinson et al. (1955).
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C. Metabolism

Bone is formed when calcium and phosptorus are deposited on a collagen
matrix (Kay et al. 1964). The resulfant mineral phase is known as hydroxy-
apatite and has the formula Calo(PO‘)s(OH)z. Fluoride is believed to replace
the hydroxyl ion. (OH ) and possibly the bicarbonate 1on (HCO3—) associated
wvith normal hydroxyapatite (Neuman et al. 1950, McCann and Bullock 1957). The
resultant material is called fluorohydroxyapatite, or simply fluorapatite.

Kay et al. (1964) analyzed the crys;al structure of hydroxyapatfte using
neutron diffraction and X-ray diffraction techniques. Their data indicated
that the OH of hydroxyapatite is in a less stable configuration than the F
of fluorapatite. This might explain the ability of fluoride to harden bone

and to increase the resistance of teeth to caries.

D. Excretion

"The principal route of excretion of ingested fluoride is via the urine,
as has been demcnstrated in a variety of Species.'lﬂpvever. in species other
than man, there is little published data relating fluoride concentrations in
drinking water and in urine over prolonged periods of time. Several studies
on livestock have been reported. For exampie, Shupe et al. (1963) fed pairs
of dairy cattle rations containing 12 (nmormal), 27, 49, or 93 ppm fluoride on
a total dry matter basis from about 4 months to 7.5 years of age. Each pair

of animals also received one of two levels of calcium-phosphorus mineral and

one of two levels of concentratd mix. The total population consisted of
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16 pairs of cattle. Urinary fluoride excretion was measured for each pair of
animals at intervals from 89 to 2,396 days on experiment. The data indicated
that urinary fluoride concentrations were highly related to the fluoride
ingested. Also, as time on experiment increased, and therefore skeletal
stores of fluoride increased, the proportion of absorbed fluoride deposited in
the bone decreased and the proportion excreted in urine increased. Therefore,
for a given level of fluoride intake, urinary concentration of fluoride

increased with increased duration of intake.

Figure 111-3 illustrates the strikingly linear relationship between the
concentration of fluoride in drinking water and that in urine when individuals
are constantly exposed to fluoride. Zipkin et al. (1957) demonstrated the
rapidity of urinary excretion of ingested fluoride. The authors demonstrated
that when 5 mg F (as NaF) was ingested in a glass of water, 20% (1.6 mg F) of
the fluoride appeared in the urine within three bours. After eight hours, the

rate of urinary excretion of fluoride returned to the pre-exposure level.

Machle and Largent (1943) studied the excretion of fluoride in a human
subject; 6 to 19 mg fluoride/day was added to the diet (equivalent to 0.19 to
0.6 mg/kg/day for a 70-kg adult). Over this range of intake it was found that
about half of the absorbec fluoride was excreted in the urine. 'ssing fluoride
labeled with lsF. Carlson et al. (1960a) demonstrated that in two human
subjects 512 and 63% of the fluoride filtered by the kidney was reabsorbed.

In contrast, at least 99.5% of filtered chloride is reabsorbed in a normal.

individual. The relative inefficiency of the human kidney in reabsorbing

filcered fluoride accounts for the'rapid urinary excretion of fluoride.
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FLUORIDE CONCENTRATION IN DRINKING WATER (ppm)
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* Pigure III-3 Relation 'Between Fluoride Concentrations in the:

Urine of Humans and That in the Water Supplies Used
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In climates with warm temperatures a significant fraction of total
fluoride excretion may be via perspiration. McClure et al. (1945) measured
excretion of fluoride in the perspiration of individuals maintained for eight-
hour periods in "comfortable" conditions (temperature 84 to 85°F, relative
humidity 492 to 52Z) and in "hot-moist” conditions (temperature 100-101°F,
relative humidity 662 to 702). Under the "comfortable" conditions about 25%
of the fluo?ide excreted per day appeared in perspiration. Under the
"hot-moist” conditions up to 46X of the excreted fluoride was in perspiration.
Hodge et al. (1970) have pointed out that the importance of this route of

excretion under different climactic conditions cannot yet be stated due to a

lack of information.

E. Bioaccumulation and Retention

In the body, the only significant covalent interaction of fluoride is
with the hydroxyapatite in bon;s and teeth. Consequently, soft tissue
concentrations of fluoride rise transiently after ingestion of fluoride
(Carlson et al. 1960b, Hein et al. 1956), but long-term retention and
accumulation are confined to calcified tissue (Wagner et al. 1958). Suttie et
al. (1958) measured soft tissue concentrations of fluoride in 20 heifers
exposed to 0 to 50 ppm (equivaient to 1.4 mg/kg/day) added {luoride in their
ration for 5.5 years. Control animals (0 ppm added fluoride in their ratiom)
had soft tissue fluoride concentrations from 2.1 ppm (thyroid) to 5.3 ppm
(adrenal) and an average vhole blood fluoride concentration of 0.34 ppm.

Heifers exposed to 50 ppm (equivalent to 1.41 mg/kg/day) added fluoride in
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their ration had soft tissue fluoride concentrations from 4.2 ppm (pancreas)
to 19.3 ppmn (kidney), dry weight, and an average whole blood fluoride
concentration 0.67 ppm. It should be noted that the kidney is an important
route of excretion for fluoride. Data on soft tissue storage of fluoride are

summarized in Table 111-2.

Twenty heifers exposed to 0, 20, 30, 40 and 50 ppm added fluoride
(ingested as NaF; equivalent to 0, 0.53, 0.86, 1.03 and 1.36 mg/kg/day,
respectively) in their ration for 5.5 years showed progressive increments in
bone fluoride concentration corresponding to the amounts of added fluoride
(Suttie et al. 1958). Some samples of bone fror animals exposed to 50 ppm
added fluoride (equivalent to 1.36 mg/kg/day) in their ration contained more
than 8,000 ppm fluoride on a fat-free dry weight basis. The data from this

report are summarized in Table II1I-3.

The deposition of fluoriée in the skeleton of female Holtzman rats was
studied by Suttie and Phillips (1959). Three age groups, weanlings, young
adults (10-weeks-o0ld) and mature rats (l8-weeks-old). wzre started on a diet
containing 0.12 NaF. Rats were sacrificed at various times up to 113 days
after the start of the exposure tc fluoride. At sacrifice, femurs were
removeJ and analyzed for fluoride. The resu’ts of this study are summarized
in Figure I11I-4. These data show that -~fter an initial phase of rapid .uptake
of fluoride into bone, the rate of upta'.e gradually diminishes. Moreover, the
concentration of fluoride in bone at the end of the experiment was inversely

correlated with the initial ages of the rats. The authors believed that this
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Tadle 111-2 The Effect of Added Dietary Increments of Fluoride lon
(NaF) on Sort Tissue Fluoride Concentrations in Dairy Cows
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Adapted from Suttie et al. (1958).
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Table 111-3 The Effects of Added Dietary Increments of Fluoride Ilon
(NaF) on Bone Fluoride Concentrations in Dairy Cows

b
Bone Concentrations

F Added Cow Meta- Meta- 12th
Lot (ppm) No. carpal tarsal Frontal Rib
1 0 2 593 482 647 694
3 878 647 701 635
4 463 436 592 703
Av. 645 522 645 677
I1 20 5 2720 2610 3200 3290
6 2770 2990 3340 4770
? 2170 2610 3110 4030
8 2660 3030 3430 3910
Av. 2580 2810 3270 4000
111 30 10 4180 4090 4540 4900
11 3780 3310 4920 5970
12 4120 4200 4800 5280
Av. 4030 3870 4750 5380
Iv 40 13 5520 5280 6180 7030
14 5840 5380 6010 7070
15 4510 4710 - 4100
16 . 3740 3180 4730 4860
Av. 4900 4640 5640 5770
v 50 17 7610 7800 8260 9000
19 5470 4920 6800 8100
20 4050 4360 6700 6870
Av. 5710 5690 7250 7990

3Concent-ations expressed as ppm flouiide,
Dry fat-free weight.

Adapted from Suttie et al. (1958).
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Figure 11I-4 The Effect of Age on the Rate of the Increase of Fluorine

&Each point is the mean of three animals

Adapted from Suttie and Phillips (1959)
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diffrrence was related to the surface area per mass of bone which could be
reached by body fluids. Thus, adult bone is more fully mineralized while the

infant bone is new, hydrated and available for fluoride exchange.

Studies of humans have also shown that soft tissues are not important
gites of storage for fluoride. For example, Smith et al. (1960) examined 122
tissue samples from autopsies of 23 individuals who had lived in an area where
drinking water contained from 1.0 to 4.0 ppm fluoride. No s?gnificant accumula-
tion of fluoride in heart, liver, lung, kidney or spleen was found. Fluotide
concentration in the aorta did increase with age, probably because of
increased calcification of the aorta with age rather than increased exposure

to fluoride.

In contrast to soft tissues, teeth (McClure and Likins 1951) and bone
(Smith et al. 1953, Suttie et al. 1958) readily take up fluoride. Table III-4
summarizes data from several reports on fluoride concentrations in human
teeth. Fluoride concentrations in teeth are a function of dose and duration
of exposure. Jackson and Weidmann (1959) determined that-the rate of increase
of fluoride concentration in human teeth decreases with increasing age. This
study demonstrated that in West Hartlepool, an Englisﬁ city with a drinking
water fluoride concentration of 2.0 ppm, th.: fluoride content of tooth enamel
varied with age in the following mauner: 5- to ll-years-old, 17:20.9 mg
fluoride/100 g enamel; 20— to 35-years-old, 32+0.28 mg/100 g; 50- to

73-years-old, 37:7.5 mg/100 g.
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Table 111-4 Fluoride Concentrations (Expressed as ppm in Ashz in Dentine and
Enamel at Different Levels of Fluoride Ingestion

Fluoride in Ash (ppm)

b Enamel Dentine

Reference Age Dose surface 1interior whole whole
McClure & Likins Adult 0.1 - - 86 332
-(1951) 7.6 - - 658 1958
Jackson & Weidmann 20-49 yr <0.5 - - 108 508
(1959) 20-35 yr 1.2 - - 180 922
20-35 yr 1.9 -- - 320 1290
Jenkins & Speirs Adult <0.25 590 80 - -
(1953) 1.4 960 110 - -
2.0 1310 270 - -
Brudevold, 20-29 yr 0.1 571 48 - -
Steadman & 1.0 889 129 - -
Smith (1960) 3.0 1930 152 - -
5.0 3370 570 - -

2A11 data for humans and 1ljfelong exposures.
Dose in ppm fluoride in + .cer.

. [ J
Adapted from WHO (1970).
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Zipkin et al., (1958) studi~d fluoridé concentrations in the bones of
humans exposed to fluoride in drinking water at concentrations from 0.1 ppm
(New York City) to 4.0 ppm (Lubbock, Texas). The authors found a linear
relationship between the concentration of fluoride in water and the concen-
tration in bone. This study was not analyzed to account for the amount of

time that individual subjects had lived in the designated areas.

The concentration of fluoride in human bone also increases with duration
of exposure. Smith et al. (1953) for'md a linear relationship between age in
years and concentration of fluoride in bone ash from lifetime residents of an
area with a drinking water supply containing approximately 0.06 ppm fluoride.
Fluoride concentrations as high as 1,300 ppm were observed in bone ash.
Jackson and Weidman (1958) analyzed levels of fluoride in bone from residents
of three English cities with different concentrations of fluoride in their
drinking water: West Hartlepool, 1.9 ppm: South Shields, 0.8 ppm; and Leeds,
less than 0.5 ppm. In each case, a plateau in bone fluoride concentration
appeared at about age 55. The parameters influencing whether or not
concentrations of fluqride in human bone plateau with increasing age are not
understood (NAS 1971). In view of the large intersubject variability, there
may not be a true platean. Also, at only 0.1 ppm fluoride in :pe water, a

plateau n2; not be reached in a lifetire.
Machle and Largent (1943) showed that when adult humans absorbed up to 18

mg of fluoride per day, about half of this amount was deposited in the skeleton.

The fraction of the absorbed.dose of fluoride deposited in the skeleton
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of younger persons is somewhat greater. For example, Zipkin et al. (1956)

measured concentrationc of urinary fluoride in childrer and in adults before
and after fluoridation of a community water supply. In the adults, urinary
fluoride concentration equaled that of the fluoridated drinking water after

one week. In the children, three years passed before the fluoride

concentration inr urine approximated that of the ingested drinking water.

In quasi-steady state conditions of fluoride intake, a corresponding
skeletal. concentration of fluoride is reached which then continues to increase
slowly vith time. The skeletal concentration is related directly to the level
of steady state intake. The rate of uptake and retentior in the bone declines
with age, but whether or not concentrations in the bone reach a plateau
commensurate with the daily intake cannot yet be stated with certainty. When
intake is elevated above "normal" amcunts, either briefly or perhaps over
several weeks, approximately half of the additional absorbed fluoride will be
deposited in the bome. Upon ;eestablishing the "normal” steady state, the

excess fluoride retained in the bone also declines. There is no significant

accumulation or retention of fluoride in soft tissues.

Following ingestion, soluble fluorides are rapidly absorbed from the
gastrointestinal tract at least to the extent of 97Z. Absorbed
fluoride is distributed throughout the tissues of the body by the blood.

Fluoride concentrations in soft tissues fall to pre-—exposure levels within a
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few hours of exposure. Fluoride exchanges with hydroxyl radicals of hydroxy-
apatite (the fnorganic constituent of bone) to form fluo:onydroxyapatite.
Fluoride that is not retained is excreted rapidly in urine. In adults under
steady state intake conditions, the urinary concentration of fluoride.tends to
approximate the concentration of fluoride in the drinking water. This
reflects the decreasing retention of fluoride (primarily in bone) with
increasing age. Under certain conditions perspiration may be an important
route of fluoride excretion. The concen:ration of fluoride tetaingd in bones
and teeth is a function of both the concertration of fluoride intake and the
duration of exposure. Perlods of excessive fluoride exposure will result in
increased retention in the bone. However, when the excessive exposure is
eliminated, the bone fluoride concentration will decrease to a concentration

that is again reflective of intake.
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1V. HUMAN EXPOSURE

Humans can be exposed to fluoride in drinking water, food and air
(Letkiewicz 1984)., This section summarizes available pertinent information in

order to assess the relative source contribution of fluoride from drinking

wat.r, food and -air.

A. Exposure Estimation

This analysis is limited to drinking water, food and air since these
media are considered general sources of fluoride for all individuals. Some
individuals may be exposed to fluoride from other sources, notably in
occupational settings and from the use of consumer products containing
fluoride. In limiting the anglysis to these three sources, it must be
recognized that individual exposure can vary widely based on several
uncontrollable factors. Life style, food consumption and physiological
characteristics (age, sex and health status) can ail affect daily exposure and
intake. Individuals living in the same neighborhood or even in the same

household can experience vastly different exposure patterms.

Data and methods to e timate exposure of identifiasle population
subgroups from all sources simultaneously have not’yet been developed. To the
extent possible, estimates are provided giving the number of individuals

exposed to each medium at various fluoride concentrationms.
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B. Drinking Water Exposure

It is estimated that over 862 of the 195,595,000 people using public
water supplies are exposed to fluaride at levels of 1.0 mg/L or less; most
(77.62) are receiving water contaihing fluoride at levels of 0.1 to 1.0 mg/L.
Approximately 835,000 people in the U.S. are exposed to drinking water levels
exceeding 2.0 mg/L. Approximately 90i of those exposed to fluoride at levels

above 2.0 mg/L receive their drinking water from groundwater sources (Table
Iv-1).

Table IV~2 presents the estimated daily intake of fli ride f-om drinking
wvater for three population groups (acult males, 5~ to 13-year-old children and
newborn formula-fed infants) as a function of the fluoride levels in drinking;
water. The data indicate that, on a per body weight basis, the drinking water
intake of fluoride by chil@ren in the 5 to 13 age goup is approximately.l.4
times that of the adult male. The intake of newborn formulr -fed infants is
more than eight-times that of adult males. The drinking water intake
calcuiations used here do not include the factor for afr temperature that is
allowed for in the existing EPA and PHS standards. The basis for that
relationship hég recently been questioned (Coniglio 1984) and revised drinking
water reguiations are mot expected to incorporate such a factor in the Maximua

Contaminant Level (MCL).
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Table 1V-1 Estimated Population Exposed to Fluoride in Drinking Water at
. Various Concentration Ranges

Number of Number of people (thousands) exposed to fluoride At concentrations (mg/L) of:
people served
iﬂ UOS. o-l"' >l-0" >2‘o" >3-0- >l..o- >5-0- >6.0~ >700-

System Type (thouscnds) <0.1 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 >8.0
Groundwater 69,239 3,067 61,552 3,872 608f9 163.1 105.5 56.1 9.3 2.0 3.2
Surface water 126,356 13,548 9Q.l32 22,590 71.8 6.0 5.1 0.04 2.7 0.4 0.08

Total 195,595 16,615 151,684 26,462 48] 169 11 56 12 2.4 3.2

(2 of total) (100%2) (8.5%2) (77.6%) (13.5%) (0.27%) (0.12)) (<0.1X) (<0.1%) (<0.1%) (<0.1%) ¢<0.1X)




7=A1

Table IV-2 Estimated Intake of Fluoride from Drinking Water

Approximate percent of popu- Drinking water intake per individual®
Fluoride concentration lation exposed to fluoride (mg/kg/day)
in drinking water in drinking water at the .. Adultb Children c Newborn Formulag-
(mg/L) indicated concentration range males (5~13 year-old) fed infants
-2 -2 -1
0-2 99.6% 2.9 x 10 4.2 x 10 2.4 x 10
> 2-4 0.3z . 8.6 x 1072 1.3 x 107" 7.3 x 107}
> 46 < 0.12 1.5 x 107! 2.1 x 107} 1.2
> 6-8 < 0.01Z 2.0 x 10-l 3.0 x 10"l 1.7
' 4.2 x 107 2.4

> 8 << 0,012 2.9 x 10

8 Calculations based on the midpoint of the indicated concentration range except for > 8 mg/L range, which
uses 10 mg/L for the drinking water level; assumes 100X absorption.
Calculation based on an adult male weighing 70 kg consuming 2 L of water per day.

€ Calculation based on a 10 year~old child weighing 33 kg consuming 1.4 L of water per day.
Calculation based on an infant weighing 3.5 kg consuming 0.8 L of formula per day.



C. Dietarv Exposure

Several estimates have been made of the daily dietary intake of fluoride
in the United States (exclusive of drinking water). These are shown in

Table IV-3. These estimates generally place fluoride dietary intake in the

range of 0.2 to 0.8 mg/day.

In-conttast._Osis et al. (1974) reported a higher daily dietary intake of
fluoride at 1.6 to 1.9 mg over a 6-year period in an area with a fluoridated
water supply. Kramer et al. (1974) reported fluoride dietary iatakes of 1.7
to 2.4 mg/day in 12 cities using.fluoridated water. 1In four cities using
nonfluoridated water the intake was 0.8 to 1.0 mg/day. Both of these studies
used a method of analysis reporfed by Singer and Armstrong (1965). However,
Singer et al. (1980) indicated that the method used in those studies would
lead to an overestimation of fluoride. While these values may not be
quantitatively valid, it is interesting to note that Kramer et al. (1974)
provided useful data on the correlation qf dietary levels observed in the
various cities with the level of fluoridation of drinking water. While no
direct correlation was observed for individual cities, the mean dietary level
in fluoridated cities was about three times that of the nonfluoridated cities,
and the mean fluoride con‘ent of the drinking water in fluoridated cities was

also about three times that of non-fluoridated cities.
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Table 1V-3 Reported Daily Dietary Intake of Fluoride
(exclusive of water)

Source Category of Individual Daily Intake (mg)
‘WHO (1970) Age 1 - 3 0.027 - 0.265
4 -6 0.036 - 0.360
7-9 0.045 - 0,450
10 - 12 0.056 - 0.560
NAS (1980) Adule 0.2 - 0.3
Underwood (1973) Adult 0.3 - 0.5
Hodge and Smith (1970) Adult 0.3 - 0.8
Singer et al. (1980)% foung adult male 0.333 (San Francisco)
(age 16 -~ 19) 0.378 (Buffalo)

0.587 (Atlanta)
0.368 (Kansas City)

% Excludes all beverages.
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D. Air Exposure

The information on levels of fluoride in air suggest that airborne
fluoride contributes little to total daily intake. Assuming that an adult
male inhales 23 m3 air/day and absorbs 100X of the inhaled fluoride, airborne
fluoride present at the usual limit of detection (0.05 ug/m3) would contribute
about 1.2 pg/day to an individual's intake. This is to be compared to the

estimated values of 200 to 800 ug/day for food and drinking water.

E. Summary

Table 1V-4 shows the relative source contribution of food, air and
drinking water for the daily fluoride intake for an adult male in the United
States. The predominant sources of fluoride for the adult male in the United
States are food and drinking water. Typical air levels of fluoride are
extremely low; Most fluoride air levels are below the limits of detection,
usually 0.05 ug/m3. Fluoride at 0.05 pglm3 would, with 100% absorptionm,
contribute only 1.2 ug/day to an adult male's daily intake (23 m3/day
respiration volume is assumed). For an adult male weighing 70 kg, the
corresponding air dose is 1.7 x 10-5 mg/kg/day. The air contribution appears

to be negligible except when food and drinking vater doses .re zero.

The food intake shown was derived from the data presented in Letkiewicz
(1984), which suggested that the daily dietary intake was 0.2 to 0.8 mg/day.
Assuming 100X absorption for a 70-kg adult male, these values correspond to

2.9 x 10~ to 1.1 x 10~ mg/kg/day.
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Table 1V-4 Estimated Intake of Fluoride from the Environment by Adult Males®

Estimated percent of the popu- Total intake per individnual
Fluoride lation exposed to indicated _ fo mg/kg/day (X from drinking water)
concentration fluoride concentration range Drinking water Food intake per
in drinking from public water supplies intake per indi- individual -3 3
water (mg/L) (% of total) vidual™ (mg/kg/day) (mg/kg/day): 2.9x10 7.1x10° 1.1x1072
. -2 -2 -2 -2, ..
0-2, 99.6% 2.9x10 3.2x10 “(917) 3.6x10 “(81%) 4.0x10 “(72%)
. - ) ) i
:! > 2-4 0.32 8.6x10 8.9x10 2(971) 9.3x10 2(92!) 9.7x10 2(89!)
| -1 - - -
& s b <0.1% 1.5%10 1.5%107" (982) 1.6x107'(951) 1.6x10"" (931)
> 68 < 0.01Z 2.0x10"! 2.0x107 ' (992) 2.1x107" (977) 2.1x107V (952)
> 8 << 0.01% 2.9x107" 2.9x10” ' (992) 3.0x107" (982) 3.0x10"" (962)

drinking water,

Daily intake from air (estimated to be less than l.7xlO-5 mg/kg/day) considered negligible relative to food and

Calculation based on an adult male weighing 70 kg consuming 2 L of water per day and using the midpoint of the indicated

concentration range except for the > 8 mg/L range, which usea 10 mg/L for the drinking water level.

Based on data showing the daily adult dietary intake of fluoride ranging from 0.2-0.8 mg/day and a 70-kg adult (2.‘),:]0-3

mg/kg/day = 0.2 mg/day; 7.1x10 ~ mg/kg/day = 0.5 mg/day; 1.1x10"° mg/kg/day = 0.8 mg/day).



Under the typical drinking water exposure condition of about 1.0 mg/L,
drinking water accounts for an estimated 72X to 91% of total fluoride intake
for the adult male, with food contributing the remainder. Where drinking
water levels exceed 2 mg/L, the contribution from drinking water is generally

expected to exceed 907 of total intake.

A similar comparison of relative source contribution is shown in Table
IV~5 for 5- to l3-year-old children. As in the case of the adult male, the
contribution from air is negligible relative to drinking water and food.
Under the typical drinking water exposure condition of about 1.0 mg/L,
drinking water accounts for 64% to 97% of total fluoride intake. Where
drinking water levels exceed 2.0 mg/L, drinking water accounts for more than

90% of total intake.
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Table IV-5 Estimated Intake of Fluoride from the Environment by 5-13 year-old Childrena

Estimated population of Total intake per individual
Fluoride 5-13 year-old children exposed _ in mg/kg/day (% from drinking water)
concentration to indicated fluoride concen- Drinking water Food intake per
in drinking tration range from Buhllc 1ntnks per indi- individual 3
water (mg/L) water supplies vidual™ (mg/kg/day) (mg/kg/day): 1.1x10” l.Z!uIO-2 2.4x10"2
-2 - -
0-2 26,039, 600 4.2x10 4.31072(977)  5.5x1072(762) 6.6x10"2(641)
-1 - - -
s 2-4 86,800 1.3x10 1.3x1071 (997 1.4x107" (912) 1.5x107" (842)
-1 - - -
> 4m6 22,300 2.1x10 2.1x1071 (997)  2.2x107" (942) 2.3x107" (901)
-1 - - -
> 6-8 1,900 3.0x10 3.00107" (1001) 3.1x107" (962) 3.2x107' (931)
-1 - - -
- 400 4.2x10 4.2x107 (1002) 4.3x107" (972) 4.ax107" (967)

. Daily intake from air (eatimated to be less than 2.3x10 3 mg/kg/day) considered negligible relative to food and

b drinking water, h
Based on 1981 data provided in Statistical Abstract of the United States 1982-83 showing 13.37X of the total U.S.
population falling in the 5-13 year-old age group.

€ Calculation based on 10 year-old child weighing 33 kg consuming 1.4 L of water per day using the midpoint of the

d indicated concentration range except for the > 8 mg/L range which uses 10 mg/L for the drinking water level.
Based on data showing the daily dletary_&ntake of fluoride for children ageg 4-12 to range from 0.036-0.56 wg/day and
assuming a body weight of 33 kg (1.1x10 ~ mg/kg/day = 0.036 mg/day; 1.3x10 ° mg/kg/day = 0.30 mg/day; 2.4x10 © mg/kg/da
= 0.56 mg/day). ' ’ g/day



V. HEALTH EFFECTS IN ANIMALS

A. Acute Toxicity

The toxicological effects of fluoride in animals are summarized below.
To provide a ccmmon basis for comparison of individual studies, all dosn
values have been expressed in terms of milligrams fluoride per kilogram body
weight (mg/kg). Where the literature provided dose information in alternative

units (i.e., ppm in drinking water), the dose in terms of mg/kg has been

calculated and shown parenthetiially in the text.(a)

Leone et al. (1956) described the acute and subacute physiological and
pathological effects of fluoride (as sodium fluoride) administered
intravenously and orally to male and female dogs. When fluoride was infused
intravenously in four dogs at the rate of 5.4 mg F/min: the mean acute lethal
dose was 36,0 £ 0.5 mg F/kg with dedth occurring after 59 to 64 minutes of
infusion. The principal effects observed were a progressive decline in blood
pressure, heart rate, central nervous system activity (pupil size, response to

1light, tendon reflexes) with vomiting and defecation. All effects became

(a) Equation for conversion of dose values frum ppm in drinking water to

mg/kg:
ppa in
drinking x 1 mg/L x Daily Water
water 1 ppm Consumption, L
Dose, mg/kg =

(Animal Weight, Kg)



evident when the infused dose reached approximately 20 mg F/kg. At a mean
dose of 30.6 mg F/kg, the respiratory rate was depressed and €lectrocardio-
graphic changes indicated a conversion to atrioventricular nodal or ventricular

rthythm. The terminal cardiac event was either venqricular fibrillation or

asystole.

In a separate study by Leone et al. (1956), dogs were infused at the rate
of 5.4 mg F/min to total doses of 25, 20 and 15 mg F/kg and the animals
observed until death or sacrifice. The number of dogs at each dose was 3, 2
and 4, respectively. Dogs receiving 25 mg F/kg died within 1 to 31 hrs after
infusion. One of the dogs administered 20 mg/kg died after 36 hours and the
second died after seven days. None of the dogs receiving 15 mg F/kg died.
These animals were sacrificed 36 hrs, 7 and 16 days after infusion. The
approximéte LDSo from this study was estimated to be 20 mg F/kg. The major
effects observed were vomiting, defecation and central nervous system

depression.

In a third study, two dogs were administered a dose of 5 mg F/kg, infused
at the rate of 1 mg F/min daily for 23 days. There wvere no deaths nor
evidence of toxic effects or weight loss, and the electrocardiograns were
nérmal. However, blood pressure and respj .atory rate were no!f measured. Four
dogs were also evaluated in a very limited oral study. Each dog was
administered a single oral dose of sodium fluoride. The doses administered
were 38,81, 260 and 3,100 mg F/kg. The principal effects observed were
vomiting .and frequent defecation; Each dog appeared to recover completely

within 18 to 24 hours.
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During these studies by Leone et al. (1956) serum calcium levels were
measured in dogs receiving total doses of 36, 25, 20 or 15 mg F/kg
intravenously and in the one dog administered 3,100 mg F/kg orally. In one
instance the calcium concentration increased slightly, in one instance it was
unaltered, and in the remaining dogs it was lowered slightly from predosing
levels. No statistically significant conclusions can be drawn from these
observations. “Micrbscopic examination of tissue reactions from all dogs dying
after fluoride administration, and in one animal sacrificed 36 hours after
receiving 15 mg/l.g toral dose, showed generalized hyperemia and acute focal
hemorrhages. All other animals showed some focal hyperemia and focal

hemorrhages, but these were no more severe than were seen in the control dogs.

In essence, the findings of Leone et al. (1956) provide no evidence of
cumulative effects following daily administration of sublethal doses of
fluoride for up to 3 weeks, The physiological effects and pathological
changes seen in dogs resemble those reported for humans (Lidbeck et al. 1943).
The pathological studies performed did not identify a specific mechanism of

death, though direct toxic cellular effects cannot be discounted.

The acute toxicity of NaF in fasted male white mice of uniform weight (10
grams) was also studied t: Leone et al. (1956). The oral LDS0 and intravenous
LD50 wvere evaluated in groups of ten or more mice. The arbitrary endpoint was
24 hours after administration. The oral‘LDso with standard error was 46.0%1.6
mg fluoride ion/kg compared with an intravenous LD ., of 23.0:0.9 mg/kg. Mice

dying within two hours after injection developed. successively: éyanosis,
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dilation of the ear vessels, depression of respiration, tremors, clonic
convulsions, paralysis of the hind legs, loss of righting reflex, depression,
respiratory arrest and death. Those with longer survival periods (2 to 24

hours) went through similar but less severe stages, progressing to a long

terminal depression.

Maynard et al. (1951) studied the effects of age and sex on the acute
lethality of NaF in rats. The rats were given an intraperitoneal dose of
26 mg NaF/kg, the approximate LD50 for animals weighing 200 to 300 g. At less
than seven months-of-age both sexes seemed to be resistant to NaF toxicity,
with the females less resistant than the males. At seven months or more,
there were no differences between the sexes. These data are summarized in

Table V=1.

These studies of acute fluoride toxicity are a representative sample of
those available. They illustrate the essential characteristics. Other
published studies of acute fluoride toxicity do not differ significantly in

their content.

B. Chronic Toxicity

In practical terms, chronic effects of excessive exposure to fluoride
have been most important in domestic animals, especially cattle (NAS 1971).
For this reason the chronic toxicity of fluoride has been studied mainly in

cattle and -in sheep.
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Table V-1 Effects of Age on Toxicity of Sodium Fluoride in Rats

Male Albino Rats Female Albino Rats
Mortality | Mortality
Age Av. Wt. No. rats 1in 24 hr Age Av. Wt. No. rats in 24 hr

(months) (gtam§) used 2) (months) (grams) used (%)

] 90 25 0 1 79 25 0

2 229 25 0o 2 164 25 16

3 288 25 8 3 174 25 4

4 297 25 12 4 190 25 28

7 361 25 84 7 213 25 80

12 336 25 92 - 12 219 25 92

a'I)t.'»'se. 26 mg NaF/kg; Concentration, 20 mg/mlL Water. No mortality was produced at
a dose of 20 mg NaF/kg in comparable animals.

Adapte& from Maynard et al. (1951).



The studies discussed in this section are a representative sample of
those available. The conclusions from the studies selected are consistent
with those not discussed herein. The material presented was selected for the
quality of the research effort that generated it and for its illustration of

the essential characteristics of fluoride toxicity.

1. Bone

Suttie et al. (1961) exposed Holstein calves to dietary NaF. At the
start of the experiment the calves were 6- to 27-weeks-old. Sodium fluoride
was added to their diet to supply 1.0, 1.2, 1.4, 1.6 and 2.0 mg fluoride/
kg/day. The majority of the cattle were removed from the experiment either
during or at the end of the second lactation period. Length of exposure in
calendar time was not spécified and varied from animal to animal. Severe
fluorosis (characterized by rapid weight loss, general deterioration of
condition, intermittent lameness and stiffness) was consistently associated
with a skeletal fluoride concentration greater than 5,500 ppm. This
concentration was reached by the first lactation in cows receiving 2.0 mg
fiuoridelkg/day and by the second lactation in cows receiving 1.6 mg
fluoride/kg/day. The authors stated that a fluoride level in bone in excess

~of 5,500 ppm is one of the most reliable i_dices of fluoride toxicosis.
Shupe et al. (1963) studied the effects of dietary fluoride on 32

Holstein-Friesian dairy heifers. The animals received 12 (normal). 27, 42 or

93 ppm flubride (equivalent to 0.30, 0.64, 1.17 and 2.08 mg/kg/day) on a total
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dry matter basis in their diet from age three to four months until 7.5 years.
Eight animals were used in each of the four dose groups. Changes.in bone were
marked at 93 ppm (2.08 mg/kg/day), moderate at 49 ppm (1.17 mg/kg/day) and
very slight at ?7 ppo (0.64 mg/kg/day). There were no discernible effects on

bone at the 12 ppm level (0.30 mg/kg/day). These data are summarized in Table
V=2,

Affected bones appeared-chalky white and had roughened, irregular per-
iosteal surfaces. They were also larger and heavier than normal. Puffy
joints and intermittent lameness developed in some cows in which osteofluorotic
lesions were p;lpable. Shupe et al. (1963) considered lameness and stiffness
to be inconclusive measures of fluoride toxic#ty. Bone lesions were scored

according to the scheme in the legend of Table V-2.

Fluoride concentrations in dry. fat-free rib biopsy samples increased
vith increasing time of exposQ}e for all dose groups. After 7.3 years (2,663
day;) the fluoride concentration was approximately 900 ppm in animals on the
normal diet. At this same time, the rib fluoride concentrations were
approximately 2,500, 5,500 and 8,200 for the cattle receiving 27, 49 and 93
ppu fluoride in the ration, respectively. The rate of increase with time was
greatest in those cattle sdministered 93 ppm fluoride. The first clinically
discernable bone lesions appeared on the medial surface of the proximal third
of the.;etatarsal bones and were bilateral. These effects were observed after

1.5 to 2 years in cattle on the 93 ppm fluoride ration and after 3.5 to 4

years in cattle on the 49 ppm fluoride ration. As the degree of osteofluorosis
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Table V-2 Fffects of Ingested Fluoride on Dairv Cattle Fed
Various Levels of Sodium Fluoride From 4 Months to
7.5 Years of Agze

Chronic fluorosis

Age Normsl Ne adverse
Average (vears) conditinns effects Borderline Mnderate Severe
¥ in moisture-free diet 7 ~Up to 1% 15-30 30-40 Gn-hh 50-109
{ppm) < Up to 15 15-30 30-40 4n-hn 60=109
6 Up to 15 15-30 30-40 4n-60 60-109
Teeth classification® 2 0-1 0-2 -3 3-¢ 45
(incisors) 4- 0-1 0-2 2-) 3-6 4=5
6 0-1 0-2 2-) 3-4 4-5
Teeth classiftcat!onb 2 0-1 0-1 0-1 0-1 0-3
(molars) & 0-1 0-1 0-1 1=-2 1-4
6 0-1 0-1 1-2 1-3 1=-5
F {n bone (ppw) 2 40]=-714 714~1,605 1,605-2,130 2,130-3,027 3,027-64,206
4 706-1,138 1,138-2,329 1 2,379-3.138  3,)38-4,504 4,504~6,620
6 653-1,221 1,221-2,794 2,794-3,788  3,788-5,622 5,622-R,676
F in urine (pp=z) 2 2.27-3.78 3.78-8.04 8.04~-10.5¢ 10.54~14.7) 14.71~-19.86
& 3.56-5.3 5.3-10.32 10.32-13.31 13.31-18.49 IR.49-25.63
6 3.51-6.03 6.03-11.29 11.29-14.78  14.78-20.96 20.96-30.0°
F in wilk (pp=m) 2 Up ta 0 12 Up to 0.12 0.08~0.15 0.15-0.25% 0.15 and above
A Up to 0.12 Up te 0.12 0.08-0.15 0.15-0.2% 0.15 and above
6 Up to 0,12 Up te 0.12 0.08-G.15 0.15-6.2% 0.15 and above
F in blood (ppm) 2 Up to 0.30 Up to 0.30 0. 15~0.40 0.30-0.50 0.50 and above
4 Up to 0,30 Up to 0.30 0.15~-0.40 0.30-0,50 0.50 and above
[ Up to 0,30 Up to 0.30 0.)5-0.40 0.30-0.50 0.50 and above
Average T {n soft tissues 2 Up to 1.20 Up to 1.20 Up to 1.20 Up to 1.20 Up to 1.20
(ppm) 4 Up to 1,20 Up to 1.20 Up to 1.2n Up teo 1.20 Up to }.20
6 Up to 1.20 Up to 1.20 Up to 1.20 Up to 1.20 Up to 1.20
Periosteal hyperostostsc 2 0 0-1 0-1 0-2 0-3
4 \ 0-1 0-1 0-3 0-4
6 4] 0-1 0-2 0-4 0-5
Sgcgnd.sy changes mav All Absent Absent Occasionally Present Present
notited

occur

2 nats are based on controlled experiments, but also : an be correlated with numerous field cases that h' ve been

extensivelv siudied and evaluated.
Incisors (average classification of erupted permanent teeth degree of fluoride effects): O-normal,

1-questionable, 2-slight, 3-moderate, L-marked, S~excessive.
of vear): O-normal, I~questionable, 2-slight, 3-moderate, 4-marked, S-excessive.
Periosteal hvperostosis: O-normal. ]-questionable, 2-slight, J-moderate, 4-marked, S—excessive.

Molars (average classification degree

dStiffness and lsmeness, loss of body weight, reduced feed (ntake, rough hair coar, unpliable skin. and

reduced milk production.

Adapted from Shupe et al. (1963),



increased, palpable hyperostoses appeared in the rami of the mandibular bones,
and the 7th through 12th ribs became wider and thicker. The degrees of
periosteal hyperostosis were classified as 0 = normal, 1 = questionable, 2 =
slight, 3 = moderate, 4 = marked and 5 = excessive. Cattle on the normal diet
were scored as normal through 6 years of age. Those cattle on 27 ppm ration
were scored 0 to’'l through 6 years; those on 49 ppm ration were scored 0 to 2
at 2 years, 0 to 3 at 4 years, and O to &4 at 6 years; and those on 93 ppn
raéion were scored O to 3, 0 to 4 and O to 5 at 2, 4 and 6 years,
respectively. Radiographs taken at age 7.5 years (approximately 7 years on
fluoride) showed increased coarsening and thickening of the trabecular pattern
with a ground glass appearance for cattle on the rations containing 49 and 93
ppon fluoride. Periosteal Lyperostosis, subperiosteal increased density in
some cases, endosteal and cortical porosity, and mineralized spurs at poinég

of attachment of tendons to leg bones were also observed at these dose levels.

In the study-of Shupe et al. (1963), no effects at any exposure level on
ho?fs. soft tissues or blood were found. Milk production was only affected
after clinical signs of skeletal fluorosis, lameness and molar abrasion had
developed. These observations imply the animals were not able, because of
their advanced skeletal and dental fluorosis, to maintain a nutritional level
.adequate for milk production. Effects on milk production were found in the
cows exposed to 49 and 93 ppm (1.17 and 2.08 mg/kg/day) fluoride. Suttie et

al. (1957b) also found that the effects of fluoride on milk production were

secondary to other clinical signs resulting in curtailed feed intake.
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2. Teeth

Suttie et al. (1957a) added NaF to the ration of 24 Holstein heifers
divided into six groups of four each. The animals were approximately two-
years-old at the start of the experiment and exposure ‘to fluoride was
maintained for 5.5 years. Fluoride was mixed with the diet so that the cattle
received 20, 30, 40 or 50 ppm added fluoride per day on the basis of dry feed
weight (four animals per dose). These concentrations were equivalent to 0.53,
0.86, 1.03 and 1.36 mg/kg/day, respectively. The earliest observable indica-
tion of excessive exposure to fluoride was a mottling of the growing teeth.
Mottling was scored according to the scheme of Hobbs et al. (1954), as

follows:

Classification Description
1 Normal Tooth
2 Questionable Effect
3 Marginal Effect
4 Definite Effect
5 Severe Effects

The latter two ratings are characte.ized by varying degrees of hypoplasia
of the enamel and tooth. Slight mottling and wear (scored 3, marginal) was
observed on the fourth incisors of the animals ingesting 0.53 mg/kg/day.
Animals ingesting 0.86 to 1.36 mg/kg/day had teeth which were scored 4 or 5.
These data, reflecting the results following 5.5 years of fluoride expcsure,

" are summarized in Table V-3.
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Table V-3 The Effects of Fluoride Fed as NaF on
Various Physiologic Responses in Heifers

Av. Ca%f . Av. Score of
a Av. a Bone F Inciscrs
F Fecal F (dry fat Milk F Pair Pair Av. No. o
Lot Added (dry wt.) free wt.)  (whole milk) 3 4 Services
1 0 14 11 0.16 ] 1 2.)
11 20 - . 86 0.3]
0.29 1 3 1.5
111 30 27 136 0.30
0.38 2 4 2.1
1V 40 30 104 - 4 5 2.3
v 50 37 140 0.27
0.44 4 5 2.2

%values are expressed as ppm fluoride.
Average number of services per cow per year required for conception.

Adépted from Suttie et al. (1957a).
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Subsequent to the appearance of effects on dentition, a total of four
animals, two in lot IV and two in lot V, developed svmptor of fluorosis.

These symptoms and their sequence were:

1. A refusal of fluoride-supplemented foods.

2. Excessive weight loss,

3. Stiffness in the legs with resulting lameness.

These effects were sufficient to debilitate the animals within several
weeks. Such symptoms of flunrosis were not seen in the groups exposed to 30

ppe fluoride or less.

In the study of Shupe et al. (1963), pairs of heifers (three- to four-
months-0ld) received 12_(nofma1), 27, 49 or 93 ppm of fluoride (equivalent to
0.30, 0.64, 1.17, and 2.08 mg/kg/day) on a total dry matter basis in the
ration. 1In addition, each ration was supplemented with one of two levels of a
concentrate or one of two levels of a Ca-P mixture. The experiment,
therefore, included 32 animals divided into pairs among 16 treatment groups.

The experiment continued until the animals were 7.5 years-old.

Der-:nding on the amount of fluoride ingested, affected teeth erupted with
different degrees of mottling, staining, hypoplasia and hypocalcification.
Dental fluorosis was scored according to the scale described in Table V-2,
which is essentially the same as that of Hobbs et al. (1954) and the following

~

tooth classifications were established:
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(0) Normal: smooth, translucent, glossy white enamel; tooth normal

shovel shape.

(1) Questionable effect: slight change, exact cause not determined: may
have enamel flecks; cavities may be unilateral or bilateral but with
the absence of mottling.

(2) Slight -effect: slight mottling of enamel; may have slight staining
but no wear; teeth normal shovel shape.

(3) moderate effect: definite mottling and staining of enamel; coarse
mottling (large patches of chalky enamel); teeth may have slight
signs of wear. .

(4) Harked_effect: definite mottling, staining and hypoplasia; may have
pitting of enamel; definite wear of teeth; enamel may be a pale
cream color.

(5) .Excessive effect: definite erosion of enamel with excessive wear of

teeth; staining and pitting of enamel may or may not be present,

In cattle consuming the highest dose of fluoride (i.e., 93 ppm in the
ration) the incisors were classified as 4 to 5, beginning as early as 2 years
of age. The molars were classified as O to 3 at 2 years-of-age, 1 to 4 at 4
years and 1 to 5 at 6 years. For cattle at the dose of 49 ppm, the incisors
were scored as 3 to / beginning at 2 years. In these same animals, the molars
were scored as O to ! at-2 years, 1 to 2 at 4 years, and 1 to 3 at 6 years.

In cattle administered 27 ppm fluoride, the incisors were scored as 0 to 2
through 6 years-of-age and the molars were scored as 0 to 1 through 6 years.
Incisors and molars of cattle administered the normal ration (12 ppm fluoride)

were scored 0 to 1 throughout the 6 years. Thus, the cattle administered the
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diet containing 27 ppm (0.64 mg/kg/day) fluoride nearly represents a nc effect

level (NOAEL).

The effects of water-borne fluoride on sheep have been studied by Peirce
(1959). Mature ewes (total of 150) were divided into three groups: Group A
(control) was given drinking water having 0.3 ppm fluoride; fluoride was added
to the drinking water of groups B and C so that they were exposed to 10 and 20
ppm fluoride, respectively. These ewes were mated over a period of six weeks
and all the offspring were weaned when the youngest lamb was three-months-old.
At this point the mcthers were removed from the experiment. The experiment
was continued until the younger animals (group A, 2] wethers and 11 ewe lambs;
group B, 17 wethers; group C, 20 wethers and 10 ewe lambs) were almost
seven-years-old. During the course of the experiment the animals drank almost
nothing in the winter months and up to 3 to 4 L/day in the summer. For the
whole experiment, mean intakes of fluoriée were 0.25 mg/kg/day for group B and

0.48 mg/kg/day for group C.

3

Weight gain was not significantly affected by treatment with fluoride at
any point in the experimint. Wool production was reduced in the groups
receiving added fluoride in their drinking water. Sheep in groups B and C
showed characteristic signs of dental fluurosis. These included mcttling of
incisors and molars, selective abrasior. of the molars and wear of various
types and degrees of severity on the incisors. The degree of mottling and
erosion was slight in the sheep of group B but was severe in those of group C.
Only one animai in group c appeared to be unaffected. Selective abrasion of

ﬁolars occurred in about 25% of the sheep in group B and in all but two of the
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sheep in group C. 1In addition, the abrasion was more severe in group C. - The

fluoride content of bones and teeth was significantly increased in animals in

groups B and C. See Table V-4 for a summary of these data.

3. Reproduction

The effect of fluoride in drinking water on the reproductive efficiency
of Afrikander heifers.was studied by Van Rensburg and De Vos (1966). At the )
start of the experiment the heifers were from 2.5- to 2.75~years-old and were
free from tuberculosis, brucellosis and coital diseases. The animals were
divided into five groups of ten animals each and breeding was started nine
months after the start of the experiment. During the first two seasons the
animals wvere served naturally, while artificial iosemination was used in the
last two seasons. Defluorinated superphosphate was added to the drinking
wvater of some eiperimental groups (see Table V-5) at the rate of 1 g

phosphorus/gallon. This was done in order to test che hypothesis that

phosphate might retard the action of fluorine.

Table V~5 summarizes the fluoride exposu- . data and the breeding records
of these animals. Inspection of these data shows that cows receiving 5, 8 or
12 ppm fluoride in drink.ng water (estimated to equal 0.55, 0.88 and 1.32
mg/kg/day, respectively) suffered significant decreases in calving rates
(Figure V-1). The authors state that in Afrikander heifers not exposed to

excessive fluoride, reproductive efficiency normally increased during the
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Table V-4 Fluoride Concentration in Bones and Teeth
of Sheep Drinking Fluoride-Supplemented Water

o

Metacarpus _ Rib _ . Molars
Fluoride Fluoride Fluoride Fluoride Fiu.ride Fluoride Fluoride
Content in in in in in in _
Experimental of Waicr Ash Bone® Ash Bone® Ash Teeth®
Group (ppm) (%) (%) (%) (%) (%) (%)
A 0.3 0.12 0.08 0.15 0.10 0.11 0.08
B 10 0.35 0.25 0.41 0.26 0.26 0.21
o 20 0.40 0.29 0.46 0.30 0.34 0.27

#calculated on-a dry, fat-free weight basis.

Adapted from Peirce (1959).
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Table V-5 breeding Efficiency Over Four Breeding Scasons of Five Groups
on Different Levels of Fluorine Intake, With and Without
Added Defluorinated Superphosphate

Breeding Seasons

Group | 2 3 4

1
9 Heifers No. served 9 8 8 6
S ppm fluorine No. of services 9 8 12 8
: No. conceived 8 8 6 4
Services per conception 1.12 1.00 2.00 2.00
‘Calving rate (%) 88 88 66.7 44.4

2
10 Heifers No. served 10 6 9 8
8 ppm fluorine No. of services 14 6 15 11
No. conceived 8 6 6 5
Services per conception 1.75 1.00 2.50 2.20
Calving rate (%) 80 60 60 50

3 .

10 Heifers ¥o. served 10 ‘9 9 5
5 ppe fluorine, No. of services 12 10 9 6
plus defluori- No. conceived’ 8 9 7 3
nated super- Services per conception 1.50 1.11 1.28 2.00
phosphate Calving rate (%) 80 90 70 30

4
10 Heifers No. served 10 6 10 8
8 ppm fluorinme, No. of services 15 6 13 11
plus defluori- No. conceived 9 6 5 |
nated super- Services per conception 1.67 1.00 2.60 11.00
phosphate Calving rate (2) 90 60 50 10

5 .

10 Beifers No. served 9 5 6 7
12 ppm fluorine, No. of services 10 5 11 15
plus defluori- %o. conceived 9 4 2 1
" nated super- Services per conception 1.11 1.25 5.50 15.00
phosphate Calving rate (%) 90 40 20 10
Total for 49 No. served 48 34 42 34
heifers No. of services 60 35 60 51
: No. conceived 42 33 26 14
Services per conception 1.43 1.06 2.3] 3.64
Calving rate (%) 85.7 67.3 53.1 28.4

Adapted from VanRensburg. and DeVos (1966) .
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period over which this study was conducted. The deleterious. effects of

exposure to excessive fluoride on reproductive performance preceded the
development of clinical signs of fluorosis. This is significant as it sug-
gests that the reproductive effects were not a consequence. of 111 health
secondary to skeletal or dental fluorosis. Howevers by the end of the fourth
breeding season, general 111 health, loss of appetite, and erosion and

mottling of teeth were increasingly evident.

Defluorinated superphosphate tended to exacerbate rather than mitiéate
the toxicity of waterborne fluoride (Table V-5). Van Rensburg and De Vos
(1966) speculated that the defluorinating process may not have been completely
effective and that the animals receiving defluorinated superphosphate ma;
actually have been exposed to higher than indicated concentrations of fluoride.

Therefore, the data for exposure groups 3, 4 and 5 should be interpreted with

caution.

Suttie et al. (1957a) added NaF to the diet of Holstein heifers. The
animais wvere two-years-old at the start of the experiment and exposure to
fluoride was continued for 5.5 years. Fluoride was mixed in the ratiom so
that the cattle received 0.53, 0.86, 1.06 and 1.36 mg added fluoride/kg/day.
Over the course of this .xperiment there was no effect on reproduction as
measured by the average number of services per conception. Other indices of

reproduction were not evaluated in this study.

Hobbs and Merriman (1962) studied the effect of NaF on reproductive

performance in Hereford heifers. These animals were free from tuberculosis
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and Bang's disease and were immunized against brucellosis. Sodjum fluoride
wvas added to feed so that over the nine-year period of exposure, groups of
three calves received 0.17. 0.39, 0.59, 0.91, 1.03, 1.24, 1.56 and 1.96 mg
fluoride/kg/day. The cows were yearlings at the start of the experiment.

They were bred first when two-years-old, then at yearly intervals for nine
years. The breeding records of these animals are sumiarized in Table V-6. It
is apparent that there was some deficit in reproductive performance associated
with exposure to 1.56 and 1.96 mg/kg/day. Exposure to less than 1.56

mg/kg/day did not have an obvious effect on reproductive performance.

The effect of fluoride exposure on reproductive performance in sheep wes
studied by Peirce (1959). He determined the percentages of lambs born by two
generations of experimental ewes (for example, 10 ewes giving birth to 10
lanbs would be 100%). The first generation was divided into three groups of
approximately 50 ewes/group (group A, control; group B, 10 PpPO or 0.25
ng/kg/day; group C, 20 ppm or 0.48 mg/kg/day). The percentages of ewes which
produced lambs were 93%, 98Z and 98%, respectively. The actual percentages of
lambs born were 115%, 124% and 121%, respectively. The second generation ewes
retained in the experiment (11 in group A and 10 in group C) vere mated first
at age 18 months and thereafter at yearly intervals for a total of six
gestat’ons. The relevant data are summarized in Table V-7. These data show
that provision throughout gestation of drinking water containing 10 or 20 ppx

fluoride had no adverse effect on reproduction in these sheep.
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Table V-6 Reproductive Performance of Hereford Heifers Exposed to
Dietary NaF for Nine Years

Actual
Dose No. of Cows No. of Cows Total ‘Number Calvings % of
of Fluoride At Start of At End Of No. Calvings Expected If 1 Expected

(mg F/kg/day) Experiment Experiment Over 9 Seasons Calving/Year/Cow Calvings

0.17 3 3 17 27 63
0.39 3 3 18 27 67
0.59 3 12 11 16 69
0.91 3 3 23 27 85
1.03 3 3 17 27 63
1.24 3 3 20 27 74
1.56 3 3 12 27 44
1.96 3 2 6 22 27

“One animal died in first year of experiment; one animal sacrificed in seventh year
of experiment.
One animal sacrificec in fifth year of experiment.

Adapted from Hobbs and Merriman (1962).
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Table V-7 Effect of Fluoride Exposure on Reproductive Performance of Sheern
Group a2 Group Cb

Ewes Ewes Lambe Eves Ewes Lambs
Year Mated Lambed Born Mated Lambed Rorn
1952 11 10 11 10 8 9
1953 1] 11 13 9 8 12
1954 11 10 14 9 9 13
1955 11 10 11 9 8 12
1956 10 10 11 9 9 16
1957 10 7 8 8 7 8
Total 64 58 68 54 49 70
Total as
Percentage
of ewes
mated 91% 1062 91% 130%

8controi arimals (0.3 ppt F io drioking water).

Test animals (20 ppm F in drinking water).

Adapted frox Peirce (1959)
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4, Crowth

Some species differences are evident in the effect of fluoride on growth,
Growth is not affected in most species at 100 ppm fluoride in the diet (Hodge
and Smith 1965). Cattle, however, appear to be more susceptible. Suttie et
al. (1957a) reperted that at 50 ppm added fluoride, attainment and maintenance
of the adult body weight was slightly depressed in a study on Holstein heifers
fed rations containing 0, 20, 30, 40 or 50 ppm fluoride. In the study of
Shupe et al. (1963) (see Section V.B.l.), Holstein heifers were fed rations
containing 12 to 93 ppm fluoride; according to the analysis of Stoddard et al.
(1963), growth was not significantly affected at any of these levels. Hobbs
and Merriman (1962) reported that, in a ten-year study, 10 to 100 ppm
(estimated 0.17 to 19.6 mg/kg) fluoride as-NaF in the ration had no adverse
effect on the bodv weight of cattle, -whereas 200, 300 or 600 ppm (estimated
3.92, 5.88 or 11.76 mg/kg, respectively) resulted in lower weight. Peirce
(1959) reported that ingestion of drinking water containing 0.3 to 10 or 20 mg
fluoride/L (estimated 0.08, 0.25 or 0.48 mg/kg/day, respectively) by sheep for
approximately seven years did not.ﬁignificanfly affect weight gain. Hobbs et
al. (1954) reported that ewes given rations containing up to 100 ppm
(estimated 2.4 mg/kg) fluoride as NaF over a three-year period showed nc
diffcrences in final weight compatred to control animals; weight gains wese

decreased at 200 ppm (estimated 4.8 mg/kg).
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5. Kidney

Sufficiently high doses of fluoride have been shown to produce a vasopres~
sin-resistant polyuria resembling nephrogenic diabetes insipidus (Rush and
Willis 1982). Investigations into the mechanism of this effect have been the
subject of several reports. Roman et al. (1977) found that rats (male, Fisher
344 strain, weighing 250 to 350 grams), after four dai}y subcutaneous injections
of 7.6 mg fluoride/kg body weight (as NaF). showed statistically significant
(P<0.05) increases in urinary flow, glomerular filtration rate, percent sodium
excretion and percent water excretion. They suggested that fluoride inhibits
tubular resorption by inhibiting active chloride tramsport in the ascending

limb of the loop of Henle,

Rush and Willis (1982) have reported that fluorid~ inhibits sodium
chloride absorption in the. ascending limb of Henle's loop and antidiuretic
hormone-mediated water absorption across the collecting duct. In this study,
rats (male, Fisher 344 strain, weighing 200 to 250 grams) received intravenous
infusions of 5.7, 27.9 or 41.8 ug fluoride/kg body weight/minute for 2.5
hours. Whitford and Taves (1971) reported that in 16 female rats (weighing
approximately 200 g each, strain not mentioned) receiving 0.4 to 4 ug fluoride
intravenously ove. a two-hour period, plasma fluoride cuncentrations of 95C
ug/L were associated with a definite increase in the rate of urine flow. From
the above studies and many others with similar results, it can be concluded
that the acute effects of fluoride on the kidney are related to both the pgak
blood concensration of fluoride and fhe léngth of time the kidney is exposed

te high roncentrations.
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Hodge and Swith (1965) reviewed a number of chronic studies of fluoride
ingestion by various species, and concluded that histological and functional
changes can be seen after single doses of 20 to 30 mg/kg and that renal

injuries do not develop when the drinking water contains less than 100 ppm

fluoride.

6. Cardiovascular System

Leone et al. (1956) investigated the effects on blood pressure and heart
rate of fluoride administered intravenously t§ dogs. Blood pressure and heart
rate were decreased at doses of 20 to 30 mg fluoride/kg, and respiratory rate
was increased. At 31 mg/kg, atrioventricular nodal rhythm, ventricular
tachycardia and ventricular fibrillation were evident. Carusc and Hodge
(1965) reported that oral administration of 10 mg fluoride/kg in mongrel dogs
(three males and nine females weighing 6.9 to 16.3 kg) did not evoke
hypotension, 15 mg fluoride/kg decreased blood pressure in two of three dogs,
and 23 or 36 mg fluoride consistently depressed blood pressure in three dogs.
Caruso et al. (1970) summarized published observations on the effects of
fluoride on blood pressure in dogs and concluded that orally, a dose of at
least 9 mg fluoride/kg is required to bring about a hypotensive effect.
fodium fluoride intravenously increaseu respiratory rate in proportion to the
deérease in blood pressure. Death was caused by respiratory arrest, the heart
continuing to beat for a time after breathing stopped. Ventricular
fibrillation occurred terminally. Strubelt et al. (1982), hewever, concluded

from their étudies with male Wistar rats (weighing 340 to 420 g) that
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cardiovascular failure resulting from cardiodepressive and vasodilating
effects of fluoride, rather than respiratory depression, was the cause of

death.

Effects on the electrophysiology and histology of the rabbit heart have
been reported by Takamori (1955). 1In these experiments, rabbits (mature white
ratbits weighing 2 kg, 37 treated and 16 controls, sex not specified) received
daily oral doses of 4.5, 13.5, 22.5 or 45 mg fluoride/kg (as NaF). Duration
of the study is not clear from the report, though electrocardiograms are shown:
for rabbits receiving 4.5, 13.5 or 22.5 mg fluoride/kg for 62, 20 or 59 days,
respectively, and histological sections are shown for 4.5 mg/kg at 132 days,
for 30 mg/kg at 19 and 51 days, and for 50 mg/kg at 31 and 60 days. The
author indicated that electrocardiograms showed depressed ST, inverted T,
prolonged QT inverval, multi-focal vemtricular premature contraction, bundle
branch block and pulmonary P. Histologically, the heart muscle showed regres-
sive degeneration, 1nf11tratio£ of cells, hyperemia, hemorrhages and thicken-
ing of the vessel walls. The effects were stated to be proportional to the

amount of fluoride fed and the duration of the feeding.

Complete histopathologic studies were dome by Taylor et al. (1961) on
surviving rats (albin., male, Rochester strain, 75-days-old, weighing 200 to
270 gram§) sacrificed 30. days after receiving single injections of 3.6 to 21.7
mg fluoride (as NaF)/kg given intravenously or intraperitoneally. No effects
were seen in the heart, thyroid, lung, salivary gland, stomach, intestine,

liver, adrgn&l: tesgis or femur.
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In a chronic study reported by Hansen (1978), mice (female, CSE mice. 3
to 4-weeks-old, initially weighing 22.5 to 25.5 grams) were given drinking
water containing 1 to 6 mg fluoride (as NaF)/L for six months. No

histolegical effects attributable to fluoride were secn in the heart, stomach,

intestines or bones.

7. Thyroid

The fact that iodine is tak=n up by the thyroid gland has led to a
concern that fluorine, another halogen, might also become concentrated in this
organ, Studies with 18?, however, have shown this not to be the case; concen-
trations do not exceed those found in the blood (Hein et al. 1956). The
available evidence indicates that structural and/or functional alterations in

animals are not produced at or below fluoride concentrations of 50 mg/L in

drinking water (Hodge and Smith 1965, Harris and Hayes 1955).

C. Teratogenicity
)

No informrtion om the teratogenicity of fluoride in animals was located

in the published literature.

D. Mutagenicity
Mohamed and Chandler (197§) studied fhe'clastégenic effects of fluoride
added as NaF to the drinking water of highly inbred male mice. fhe mice

weighed 20 to 25 grams at the start of the experiment. The treatment levels
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were 1, 5, 10, 50, 100 and 200 ppm fluoride (estimated to equal 0.2, 1.0, 2.0,
10, 20 and 40 mg/kg/day, respectively). A total of 12 groups of mice were
used (72 mice in all). At each dose level, mice were exposed for either three
weeks or six weeks. The authors reported that cytological studies on bone
marrow cells and on spermatogenesis indicated the presence of fragments,

bridges and other chromosomal abnormalities.

The in vitro effects of NaF on mouse, sheep and cow oocytes and the in
vivo effects of NaF on mouse oocvtes were studied by Jagiello and Lin (1974).
For the in vitro experiments, oocytes were removed fror donor animals and
incubated under conditions which stimulated meicsis. Sodium fluoride was
added in fetal calf serum to mouse oocytes at total concentrations from 0.0l
to 0.4 mg NaF/mL, and in sheep serum to sheep and cow oocytes at total concen-
trations from 0.0l to 0.2 mg NaF/mL. Observed efiects of NaF treatment included
{nhibition of division, atresia and fragmentation of chromosomes. Sheep and cow
oocytes were more sensitive than mouse oocytes to these NaF treatments. For-
in vivo experiments, mice were treated parenterally with NaF. Oocytes were

then harvested for the study of meiosis. Several dosing regimens were used:

A. 500 ug NaF/mouse, intravenous.
B. 500 ug NaF/mouse, subcutaneous.
C. 250 ug NaF/mouse/day for 16 days, subcutaneous.

D. 5 ug NaF/g body weight/day -for 35 days, subcutaneous.

Meiotic abnormalities were seen in 6 of the 28 cells examined frow

regizen A. " These were cells at metaphase II with fuzzy, indistinct borders,
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and one cell had an abnormal anaphase-1-telophase-1. None of the other

regimens (B, C or D) resulted in the formation of abnormal oocytes.

In contrast to the results of Mohamed and Chandler (1976), Kram et al.
(1978) found no.effect of NaF in drinking water on the frequency of sister
chromatid exchange in mice. Twelve-week-old mice were taken from colonies
which had been maintained for at least the seven prior generations on & low-
fluoride diet (estimated to equal less than 0.1 mg/kg/day) or a high-fluoride
diet (50 ppm - estimated to equal 10 mg/kg/day). Sodium fluoride was added to
the drinking water of the group exposed to 50 ppm fluoride. Sister chromatid
exchange status was identified in a separate laboratory with no knowledge of

the fluoride status of the animals. No significant differences in sister

chromatid exchange status were found between the low- and high-fluoride

groups.

Data consistent with those of Kram et al. (1978) were obtained by Martin
et al. (1979). Mice were taken from a colony that hac been maintained for-at
least five generations on a diet containing 0.5 ppm fluoride (estimated to
equal 0.1 mg/kg/day) and drinking water having 0 to 50 ppm fluoride (estimated
to equal 0 to 10 mg/Kg/day) added as NaF. Testis and bone marrow cells froc
these mice werc subjccied to cytologi al analysis (number of breaks,
fragments, deletions, multivalents and multiradicals). No deleterious effects
of fluoride exposure on chromosomes from testis and bone marrow cells were

found. See Table V-8, Experiment 1, for a summary of the uata.
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Table V-8 BRone Fluoride and Chromosomal Aberrations in Rone Marrow and
Testis Cells in Mice Receiving Water with Different Fluoride Levels

Bone Fluoride

Bone-Marrow Cells

No. of

Aberrations

Testis Cells

Aberrations

* No. of gX in Cells No. of Rate No. Cells No. of Rate
Group Mice Ash Hice Scored Cella (n? Mice Scored Cells ?
Experiment |
l.ifetime . b
0 ppm F 9 0.0019 ¢+ 0,0001 9 4217 h) 0.67 ¢ 0.3) 8 399 4 1.00 0.6%
50 ppm F 6 0.86 ¢+ 0.0} 7 2719 1 0.28 + 0.28 7 350 2 57 * 0.57
Experiment 2
One veek
0 ppn F a 400 13 3.25 + 1.00 9 450 3 0.3% * 0.1?
Six weeks
0 ppm F 5 0.011 « 0.0 S 250 b ) 1.20 ¢ 0.49 5 154 1 0,60 ¢ 0.40
O-ppm F
+ TEM & 0.008 ¢ 0.001 4 122 18 12.50 ¢+ 3.68 5 240 10 4.00 + 2.61
1 ppm F 10 0.011 ¢ 0.00} 9 N9 3 0.67 + 0.47 10 336 5 1.0 ¢ 0.80
S ppm F 10 0.021 + 0.001 7 350 3 0.86 ¢ 0,59 10 424 2 0.40 ¢ 0.27
10 ppm F 1D 0.016 ¢ 0.002 8 3t6 ! 0.42 * 0.42 10 428 12 2.7+ 2.0
50 ppm F s 0.151 ¢ 0.u09 5 250 1 0.40 * 0.40 5 182 } 0.40 * 0.40
100 ppm F 10 0.295 * 0.019 8 333 ) 075 ¢t 0.5 10 414 1 0.20 ¢« 0,20

BThe aberration rate (X cells examined with aherrations) waa cnlculated for each mouse and the average f«r the group and {ta

standard error are given,
These values represent the mean ¢ standard error of the mean.

one of the 10 animals i thia group contained 9 cella with aberrations among the 44 cells exanined.
excluded, the aberration rate among the cther 9 antmals was 0,78 ¢+ 0,57,

Adapted from Martin et al. (1979)
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Mar:in et al. (1979) also maintained mice for six weeks on drinking water
containing 1, 5, 10, 50 or 100 ppm fluoride (estimated to equal 0.2, 1 0, 2.0,
10 or 20 mg/kg/day) as NaF. These groups and their controls did not d“ffer in
average intake of food or fluid or in average weight gair during the course of
fluoride exposure. At the end of the exposure period bone marrovw and testis
cezlls were e;amined for chromosomal abé}rations. No significant differences
betwren control and exposed groups were found in rates of bone marrow chromo-
somal aberrations (see Table V-8, Experiment 2). Some heterogeneity in
chromosomal aberration rates in testis cells was found. This heterogenei:y
was attributable to one animal in the group exposed to 10 ppm fluoride.
Statistical analysis of the data showed no significart effect of exposure to

fluoride on the number of chromosomil abnormalities in testis cells (see Table

V-8, Experiment 2).

The mutagenicity of NaF was tested in Salmonella typhimurium and in

Saccharomvces cerevisiae by Martin et al. (1979) (see Table V-9). Sodium

fluoride was added to plates at 0.1, 1, 10, 100 and 500 ug/plate, with and
without mic-osomal enzyme preparations from rats treated with Aroclor 1254.
There was no indication of mutagenic activity in this experiment. One test

which gave an elevated result (TA100) was repeated. There was no repetition

“of t'.e elevated result.

E. Carcinogenicity

No information on the carcinogenic potential of fluoride in animals was

located in the literature. However, The National Cancer Institute initiated
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Table V-9 Mutagenicity of Sodium Fluoride in Microbial Systems: Number of Responses Per Plate

S. cerevistae
tryptophane +

Salmonella typhimurium revertants/Plate Convertants/Plate
Test Conditlons TA1535 TA1537  TA1538 TA98 TA100  TA100"T TAI100° D&
"No activation '
Solvent control lBh 21c lld Zbd 132h 27
Positive controls  <1000" <1000 <1000® <1000 795 103°
Sodium fluoride
(vg/plate)
0.1 30 13 10 25 56 s
1.0 24 18 18 22 165 22
10.0 20 23 20 21 171 23
100.0 4 14 7 24 147 16
500.0 27 14 8 8 160 20
Act ivatfon®
Solvent control 29[ 19 20h th 239f 243 194 100
Positi¢e controls 128f  >10008 627 >1000 148 748 ->1000f 1571
Sodium fluoride
(ug/plate)
0.1 21 12 14 30 149 174 115
1.0 36 14 9 37 209 156 9]
10.0 53 - 18 17 27 208 192 81
100.0 36 22 5 20 2R7 197 70
500.0 31 19 13 24 464 261 . 206 61
1000.0 259 158
2000.0 289 202

gkepent at high levels of NaF with activation,
N-Methyl-N'-nitro-N-nitrosoguanidine, 10 g/plate.

CQuinacr.ine mustard, 10 g/plate.
2-Nitrofluorene, 100 g/plate.

eEquivnIent concentratlon to 25 mg of wet tissue of a 9000 g supernatant fluid prepared from liver of §
adult male rat induced by Aroclor-1254 five days prior to kill was added to each plate.
2-Anthramine, 100 vg/plate.

Bg_Aminoquinoline, 100 ug/plate.

hZ—Acctylnmlnnfluorene. 100 ug/plate.
Dimethy{nitronnmine, 106 :molen/plate.

Adapted from Martin et al. (1979).
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studies, during August 1979, to determine the carcinogenic and/or
toxicological potential of sodium fluoride (NaF) in rats and mice. The
Nationsl Toxicology Program (NTP) took over the responsibility for oversight
of the studies in Novemb.- 1982. The studies consisted of three parts: (1) a
one-month subchronic study; (2) & six-monti. sutchronic study with dosages
based on the previous experiment; and (3) a twu-year chronic study based on
data from the six-month subchronic experiment ‘maximum doses of NaF which were
not expected to affect the longevity of mice and rats were used). The chronic
study began in Decemger 198] and terminated in December 1983. Unfortunately,
problems developed seven months into the chronic study. The problems were not
treatment related (some rats in both the treatment and control groups
exhibited toxicollis and ocular lesions), but may have been related to the
diet which was low in several trace elements an¢ vitamins. The validity of
the study was questioned and a new chronic study was scheduled. The Technical

Report from the new study should be issued in 1988.

F. Other

Other manifestations of chronic-fluoride toxicity in various species have
been reperted in the literature, but have not been reviewed here because (1)
they have been described in only one .r, at best, a very few inves:igafions.
(2) the dosages of fluoride employed have been far beyond anything to be
encountered in the use of fluoridated water supply or (3) tﬁere are uncertain-
ties about stucdv protocels. Examples of these "ecne of a kind" effects inclucde

produttion of urinary calculi and effects on collager, plasma fibrincgen,
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hyperglyceria, adenyl cyclase activity, enzyomes, adrenal function, renal

stones, otosclerosis or miners) levels in different organs.

G. Summary

The intravenops LD50 of fluoride in dogs is approximarely 20 mg/kg. Dogs
survived oral doses of up to 3,100 mg NaF/kg. Age and sex influenced the
acute lethality of NaF in rats. 1In these studies, young rats
(seven-months-old or less) were less sensitive than older rats and young male

rats were less sensitive than young females.

Chronic exposure of cattle to fluoride added to their ration caused
symptoms of dental -and skeletal fluorosis. Fluoride addec to the ration at 27
ppe (approximately 0.64 mg/kg/day) on a dry weight basis was tolerated with
only minor effect. Higher concentrations, 49 and 93 ppm (1.17 and 2.08
wmg/kg/day, respectively) produced serious symptoms of dental and skeletal
fluorosis. The appearance of dental fluorosis preceded that of skeletal
fluorosis. Milk production was impaired omly after lameness and loss of
appetite were apparent. One study showed that heifers exposed to as little as
5 ppt fluoride in their drinking water suffered impaired reproductive perforz-
ance, but other stud es found no effect on heifer reproductiorn at diezary
fluoride concentrations more than twice that amount. Sheep exposed chroni-
cally to 10 or 20 ppm fluoride in their drinking water developed significant
dental fluorosis and produced less woel. Weight gain was not affected and

there was rno effect on reproductive performance.

.
T
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Growth in most species is unaffected by dietary concentrations of

fluoride of 100 ppm or less. Cattle appear to be more sensitive, and growth

has been reported to be affected slightly at 50 ppm. However, one

investigation found no adverse effects at 100 ppm.

The kidney responds to acutely toxic doses of fluoride by failure to
properly resorb water, leading to polyuria. Renal injuries do not develop

vhen drinking water contains less than 100 ppm fluoride.

In dogs, orai doses of 9 mg fluoride/kg have been reported to cause

- hypotension, electrocardiogram irregularities and slowing of the heart.

Structural and/or functional changes of the thyroid gland in animals are

not produced at fluoride concentrations of 50 mg/L in the drinking water.

Sodium fluoride in drinking water was reported to be clastogenic for mice
but this result could not be confirmed in at least two other studies. Sodiup

fluoride was not mutagenic in Salmone’.a typhimuriuc or in Saccharomyces

cerevisiae. Mo information on the teratogénicity or carcinogenicity of

fluoride in animals was found in the literature.
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V1. HEALTH EFFECTS IN HUMANS

A. Beneficial Effects

l. Teeth

The principal beneficial effect attributed to fluoride is its role in
prevention of dental caries. A detailed review of the literature in this area
will not be attempted here because it has been adequately addressed elsewhere
in this document. Studies have been reviewed that describe the continuum fror
beneficlal effects to adverse dental fluorosis with increased exposure to
fluoride. A summary of the daily fluoride intake levels considered to be
protective against both dental caries and possibly osteoporosis is provided ir
Table VI-1. A recent study by Driscoll et al., (1983) demonstrated that ar
increase in the average drinking water fluoride concentration from 1.0¢ .-
2.08 mg F/L resulted in significant (P<0.05) reduction of dental caries of
school children (8~ to l6-years-old) in several lllinois communities. The
authors noted, however, that communities with higher drinking water
concentrations (up to 3.8/ mg F/L) did not result in any additional
significant dental caries reduction at P<0.03 level. Further details of this
study (which aiso evaluated the incidence of dental f.uorcsis) are discussed

in Sec:ion VIi.C.3.

Fluoride is also believed to improve the esthetic appearance of teeth.
As part of the Newburgh-Kingston flucride demonstration, A. L. Russell
» .

recorded the occurrence of .developmental enamel hypoplasias (not related to

fluoride in drinking water) ir children 7- to l4-years-old (Ast et al. 1956).
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Table V1-] Food and Nutrition Board Estimated Adequate and
Safe Intakes of Fluoride

Age Estimated Recommended Intake Estimated
Group wWeight (kg) of Fluoride (mg/day) Equivalences (mg/kg/day)

<6 months 6 0.1-0.5 0.02-0.08
€-12 months 9 0.2-1.0 0.02-0.11}
1-% years 13 ° 0.5-1.0 0.04-0.08
4-6 vears 20 1.0-2.5 0.05-0.13
7 years- 30° 1.5-2.5 0.05-0.08
adulthood

Adults 70 1.5-4.0 0.02-0.06

2Estimated wveight for childr:n seven to ten years old.

Adapted from NAS (1980).
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In Kingston, where the drinking water contsined 0.05 mg F/L, 115 (18.7 percent)
of the 612 children examined showed these nonfluoride opacities. Only 36 (8.2
percent) of 438 children using the fluoridated Newburgh water (1.0 o 1.2 mg
F/L) showed these changes. Ast et al. (1956) suggested that this fluoride
drinking water concentration (1.0 to 1.2 mg F/L) appeared to reduce the
incidence of hypoplastic spots on the teeth. Richards et al. (1967 have
suggested that teeth classified as showing questionable, very mild or mild

dental fluorosis are desirable from an esthetic point of view.
2. Bone

The therapeutic use of sodium fluoride as a means of inducing new bone
growth in cases of osteoporosis is under active investigation. For example,
Jowsey et al. (1972) described the effects in 11 patients with progressive
osteoporosis who were administered 30, 45, 60 or 90 mg of NaF daily. In four
of the patients the dose was increased from 30 to 60 mg daily and in another
patient increased from 45 to 90 mg daily. 1In one instance the dose was
decreased from 60 to 30 mg per dayv. The patients, 10 of whom were female,
ranged from 54 to 72 years-of-age. All subjects received vitamin D twice
weekly and a daily supplement of calcium. Treatment was continued for 12 to
17 months. Bone bi.psy samples wers taken before and after treatment and
biochemical studies were also performed. The results indicate tpat
admini;tration of less than 45 mg ol NaF daily does not consistently increase
bone formation, but that 60 mg or more resulted in the production of abnormal
bone. Side effects were evident in at least one patient receiving 30 mg NaF.

>

Mild arthralgia and stiffness of the joints were reported by four patients and
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occasional epigasrtric dyvspepsia was experienced by six patients. Daily
addition of vitamin D and more than 600 mg Ca appeared to prevent increased
bone resorption and even to decrease resorption. The authors concluded that
doses of 50 mg of NaF daily, supplemented with 600 mg or more of calcium daily
and 50,000 units of vitamin D twice weekly should increase skeletal mass
without undersirable skeletal effects. Also, further vertebral fractures

should cease after several years of treatment.

Dambacher et al. (1978) °reated 33 post-menopausal women with 100 mg NaF
daily for two years and another 23 similar patients with 50 mg NaF daily for
two years. A decrease of cortical bone was evident at both dose levels.
However, cancellous bone was increased to some extent in half of those
receiving the lower dose, and in over 70 percent of those receiving the higher
dose. The findings also suggested that two yvears of treatment at the lowef
dosé or one year at the higher dose avoided.new vertebral fractures. Gastro-
intestinal discomfort sometimes combined with nausea was encountered chiefly
at the higher dose, but was of minor clinical importance. Osteoarticulaf pain
was the major side effect of fluoride therapy and was seen in about 60 percent
of the patients at both dose levels. The maximum effect was seen after 6 to
12 months of tredatment and then gradually disappeared. 1In 18 percent of the

pat.ents treatment had to be discontinued.

More recently Riggs et al. (1982) reported findings with regard to the
occurrence of vertebral fracture in post-menopausal osteoporosis. Five groups
of women, totaling 165 patients, were studied during the period from 1968 to

1980. Treatment regimens included: (1) controls (placebo or no treatment),
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(2) calcium supplement with or withou: vitamin D, (3) fluoride plus calcium
with or without vitamin D, (4) estrogen and calcium with or without vitamin D
and (5) fluoride, calcium and estrogen with or without vi.amian D. Fluoride
doses were 40 to 60 mg NaF daily with a total of 61 patients (of 1¢5 total)
receiving fluoride. Of these, 23 (38 percent) developed adverse reactions
which caused fivé of them to withdraw from the study. Thirteen of the 23
patients had joint pain and swel.iing or painful plantar facial syndrome; ﬁine
patients had severe nausea and vomiting, peptic¢ ulcer or blood-loss anemia and
one patient had both rheumatic and gastrointestiial symptoms. These effects
were not seen in the control patients or in those tieated with calcium alore
or with viamin D, or with calciuc plus estrogen with or without vitacin D.
Among these groups, vitamin D was discontinued or the dose reduced because of
hypercalcemia or hypercalciuria. Thirteen percent of the 60 patients
receiving estrogen required hysterectomy or uterine dilation and curettage,

but none had endometrial carcinoma or vascular thrombotic events.

Amoné the patients treated with NaF, 60 percent showed radiographically
demonstrable increases in vertebral bone mass. Patients with these changes
showed about one-seventh the fracture rate of the other patients. The
incidence of fractures per 1000 patient-years for patients treated with
fluoride, calciuc and estroger (with or withcut vitam.n D) was significaptly
less than in controls (P<l x 10_6). and also was significantly less than in
those treated with fluoride and calcium (with or without vitamin D) (P<0.0C1).
Riggs et al. (1982) point out that because fluoride simulates bone growt: anc:
estrogen 1nﬁibits its resorption, the effect of the two together would be
expected to be additive. However, because of the significant side effects of
estrogen (i.e., menometrorrhagia and induction of endometrial carcinoma). its
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fnclusion in a combined therapy may not be warranted. The authors believe
vitamin D should not be included because of the increased incidence of

hypercalcemia or hypercalciuria or both.

Berstein et al. (1966) compared the incidence of osteoporosis, reduced
bone density and collapsed vertebrae in two populations using water supplies
with different concentrations of fluoride. In this study, a roentgenogram of
the lateral lumbar area of the spine and answers to a questionnaire were
obtained for 166 males and for 134 females who were long-term residents of
areas where the water supplies contained te 4 to 5.8 mg F/L. Similar informa-
tion was obtained for 312 male and 403 female long-terr users of water supplies
containing 0.15 to 0.3 mg F/L. More than 50 perc;nt of the participants in
each area had never lived outside their respective areas. The subjects of
each sex in each population were grouped by age into those 45- to 54-years-old,
55- to 64-years-old and 65-years-old and over. Evidence of osteoporosis,
reduced bone density and incidence of collapsed vertebrae were higher in the
low fluoride area in both sexes. For women 55- to 64-years-old and 65-vears-old
and older the difference in prevalence of reduced bone density was significant
at the P<0.0l level. In men the difference was significant only for the 55-
to 64-year-old group (P<0.05). More subjects in the high fluoride area had
normal or 1n§reased bone density. T.are was no significanz difference in the
incidence of collapsed vertebrae among male residents of the two areas. For
women, the greater incidence of collapsed vertebrae in the low fluoride area
was significant at the P<0.05 and P<0.0l levels for the 55- tc 64-year-cld and

the 65-year-old and over groups, respectively. The authors concluded that
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L to 5.8 mg F/L in drinking water "materially and significant]y" reduced the

prevalence of osteoporosis and collapsed vertebrae. and that the effectrs were

more pronounced in women than in men.

Using data from the 1973 to 1977 National Health Interview Surveys,
Madans et al. (1983) compared the incidence of hip fractures as 3 measure of
osteoporosis in two populations whose water supplies contained different
‘concentrations of fluoride. Mecre than 80 percent of 20,473 females plus
25,997 males used water containing less than 0.7 mg F/L. At least 80 percent
of 21,810 females plus 18,034 males used water with more than 0.7 mg F/L. The
hip fracture hospitalization rate for females in the low and high flucride
areas were 2.4 per 1000 apd 2.2 per 1000, respectively. For males the rates
were 1.0 and 1.1, respectively. The data suggest that a concentration of 0.7
mg F/L is not sufficient to protect against osteoporotic hip fracture. It was
possible to identify 1,242 women and 1,111 men, 40 years of age or over, who
used water supplies containing mo.e than 0.7 mg F/L (specific concentrations
could not be identified). Among these persons there was one case of hip
fracture in the males and none in the females. Th: authors suggested that the
hypothesis of a protective effect of higher levels of fluoride among women

should not be igncred and that the optimal level exceeds 0.7 mg F/L.

3. Cardiovascular

In the study by Bernstein et al. (1966) the incidence of aortic
calcification (as seen in the X-ray films) was less in residents of the high

fluoride area than in those using low fluoride water. The difference was
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approximately 40 percent and war etatistically significant for men in all age
groups, Women in the 55- to 64-year-old group aleo showed a statistically
significant difference in the incidence of aortic calcification. A similar

trend, although not statistically significant, was observed in females

65-years-old and older.

4. Hearing

Shambaugh and Causse (1974) treated more than 4,000 patients with active
otospongiosi$ of the cochlear capsule with sodium fluoride for 1 to 8 vears,

using doses of 40 to 60 mg daily with calcium and vitamin D supplements. The
fluoride wac administered in enteric coated tablets. In abour 80 percent of
the pa:ients so t.zated there was a stabilization of the sensorineural
component of hearing loss, with recalcification and inactivation of the
actively expanding demineralized focus of otospongilosis. In a few cases
hearing was 1qproved. wvhile in others the hearing loss continued to worsen,

In a numbér of instances, cessation of therapy after stabilizatior of hearing
and recalcifjcation had been achieved was followed (two to seven years later)
by reappearar-~e of a demineralized focus and an increase in the sensorineural
loss. Shambaugh and Causse (1974) recormend a maintevance dose of 20 mg daily

of sodiuc fiuoride after stabilizatiorn has been achieved.
Causse et al. (1980) gathered more evidence for thé beneficial effect of

fluoride therapy on otospongiotic foci through polytomegraphic studies,

statistical analysis of 10,441 cases (with a follow-up of th:ée months tc ten
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vears) and by comparing trypsir concentration in the perilymph before and
after NaF therapv. Trypsin, which 1s toxic to hair cells and destrovs
collagen fibrils in the bony otic capsule, wes significantly (no P value
given) reduced in 667 of cases at moderate NaF (45 mg/day) doses. Fluoride
therapy causes expulsion of cytotoxic enzymes into labyvrinthine fluids and
retardation of sensorineural deterioration. The long-term effect of therapy
is the reduction of the bone remodelling activity of the otospongictic focus.
NaF therapy (in patients vith cochlear deterioration and progressive cochlear
component) can improve hearing in children but can only arrest deterioration
in older patients. NaF may retard, but cannot release, stapedial fixation.
F;uoride action reduces vertigo as an effect on vestibular function, Dosages
used by the authors range from 3 to 60 mg/day depend.ng on the nature of the
otospongiotic impairwent (in children only 1.5 to 10 wg/day are prescridbed to
avold stunting growth). The authors observed no fluorosis in more than 10,00C

.

cases.

5. Other

Black et al. (1949) examined the toxicity of sodiur fluoride in relation
to the beneficial effects of fluoride therapy in the treatment of malignant
necplasia. They described the effects of fluoride aucirnistered tec more than
7C patién:s for periods of 5 to 6 months. Most of these subjects, suffering
from malignant neoplastic disease, were being treated with metabolic
irhibitors. Some were _eukemic children 3- tc 6.5-vears-cld, while others
wvere adults including elderly individuals. Doses for the children were 2r tc

A

50 mg NaF (9.0 to 22.5 mg F) four times daily. Doses for adults were 80 mg

vVi-9



Na' (36.3 mg F) four times daily. The material was administered orally with
ar antacid containing 4 percent alumihum oxide or as an enteric coated tablet
to avold gastric irritation. No evidence of systemic toxicity or of
parenchymatous damage was seen which could be attributed to fluoride, even
though some patients had received more than 27 g of sodium fluoride over a
perfod of 3 months. Criteria evaluated included growth and development in the
children, mottled enamel, eruption of permanent teeth, hematopoisis, liver
function, albumin-glqbulin ratio, blood sugar and cholesterol concentrations
and kidneyv function. Postmortem data from 4 cases showed no parenchymatous
degeneration attributable to fluoride. In hypertensive patients a tendency
was noted for decreased diastolic and systolic blood pressure. In two
patients with functioning colostomies there was no apparent effect of tﬁe

fluoride on the exposed mucosa of the colon.

In certain instances, Black et al. (1949) administered fluoride by
intravenous infusion or injection. For example, a 16-vear-old female with an
adrenal carcinoma received a total dose of 5600 mg of sodiur fluoride
(2,533 mg F) in a period of nine consecutive days. There were no signs of
acute or chronic toxicity. The injection of 400 mg of NaF (180 mg F) was
painful in two of three instances, as was the injection of 800 mg of NaF (360

mg F). However, when infused, this «mount was not painful.

B. Acute Toxicity

Lidbeck et al. (1943) described a mass poisoning in which 17 pounds of

roach powder containing NaF was inadvertently added to a ten-gallon mixture of
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scrambled eggs. Two hundred and sixty-three cases of acute peisoning resulted

and 47 of these were fatal., The episode 1s described by the authors as

follows:

The food was rejected by many of the patients because of a salty or
soapy taste, while others complained of numbness of the mouth.
Extremely severe nausea, vomiting and diarrhea occurred abruptly and
at times simultans usly, and blood was noted in the vomitus and the
stools in many instances. Soon after the meal there were complaints
of abdominal burning and crampliks pains. General collapse developed
in most instances but at variable perfods of time, apparently
depending on the concentration of the poison. This was character-
ized by pallor, weakness, absent or thready pulse, shallow unlabored
respiration, weak heart tones, wet cold skin, cyanosis and equally
dilated pupils. When this picture was pronounced, death almost
invariably occurred. Local or generalized urticaria occurred in
soce instances, while in others there was a thick mucoid discharge
from the mouth and nose. When death was delayed, and in some cases
in which recovery occurred, there were paralysis of the muscles of
deglutition, carpopedal spasm and spasm of the extremities. .Convul-
sions and abdominal tenderness and rigidity were absent. 1In the
majority of cases, death occurred between two and four hours after
ingestion of the food, although in a few instances death was delayed
for eighteen to twenty hours.

Hodge and Smith (1965) tabulated numerous reports of accidental and
intentional poisonings with fluoride and concluded that a dose range of 5 to
10 grams of NaF can be cited as a reasonable estimate of a "certainly lethal

(single] dose" for a 70-kg man. They noted that this corresponds to 79 to 140

wg/kz.

C. Chronic Toxicity

Prolonged exposure to excessive fluoride is known to cause skeletal and

dental fluorosis. These effects will be dgscribed in §etail. however, this
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section will first address occasional reports which have appeared in the
literature suggesting a wide variety of toxic effects of fluoride exposure.
These include abnormal sensitivity to fluoride (Grimbergen 1974, Waldbott
1962), mongolism (Rapaport 1959), a decreased margin-of-safety in people with

renal insufficiency (Hanhijarvi et al. 1972, Juncos and Donadio 1972) and

cancer (Yiamouyiannis and Burk 1977). The reports on mongolism and cancer

will be discussed in Sections VI. D. and VI. F.,, respectively,

1. Sensitivity to Fluoride

Allergic or idiosyncratic sensitivity to fluoride has been the subject of
a gumber of reports (Grimbergen 1974, Waldbott 1962, for others see NAS 1977).
These studies contained various wveaknesses in experimental design and in
statistical analysis which have been discussed in a report by the NAS Safe
Drinking Water Committee (NAS 1977) . Waldbott presented case reports of
people who were allegedly sensitive to fluoride. The NAS notes that this
report has been criticized because Waldbott was, for some time, the only
investigator to have reported this type of sensitivity. The study by
Grimbergen (1974) appears to support the interpretation by Waldbott.
Grimbergen administered either NaF in water or a placebo in a double-blind
tec. to subjects who were suspected of being sensitive to fluoride. Huwever,
the statistical analysis of these data has beén questioned by the NAS. They
note that when a large number of samples are taken, some positive responses
would be expected by chance. Grimbergen did not address this issue. Doubt

that true sensitivity to fluoride exists has also been expressed by the World
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Health Organization (WHO 1970). They reason that billions of people woridwide
are regularly exposed to fluoride through tea drinking (brewed tea having more
fluoride than the water from which it is made) or water fluoridation, so any

subpopulation that is sensitive to fluoride should be readily apparent.

2. Bone

A number of factors govern the amount of fluoride in the skeleton.
Important among these are (1) previous exposure, especially to a relatively
constant fluoride intake; (2) the dose, which is reflected in the blood
concentration; (3) renal status, which also affects the blood concentration,

and (4) the age of the individual (Hodge and Smich 1981).

Endemic skeletal fluorosis is recognized in several parts of the world;
it wasefirst described in Indi§ (Shortt et al. 1937a). The most severe forms
of generalized osteosclerosis also have been reported from this country. The
findings in a 45-year-old Indian farmer suffering from fluorosis have been
described in detail by Singh et al., (1962, 1963) and by Singh and Jolly
(1970). Presumably, the individual lived all of his life in ‘an area of the
Punjab where the water supply contained 9.5 ppm fluoride. 1In this patient the
bony contours showed irregular outgrowths. Sites of insertion of muscles and
tendons showed excessive-periosteél reaction and multiple exostoses. Irregular
bone also was laid down in the joint capsules and interosseous membranes. The
bones were much heavier than normal. The most pronounced changes were .seen in

the ver:ebfar column; vertebrae were -enlarged and showed marked lipping, and
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some were fused together. Bone ash from this subject contained 6,300 mg fluoride/
kg of ash (6,300 ppm). The mechanical propertier of the left radius and ulna

of this subject were tested by Evans and Wood (1976). Their results showed

that tensile strength, strain, energy adsorbed to failure and modulus of

activity were reduced; compressive strength, strain and energy were increased.

Compressive properties exceeded tensile properties; bone density was increased.

It should be recognized that the severe changes reported in areas of
severe fluorosis such as the Punjab are not necessarily seen in all residents.
Factors affecting the incidence of skeletal fluorosis include duration and
level of exposure to fluoride in the environment, nutritional status,

concurrent infections and physical severity of the individual's occupation

(Singh and Jolly 1970).

Roholm (1937) identified three stages in the progression of skeletal
fluorosis. These are (as quqte& in Smith and Bodge 1979):

Phase I1: os;eosclerosis in pelvis and vertebral column. Coarse and
blurred trabeculze, diffuse increased bone density to X-ray.

Phase 1I: 4increased density and blurring bf contours of pelvis, verte-
bral column extended fo rios, extremities.

Phase III: ére;tly increased densigy of bone; irregular and blurred
contours. All bones affected, garticularly cancellous bones.
Extrecities thickened. Considerable ca;cificgtign éf ligaments of

nqek and vertebral column,
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In addition, Fritz (1958) recommended adding two earlier stages of
fluoride-induced changes, the earliest labeled "subtle signs,” the second
"phase 0-1." Both are characterized by slight radiological changes, e.g.,
enlargement of trabeculae in the lumbar spine. Both of these classification
schemes have been developed from experience with industrial exposure to
fluorides. Singh and Jolly (1970) point out that Roholm's Phase I is hardly
ever seen in endemic fluorosis cases; most of these show the changes of phases

I1 and 111.

Franke et al. (1975) and Schlegel (1974) have attempted to correlate the
concentration of fluoride in bone ash with the various osteoscleratic phases,
as shown in Table VI-2. These data indicate that the early detection of
slight radiological changes, e.g., enlargement of trabeculae in the lumbar

spine, will be associated with bone ash fluoride concentrations of 3,500-4,5¢C0

ppm.

There is limited evidence to permit an estimate of the waterborne
fluoride concentration associated with the appearance of fluoride
osteosclerosis. For example, Hodge and Smith (1970) quote evidence that in
the aluminum industry, ave;age urinary excretions of 5 mg F/L in randomly
collected samples a~e not associated with osteosclerosis. Dimman et al.
(1976) indicated that aluminum workers whose average pre-shift urinary
fluoride concentration is less than 4 mg F/L do not show radiograpﬁically
demonstrable increases in bone density, altered trabecular patterns or
ligamentous calcification. According to Figure III-3 (see Section III for

greater detail), these urinary fluoride concentrations correspond to
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Table V1-2 Correlation of Osteosclerotic Phases and Fluoride in Bone Ash

Mg Fluoride/kg Bone Ash (ppm)

Osteosclerotic Phase Franke et al. (1975) Schlegel (1974)

Normal 500-~1,000 -
Fritz

Prestage 3,500-4,500 -

0-1 $,000~5,500 6,900
Roholm

1 . 6.000-7,000 5,200

1I 7,500-9,000 7,500

111 >10,000 8,400

Adapted from Smith and Hodge (1979).
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waterborne fluoride concentrations of approximately 5 and 4 mg F/L,
respectively. Smith and Hodge (1959) have suggested that, in the human,
osteosclerosis probably will not be seen with skeletal fluoride concentrations
of 4,000 ppm (dry fat-free basis). They also state that effects will be
observed in a small proportion of individuals with skeletal fluoride
concentrations of approximately 6,000 ppm. These skeletal concentrations
correspond to fluoride concentrations in the water of 4 and 6 mg F/L,
respectively '(Smith and Hodge 1959, Hodge and Smith 1981). 1t should be
pointed out that at least at levels of intake corresponding to < 0.1 ppm
fluoride in the water, skeletal fluoride concentrations may vary up to %507

(Smith 1983b).
‘3. Teeth

The tendency for excessive exposure to fluoride for prolonged periods
during the time of tooth formation to cause fluorosis of dental enamel is of
concern. Althgugh the causative agent was.not known at the time, a report of
dental fluorosis (then called "mottled enamel") appeared in 1901 - Denti di
Chiafe (Eager 1901). This report described the condition in certain Italian
immigrants. Black and McKay (1916) and Kempf and McKay (1930) reported the
same conditior. was endemic in parts of the U.S. Exparimental data suggesting
the connection between exposure to excessive amounts of fluoride and abnor-
malities in teeth appeared in 1925. McCollum et al. (1925) noted effects of
dietary fluorine on ;he teeth of white rats and similar findings were reported
by Schultz and Lamb (1925). The connection between fluoride and mottled

-

enamel was.first recognized by Smith et al. (1931).
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Dean (1933) reported on the distribution of mottled enamel in the U.S.,
and in 1934 he published a classification system for mottled enamel (Dean

1934). This classification system is provided in Table VI-3,

Subsequently, Dean published a revised classification system for dental
fluorosis (Dean 1942) which is still in use today. This system comprises six
classifications into which the individual child or tooth may be assigned.
Classification of an individual child is based on the two teeth in the child's
mouth that show the most advanced forms of fluorosis. Since the classification
of the severity of dental fluorosis is critical to the regulation of fluoride

in drinking water, Dean's revised system is given in Table VI-4,

Dean (1942) used this system as the basis for defining a Community
Fluorosis Index (CFI). The CF1 is a means of comparing one group or popula-
tion with another on the basis of average severity of fluorosis. It {is

computed by averaging the numerical fluorosis scores assigned to individual

children within a given population.

Dean and Elvove (1935) defined the permissible maximum level of fluoride
in a domestic water supply (or minimum threshold for dental fluorosis) as tbe
highest concentration of fluoride Zicapable of producing a definite degree of
dental fluorosis in as much as 107 of the group examined. The group examined
for purposes of defining the CFI should consist of at least 25 children,
9-vears-old or older, who, since birth, have continually consumed the water

under investigation (i.e., used the water for both drinking and cooking). The
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Table V1-3 Dental Fluorosis Classification by H. T. Dean - 1934

Classifica-
tion

Criteria

Normal

Questionable

Very mild

Mild

Moderate

Moderately
Severe

Severe

The enamel presents the usual translucent semivitriform type of
structure. The surface is smooth and glossy and usually of a
pale creamy white color. For purposes of classification, all

persons showing hypoplasia other than mottling of enamel are
included in this category.

There are slight aberrations in the translucency of normal
enamel, ranging from a few white flecks to occasional white
spots, 1 to 2 mm in diameter. )

Small opaque paper white areas are scattered irregularly or
streaked over the tooth surface. It is principally observed on
the labial and buccal surfaces, and involves less than 25% of the
tooth surfaces of the particular teeth affected. Small pitted
white areas are frequently found on the summit of the cusps. No
brown stain is present.

The white, opaque areas on the surfaces of the teeth involve at
least half of the tooth surface. The surfaces of molars, bicus-
pids, and cuspide subject to attrition show thin white layers
vorn off and the bluish shades of underlying normal enamel.

Faint brown stains are sometimes apparent, generally on the upper
incisors. ;

No change is observed in the form of the tooth, but generally all
of the tooth surfaces are involved. Surfaces subject to attri-
tion are definitely marked. Minute pitting is often present,
generally on the labial and buccal surfaces. Brown stain is
frequently a disfiguring complication. It must be remembered
that the incidence of brown stain varies greatly in different
endemic areas, and many cases of white opaque mottled enamel,
without brown stain, are classified as "moderate".

Macroscopically, a greater depth of enamel appears to be
involved. A smokey white appearance is often noted. Pitting is
more frequent and generally observed on all the tooth surfaces.

.Brown stain, if present, is generally deecper in hue and involves

more of the affected tooth surfaces.

The hypoplasia is so marked that the forw of the teeth is at
times affected. The pits are deeper and often confluent. Stains

are widespread and range from chocolatg brown to almost black in

some cases.
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Table V1-4 Dental Fluorosis Classification by H. T. Dean - )942

-

Classifica- : Criteria

tion

Normal The enamel represents the usual translucent semivitriform type of
(0) structure. The surface is smooth, glossy. and usually of a pale

creamy white color. -
Questiorable The enamel discloses slight aberrations from the translucency of
(0.5) ' normal enamel, ranging fromr a few wnite flecks to occasicnal
white spots. This classification is utilized in those instances
vhere a definitive diagnosis of tne mildest form of fluorosis is
not warranted and a classification of "normal” is not justiiied.

Very Mild Small, opaque, paper white areas scattered irregularly over the

(1 tooth but not involving as much as 25 percent of the tooth
surface., Frequently included in this classification are teeth
shoving no more than about 1-2 mm of white opacity at the tip of
the summit of the cusps of the bicuspids or second molars.

Mild The white opaque areas in the enamel of the teeth are more

(2) extensive but do not involve as much as 50 percent of the tooth.

Moderate All enamel surfaces of the teeth are affected, and surfaces

(3) subject to attrition show wear. Brown stain is frequently a
disfiguring feature.

Severe All enamel surfaces are affected and hypoplasia is so marked that

(4) the general form of the tooth may be affected. The major

diagnostic sign of this classification is discrete or confluent
pitting. Brown stains are widespread and teeth often present a
corroded-like appearance.
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authors determined the CFI for four communities: Colorado Springs, Colorado;
Monzuuth, Illincis; Galesturg, Il)inois; and Pueblo, Colorado. The mean
annual fluoride content of the municipal water supplies and corresponding CFI
for these communities were: Colorado Springs, 2.5 ppm - "slight"; Monmouth,
1.7 ppm - "slight"; Galesburg, 1.8 ppm - "slight"; and Pueblo, 0.6 ppm -

"negative".

Galagan and Lamson (1953) studied the relationship between fluoride
concentration in municipal waters and the CFI for communities with differing
mean annual temperatures. They found that Arizona communities with mean air
temperatures of 70°F had "objectionable" fluorosis (CFI exceeding 0.6) at
abtout 0.8 mg fluoride/L in their drinking water, while midwestern communities
with mean air temperatures of 50°F did not suffer "objectionable" fluorosis
until their drinking water contained about 1.7 mg fluoride/L :see Figure VI-1).
Richards et al. (1967) establishzd slightly different optimal values for
fluoride, using only three temperature zones, that were generally in agreement
with the earlier studies. The authors pointed out that fluorosis was not
entirely absent at optimum fluoride concentrations in drinking water. Their
gual was to establish the fluoride levels at which "objectionable" fluorosis
was present; ogjectionable was defined as moderate and severe fluorosis. The
results of thir study are summarized in Table VI-5, .t ‘should be noted,
however, that a recent study in Canada (EHD 1982) concluded that water
consumption is independent of temperature. Thus, the Agency has concluded
that there is insufficient data to quantitatively incorporate temperature in

drinking water regulations.

Vi-21



COMMUNITY FLUOROSIS INDEX
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Adapted from Galagan and Lamson (1953

Figure VI-1 Relationship Between Fluoride Concentration of
Municipal Waters and Fluorosis Index for Camunit%es
with Mean Annual Temperatures of Approximately 50 F

(Midwest) and 70° F (Arizonma).

Vi-22



Table VI-_ Percentaze of Children by Fluorosis Diagnosis fcr Each
Fluoride-Terperature Zone

Fluorosis Fluoride concentration in drinking weter (ppm)
diagnosis
and temperature 1.3
(Mean maximum) 0.0-0.15 0.2 - 0.4 0.5-~-0.7 0.8-1.0 1.1 -1.3 or more
65°F or lower Zone 1 Zone 4 Zone 7 Zone 10 Zone 13 Zoue 16

(N® = 330) (N = 169) (N = 340) (N = 316) (N = 302) (N = 306)

Normal 97.3 71.6 44,7 40.0 33.1 11.1
Questionable 2.4 26.0 40.9 39.2 41.1 23.5
Very mild 0.3 2.4 13.5 18.0 22.5 29.5
Mild -—- -— 0.9 2.8 3.3 15.7
Moderate - -— -— -— -— 15.0
Severe — -— - -—- — 5.2
66°F - 79°F Zone 2 Zone S Zone 8 Zone 11 Zone 14 Zone 17
(N = 707) (N=709) (N = 688) (N = 548) (N = 508) (N = 553)
Normal 96.1 74.2 26.6 22.8 26.6 14.8
Questionable 3.5 19.5 42.9 44.3 32.7 18.4
Very mild 0.4 6.2 28.6 26.6 28.1 27.8
Mild - 0.1 1.9 5.8 9.6 20.8
Moderate - —— -—— 0.5 2.8 12.8
Severe — —— — _— 0.2 5.4
80°F or higher Zone 3b Zone 6 Zone 9 Zone 12 Zone 15 Zone 18
(N = 209) (N = 335) (N = 331) (N = 350) (N = 310) (X = 229)
Normal 52.6 32.2 . 18.1 18.3 8.4 8.3
Questionable 46.9 44,8 51.1 26.0 29.0 18.8
Very mild 0.5 20.0 26.0 37.7 37.5 25.3
Mild -— 3.0 4.2 15.1 17.4 27.9
Moderate - -— 0.6 2.9 7.% 12.7
Severe -— —— - - 0.3 7.0

2N = number of children diagnosed.
Fluoride concentration = 0.2 ppm.

Adapted from Richards et al. (1967).
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Because the relationship between fluoride concentrations in drinking
water and community fluorosis indices was established many years ago, a8 demand
has arisen for evidence confirming or re-establishing the fluoride/fluorosis
relationships. Segreto et al. (1984) investigated the possibility that
significant changes in cultural and dietary pattern may have altered fluoride
intake patterﬂs from those devgloped 20 to 40 years ago. They selected 16
Texas communities that obtain their drinking water from local wells and
surveyed children (7- to 18-years-old) who were lifetime residents of each
community "for enamel mottling‘using Dean's (1942) classification system. The
fluoride levels in the drinking water was expressed by the authors in terms of
the relationship to optimal for prevention of dental caries. Personal
cormunication with one of the authors (Dr. Edwin M. Collims). however,.
indicated that the actual fluoride levels ranged from 0.2 to 3.2 mg/L (see
Table VI~6). The combined incidence of moderate and severe dental fluorosis
observed ranged from minimal at 0.2 mg F/L to 31.6 percent at 3.2 mg F/L. The
authors, however, reported onl; one case of severe fluorosis (at 3.2 mg F/L).
The observed variation in the fluo..sis incidence of different fluoride
drinking water levels (see Table VI-6) could be due to differences in the
lifestyle in the different communities, variation in the susceptibilities of

the children examined or other factors.

Driscoll et al. (1983) reported the results of a cross-sectional survey
of the prevalence of dental fluorosis and dental caries among 807 school
children- (8- to 16-years-old) in seven Illincis communities. Fluoride
concentrations in community drinking water ranged from 1.06 to_&.O? mg F/L.

The results of this study are summarized in Table VI-7 and indiceate a
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Table V1-€ Relationship Between Fluoride Levels in Drinking
Water and Incidence of Moderate and Severe Dental
Fluorosis in Texas Children (Age 7 to 18 Years)

Fluoride level
in drinking water

Relative Number of Combined incidence of
to children moderate and severe
mg F/L® optimum exan .ed dental fluorosis, %
0.2 0.3 . 103 0.0
0.3 0.4 126 0.0
0.4 0.3 223 0.0
0.8 1.0 361 0.3
1.1 1.3 211 0.9
1.1 1.4 128 0.0
1.1 1.3 187 1.1
1.6 2.5 301 3.3
1.9 2.7 170 13.5
1.9 2.3 * 23 13.0
2.0 2.3 109 14.7
2.0 2.7 200 4.0
2.3 2.7 90 6.7
2.3 2.9 67 32.8
2.4 3.1 113 d.kc
3.2 4.3 190 31.6

2Actual concentrations not reported by authors. Values obtained
bthrough Personal communication with coauthor (Dr. E. M. Collins).
All cases were classified as moderate dental fluorosis except

as noted by footnote. :

One case (0.5 percent) was classified as severe dental

fluorosis.

Adapted from Segreto et al. (1984).
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Table VI-7 Relationship of Drinking Water Fluoride Levels To Dental
Fluorosis and Caries Reduction in Illinoie Children

Children with

Decrease in

Fluoride level Number of moderate and caries score
in drinking children severe dental from 1.06 gg/L
water, mg/L evaluated fluorosis, 7 level, %
1.06 336 2.4 - b
2.08 143 13.3 37.3b
2.84 192 27.6 55.1b
3.84 136 30.2 35.7

:Heasured as mean DMF surface score.
Significantly different (P<0.05) from score at 1.06 mg/L,
but not from each other.

Adopted from Driscoll et al. (1983).
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dose-response increase in the incidence of moderate and severe dental
flucrosis with increased fluoride level in the drinking water. The incidence
of moderate and severe dental fluorosis ranged from 2.4 percent (of 336
children evaluated) at 1.06 mg F/L to 30.2 percent (of 136 children
evaluated) at approximately 3.84 mg F/L. Concurrent with this increase in
dental fluorosis, the authors observed a significant (P<0.05) decrease in
dental caries (as measured by reduction -of mean DMF surface score) in children
of all fluoride levels above 1.06 mg F/L. Unlike the dental fluorosis
results, the dental carles reduction was not observed to exhibit a
dose-response relationship above the level of 2.08 mg F/L in the drinking
water. There was no statically significant (P<0.05) difference in the
reduction of dental caries between children exposed to an average 2.N8 mg F/L

through 3.84 mg F/L.

Wenzel and Thylstrup (1982) have suggested that a clinicohistological
classification of dental fluorosis may be more sensitive than that described

by Dean (1942).
4. Kidney

It coes appear that patients with renal irairment have a lower
margin-of-safety to fluoride effects than the average person. Hanhijarvi et
al. (1972) measured plasma levels of free ionized fluoride in about 2,000
hospital patients in Finland. In patients with normal creatinine clearance,
plasma fluoride from individuals living in non-fluoridated areas was about

one-half that of people from fluoridated areas (0.7 uM vs 1.4 uM). The
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authors also noted a correlation between serum creatinine and serum fluoride
in renal patients from both the flucridated and the non-fluoridated areas.
Fluoride increased with increasing concentration of serum creatinine in one’
patient from the non-fluoridated area (serum fluoride increased from 0.8 uM to
3.4 uM while serum creatinine rose from normal to 1,200 uM). 1In a patient
from the fluoridated area, serum fluoride rose from 1.4 uM to 5.0 uM and the
corresponding serum creatinine from normal to 700 uM. 1In renal patients
undergoing dialysis, serum fluoride concentrations as high as 25 uM were
recorded. These results are consistent with the work of Berman and Taves
(1973) who.measured renal clearance of serum fluoride in normal and in uremic
patients. Normal fluoride clearance averaged 58 mlL/min while uremic subjects

had a mean fluoride clearance of 3.1 mL/min.

A correlation between remal failure, polyuria, polydipsia, and clinical
and roentgenographic evidence of systemic fluorosis was reported by Juncos and
Donadio (1972). They discussed two c;se reports. In one, an 18~-year-old male
had a daily consumption of about 2 gallons of water from an artesian well
containing 2.6 ppw fluoride. His teeth were mottled, very opaque, and caries-
free. The patient's normal daily urine volume was 5 to 6 L and clinical
indices of renal function were abnormal: inulin clearance (Cin) was 26 ml/min
(vs 120 ml/min normal), PAH c'earance (Cpah) was 118 oL/mi (vs 600 mL/min
normal). Roentgenograms showed increased density of bones. The patient's
dntake of fluoride from drinking water was about 0.33 mg/kg/day (based on a
body weight of 57.4 kgj. Similarly, a 17-year-old ferale with sigpificantly
impaired renal function (cin' 19 mL/min; Cpah"gg el/min), a history of

drinking "large amounts of water" and teeth which were opaque with diffuse
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brownish mottling was found to have marked reduction in renal size, blunting
of the calyces, pyelocaliectasis and ureterectasis. The authors did not know
wvhether chronic excessive fluoride intake caused the renal damage but did

believe that the systemic fluorosis was due to impaired renal funccion.

Oreopoulos et al. (1974) examined the effect of fluoride in the dialysate
of patients undergoing chronic remal dialysis. 1Ir a double-blind study,; 20
patients (11 fluoride-exposed and 9 controls) were .nvestigated for an average
period of 20.6 months. Dialysate water was initially deionized and fluoride
(1 mg/L) or chloride (control) was added via coded ampules. At the end of the
study the only difference detected between the control and exposed groups was
a statistically significant (P<0.05) increase in osteosclerosis in the
fluoride-exposed group. No differences In various biochemical, radiological

or other histological parameters were detected.

No injuries to the human kidney from long-term non-occupational exposure
to fluoride have been reported. Geever et al. (1958) did not find an unusual
incidence of remal pathology or renal disease as a cause of death in a
population using water containing 2.5 ppm fluoride. No differencgs in renal
status were evident between the residents of Bartlett (8 ppm fluoride in the
water supply’ and Cameror (0.4 ppm fluoride), Texas (Leone et al. 1954).
Urinary excretion of albumip. sugar, red blood cells and formed elements by
the children from Newburgh (1.2 ppm fluoride) did not differ significantly
from that of the children from Kingston (essentially no fluoride) (Schlesinger
et al. 1956a). Abnormalities in renal function, e.g., decreases in urea

clearance and gloﬁerular filtration rate; have been reported in Indian
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subjects with advanced skeletal fluorosis (Shortt et al. 1937a). Water

suppllies used by these patients contained up to 10 ppm of fluoride (Shortt et

al. 1937b).
5. Growth

A possible depression in height, weight and chest circumference has been
reported in Japanese children with mottled enamel, compared to control subjects
whose teeth were not mottled (Takamori 1955). Water supplies used by these
children contained as much as 3.4 ppm fluoride. However, the absence of
adequate information on the nutritional status, hereditary background and
general state of health of these children makes it difficult to accept these
findings as valid. Such observations have not been made in this country. For
example, in the Newburgh-Kingston area in New York State, Schlesinger et al.
(1956b) found no significant differences in height or weight between the
children using fluoridated water for ten years (Newburgh, 1.2 ppm fluoride)
and the control population (Kingston, essentially no fluoride). McClure
(;944), in a survey of high school boys and young adults living in areas where
the water supplies contained up to 6 ppm fluoride, found height and weight to

be urrelated to fluoride exposure.
6. Cardiovascular System
Analysis of the death rates from cardiovascular-renal disease in Newburgh

and Kingston demonstrated no significant difference in this respect between

the two coﬁmunitiéé.(Schlesinger et al. 1956b). Rogot et al. (1978) also
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found no effect of fluoride in water on heart death rate trends. Geever et
al. (1958) reported a lesser percentage of deaths due to cardiovascular
disease in persons who had lived more than 20 years in a community where the
water supply contained 2.5 ppm fluoride than in persons living 5 to 20 years
in that community, but the difference was not attributed to a protective
effect of fluoride. A lower incidence of deaths due to heart disease was
shown in 20 towns using fluoridated water, compared to 15 towns where the
water was not fluoridated (Taves 1978). Luoma et al. (1973) found an inverse
correlation between the percentage prevalence of heart disease in male
residents of four Finnish communities where fluoride in the drinking water

ranged between 0.05 and 2.57 ppm.

Okushi (1954) and Takamori (1955) described mycardial changes seen in
children and adults using water supplies containing 0 to 13 mg F/L. The
changes described were shown by X-ray or electrocardiograph&. Unfortunately,
in most instances énly ranges of fluoride drinking water concentration are
given and specific concentrations cannot be associated with the observed
changes. However, from a careful examination of the tabular data presented by
Okushi (1954), it appears that the lowest-observed-adverse-effect level
(LOAEL) was 2.5 mg F/L. Changes observed at this dose included myocardial
damage, sinus tachycardia and prolonged P-R ari Q-T intervals. One 12-year-
.0ld boy. consuming water with 2.5 mg F/L showed .no signs of myocardial injury.
Morever, there may well have been a n;mber of subjects unaffected at this
concentration, in as much as the findings were negative in 14 to 16 subjects
using waters containing 1.9 to 4.8 mg F/L, but for whom specific concentrations

£

were not identified. Also, positive'effects were seen in one child and two
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adults for whom specific fluoride drinking water concentrations were not
specified. Dr. B. Lawrence Riggs (personal communication) was unable to
observe any electrocardiographical effects in patients receiving 30 to 63

wg NaF/day or 13.6 to 29.5 mg F/day. Dr. Riggs confirmed this statement after

reexaminat;on of the data.
7. Thyroid

No significant effects on the incidence of abnormal clinical findings
related to the thyroid gland were seen in long-term residents of Bartlett,
Texas, where the water supply conftained 8 pbm fluoride (Leone ét al, 1954).
Geever (1958) examined thyroids t:r2r -. autopsy from 728 persons who had used
a water supply containing 2.5 ppm . asoride for periods of less than 5 to
more than 20 years. Prolonged use of this water did not significant;y.affect

the incidence of.pathological findings in this gland.

D. Teratogenicity

The study by Rapaport (1959) suggested a dose-related association between
the number of cases of mongolism regist.red in institutions and the concentra-
tions of fluoride in the wate:. This study has been criticized by ﬁhe Royal
College of Physicians (1976). Among the errors cited in the study, the author
based his study on fluoride concentrations in the water of the communities
where the mothers gave bi;th,.rather than on fluoride in the areas where :ﬁe
mothers lived during pregnancies. These findings have not been substantiated

by other reports (Berry 1958, Needleman et al. 1974).'
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E. Mutapenicity

No data concerning mutagenic effects of fluoride in humans were found in

the available literature (IARC 1982).

F. Carcinogenicity

Yiamouyiannis and Burk (1977) presented an analysis of mortality data
wvhich showed an increase in the cancer mortality rate among residents of
fluoridated areas. This work has been criticized (Strassburg and Greenland
1979, Oldham and Newell 1977). It was shown that Yiamouyiannis and Burk had
failed to consider the age-sex-race structure of the populations they studied.
Inclusion of these factors in consideration of the data invalidated the
conclusion that fluoridation was responsible for an increase in the cancer
mortality rate. In other studies, Hoover et al. (1976) and the Environmental
Health Directorate of Canada (i977) found no correlation between fluoridation
of water and the cancer mortality rate. In addition, the National Cancer
Institute, whose data were used as the basis of the study by Yiamouyiannis and
Burk, noted errors, omissions, and statistical distortion and stated that,
"results of this analysis fail to support any suspicion of hazard associarted

with fluoriiation" (NCI 1975).

The claims of Yiamouylannis and Burk have also been re-examined by Taves
(1979) and by Kinlen and Doll (1981) and found not to be substantiated by the
data. Kinlen and Doll have obtained additional information on the numbers of

deaths from cancer in the cities concerned, which permits a proper direct
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method of standardizing cancer death rates. The results were shown to be
identical with the standardized rate determined by the indirect method, and
both methods indicated less change in cancer mortality rates in the fluoridated

cites than in the nonfluoridated cities during the interval 1950 to 1970.

Cook-Mozaffari et al. (1981) and Cook-Mozaffari and Doll (1981) examined
cancer mortality in fluoridated and nonfluoridated areas, as well as trends
after fluoridation, and concluded there was no evidence from England, Wales,

the U.S., Australia or New Zealand that ‘addition of fluoride to water supplies

incréased the risk of dying from cancer.

The International Agency for Research-on Cancer (IARC 1982) concluded
there was no evidence that an increased level of fluoride in the drinking
water was assoclated with increased cancer mortality. Similar conclusicns had
been reached earlier by Rogot et al. (1978) and by the Governor's Task Force

on Fluorides (Office of Science and Technology, State of Michigan 1979).

G. Epidemjological Studies

1. Mortality Studies

The largest study of overall mortality rates in high-fluoride (0.7 to 4.0
mg/L) versus low-fluoride (less than 0.25 mg/L) areas considered 32 paired
cities (Hagan et al. 1954). The high-fluoride areas had a slightly higher
mortality rate than the low-fluoride areas (1,010.6 per 100,000 population

versus 1,005.0 per 100,000, respectively). The authors state that this
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difference 1f not statistically significant although they did not cite their

criterion for statistical significance.

There have been a number of additional siatistical evaluations of deatl
rates for all causes and death rates from specific causes in high-fluoride
~versus low-fluoride areas. The Illinois Department of Public Health (1952)
published data on death rates from heart disease, cancer, nephritis, diabetes
and all causes in populations using low-fluoride (0 to 0.4 mg/L) surface
vaters as compared to populations using well waters with higher fluoride
concentrations (9.8 to 2.0 mg/L). It was =oncluded that "mortality experierce
in Illinois offers little or no support for claims of adverse effects bteing

produced by limited ingestion of fluorides."

An extensive mortalit} study in Colorado Springs, Colorado, provided
information concerning pathological ‘effects in residents after‘prolonged use
of water containing 2.5 mg/L fluoride (Geever et al. 1958). The study was
based on 904 necropsies performed by resident physiciars in training under the
senior author's direct supervision. Necropsy protocols were classified
according to the major cause of death, the contributing causes unrelated to
the major cause and the incidental pathological condition. Comparative
statiztical analyses of the pathologic find_ngs revealed no significant
differences that could be related to length of residence in the areas. For
exarple, there were three deaths attributed to bone cancer in 334 long-term
residents (more than 20 years) and two bone cancer deaths in 188 short-tert

residents (less than 5 years).
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The Ministry of Health (England) reported on mortality and morbidity in
high-fluoride (0.4 to 5.8 mg/L) versus low-fluoride (iess than 0.2 mg/L) arear
(Heasman and Martin 1962). According to the -authors, there was no difference
in overall mortality between thg two groups (approximately 200,000 in each
area). Notable was the fact that stomach cancer was shown to be no more
prevaient among heavy tea drinkers than among those whose dsily consumption of

tea was moderate. (Brewed tea adds about 1 mg/L fluoride to tte water in

wvhich it 4is prepared.)
2. Skeletal Effects

Leone et al. (1954) compared the effects of exposure io fluoride in
drinking water in a high-fluoride area (Bartlett, Texas; 8 mg/L) and a
low-fluoride area (Cameron, Texas; 0.4 mg/L). This scudy commenced in 1943,
before the practice of fluoridating drinking water was introduced. A total of
116 individuals living in Bartlett were given thorough physical examinations.
As controls, 121 individuals living. in (ame;on were also examined. The towns
wvere similar with regard to geography a:d racial composition with the
principal occupation in beth towns being agriculture. 1In 1943, 57.8 percent
of the Bartlett participzats were 55-yea:5—old or older whereas only 47.2
‘percent of the Cameron parti .ipants were in this age categorg. In 1953, this
age category accounted for 55.2 and 46.9 percent of the 10-year participants
in Bartlett and Cameroh. fespectively. Thus, there were more older persons
acorg the Bartlett participants. The male-~female ratio for teth groups was

approximately 1 to 2 in both 1943 and 1953.. At 8 mg F/L, the Bartlett water
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was about eleven ‘times the currently recognized optimuc for preventing denrtal

caries under the prevailing climatic conditions.

Both water supply systems had been in continuous use since the turn of
the century and the selected individuals in each community had been in
continuous residence for at least 15 years at the time of the survay was
begun. 1In 1953, ten years after the initial examinations. follow-up
examinations were administered. Average length of fluoride exposure in 1953
wvas 37 years in the high fluoride area and 38 years in the control area (Leone
et al. 1955). All of the original participants were accounted for in the

follow-up study.

The results of these examinations are listed in Tables VI-8 and VI-9,
The comprehensivenass of the physical exazinations is evident from these
tables. However, very few statisticalfy significant differences (P=0.05) were
found between the two groups. These were limited to greater incidence rates
of cardiovascular abnormalities and for urinary albumin, and lower rates for

. A

white blood cell counts, neutrophiles and lymphocytes, in the Cameron
residents. The nature of the differences, however, does not necessary
establish a conclusive dose-response relationship associated with fluoride
exposure. It should also be noted that the incidence oI bone fractures was
greater in the Bartlett residents (Table VI-8). However, this difference was
not statistically significant at the P=0,05 level. The greater number of
older persons (as well avx accident rates, athletic activity and other

non-fluoride related factors) in 1953 amuag the Bartlett participants may have

influenced this incidence rate. Dental fluorosis was evident in all Bartlectt
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Table V1-8 Incidence of Abnormal Clinical Findings, 1943-1953

Cameron

Bartlett
Number Number Number Number
Characteristic Studied at Risk Abnormal Rate I at Risk Abnormal Rate %
‘Arthritic change 80 11 13.8 89 13 14.6
Blood pressure
Sys. 151 mm/Hg and over 58 18 31.0 81 20 24.°
Dias. 100 mg/Hg and over 73 11 15.1 83 11 13.3
Pulse pressure 75 mm/Hg 70 9 12.9 89 16 18.0
and over
Bone changes
Density 74 7 9.5 81 2 2.5
Coarse trabeculation 74 4 5.4 81 2 2.5
Hypertrophic 74 8 10.8 81 6 7.4
Spurs 764 1 1.4 81 4 4.9
Osteoporosis 74 5 6.8 81 10 12.3
Bone, increased density 66 1 1.5 79 - -
(new cases)
Cataract and/or lens opacity 79 8 10.1 85 12 14,1
Thyroid ' 74 3 4.1 82 6 7.3
Cardiovascular (except (c) 80 10 12.5 92 22 23.9
uncomplicated hypertension)
Heating (decreased acuity) 72 14 19.4 78 10 12.8
Tumor and/or cysts 80 12 15.0 92 10 10.9
Fractures -80 12 15.0 92 7 7.6
Urinary tract calculi 72 14 19.4 16 12 15.8
Gall Stones 73 0 0.0 80 1 1.2

#Bone changes determined by simultaneous reading of identical views of X-rays taken

in 1943 and rapeated in 1953,
Bartlett: 4 increased density, 3 decreased density.

cSignificant difference between Bartlett and Cameron at p=0.05.

Adapted from Leone et al.

(1954).
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Table VI-9 Prevalence «f Abnormal Laboratory Findings, 1943-1953}
(Participants Reriding in Study Area for the Ten-Year. Period)

Bartlett Cameron Signifi{cant
Number Number : . Number Number Difference:
Laborator} Determination Year Examined Abnormal Rate 7 Examined Abnormal Rate Z (P = 0.0%)
Hemoglobin 1943 116 34 29.3 121 37 30.6 No
1953 79 20 25.3 83 26 31.3 No
Hematocrit 1943 - - - - - - -
1953 79 5 6.3 82 7 8.5 No
Red blood cell count 1243 116 " 25 21.6 121 24 19.8 No
1653 80 6 7.5 85 2 2.4 No
White blood cell count 1943 116 17 14.7 121 5 4.1 Yes
' 1953 78 11 14.1 82 7 8.5 No
Differential count
Neutrophiles 1943 71 15 21.1 71 6 8.5 Yes
1953 78 23 29.5 82 13 15.9 Yes
Lymphocytes 1943 71 2 2.8 71 1 1.4 No
1953 78 35 44.9 82 36 43.9 No
Eosinophiles 1943 71 0 0.0 71 0 0.0 No
1953 78 6 7.7 82 14 17.1 No
Sedimentation rate 1943 - - - - - - -
1953 79 31 39.2 83 22 26.5 No
Blood calcium 1943 - - - - _ - _
1953 79 9 11.4 66 7 10.6 No
Serology (S.T.S.) 1943 71 2 2.8 71 3 4.2 No
1953 B4 2 2.4 95 2.1 No
Urine albumin 1943 115 3 2.6 121 10 8.3 Yes
1953 77 5 6.5 85 12 14,1 No
Urine glucose 1943 115 2 1.7 21 1.3 No
1953 77 0 0.0 85 1 1.2 No

Adapted from Leone et al. (1954),



participants who were born and in continuous residence there during the
formation of the permanent dentition. There was also one instance of dental

fluorosis in a Cameron resident with a history of early fluoride exposure.

Leone et al. (1955) reported a comparison of radiographs taken in 1943
and 1253 of the participants in the Bartlett-Cameron study. The findings
reported were limited to an evaluation of anterior-posterior views of the
lumbar spine, sacrum, pelvis, trochanters and the proximal one third of the
femur. These regions were chosen because the earliest and most definitive
skeletal changes associated with fluoride occur in these areas. In 1943, 16
of the Bartlett residents showed "roentgenographic bone changes in varying
degree . . . considered of interest to this study.”" Ten years later, nine of
these subjects showed no further bone changes, four showed inc;eased bone
density, three showed a decrease toward a "normal" appearance and one new case

of increased bone density was identified.

The radiographs indicated that in persons using the water supply
containing 8 mg/L fluoride about 10 to 15 percent of the population who
resided in the Bartlett area for an average of 37 years experienced an
increased bone density (with or withcut coarsened trabeculatiorn) with a
"ground-glass" appearance. Other observations included coarsened
trabeculation, showing lines of stress without increased bone density and
increased thickening of cortical bone and periosteum with equivocal narrowing
of the bone marrow spaces. These changes are slight, often difficult te
recognize and in most instances equivocal in nature. Apparently, these

changes are not deleterious within the level of statistical significance for
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this study because there was no unusual incidence of bone fracture, arthritis,
hypertrophic bone changes or exostoses; nc interference with fracture healing;
no cases of "poker back"; and no evidence of associated functional or systemic
effects., Bone biopsy samples for the determination of fluoride concentrations

wvere not taken.

The study by Leone et al. (1954) 1is the only one of its kind available on
U.S. residents who have used high-fluoride waters for a prolonged period. It
is interesting to note that only a small proportion of the study popuiation in
Bartlett was affected to the extent described by Leone et al. (1954). It
should be noted that Singh and Jolly (1970) called attention to the fact that
advanced radiological changes reported from hyperendemic areas of India are
not universally seen in the population as a whole. Singh and Jolly (}970)
have suggested that nutritional status, other sources of fluoride irntake and
involvement in heavy labor in a hot climate may influence the incidence of
severe fluorosis in these Indi;n populations. We have no information on these
factors 14 the Texas communities studied by Leone et al. (1954). However, the
possibi%}ty of hard work in hot temperatures, resulting in the ingestion of
large amounts of water, may be a significant factor for these two agricultural

communities.

Leone et al. (1960) compared the radiological findings from 546 residents
between 30- and 70-years-old of Framingham. Massachusetts, (0.04 mg/L
fluoride) with those of residents of Bartlett, Texas, (8.0 mg/L fluoride) znd
Cameron, Texas, (0.4 mg/L fluoride)\cited earlier by Leone et al. (1954). The

prevalence of increased bone density and coarsened trabeculation were
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significantly lers in Framiﬁgham than in Bartlett, and comnarable to the rates
observed in Cameron. The prevalence of ligamentous calcification (bone spurs)
was higher in Framinghar. Also, there wss an unusually high number of cases
of osteqporosis in the Framingham population. The euthors suggest that
deleterious effects on the bone s?ructure of adults may be associated with

prolonged use of low-fluoride waters.

Stevenson and Watson (1957) reported roentgenographic changes typical of
fluorosis. In this study, medical records on file at the Scott and White
Clinic (Temple, Arizona) for the period froxm 1943 through 1953 were examined.
Only 23 instances of a roentgenographic diagnosis of fluoride osteosclerosis
were found in a total of approximately 170,000 roentgen examinations of the
spine and pelvis. These cases were associated with individuals (44- to
85-years-old) who resided in Texas or Oklahoma and, in one instance, in
Kansas. Four of the 23 subjects used water containing 8.0 mg F/L, three used
water containing 7.6 mg F/L, s;ven used water containing 5.0 to 5.4 mg F/L and
one used water containing 4.0 mg F/L. Specific water supplies and fluoride
concentrations were not identified for the remaining eight persons, however,
they all lived in areas known to be high in fluorides. The earliest changes
were observed in the pelvis and lumbar spine and consisted of slightly
increased bone density and a slight "ground-glass™ appearanc . The most
advanced changes encountered were 2 chalky white appearance of the vertebral
column and pelvis, and a slightly increased density and coarse trabecular
pattern in the ribs. There was slight roughening of the periesteum of benes
of the forearm or legs in a few patients. Calcification of the sacrospinous

and sacrotuberous ligaments was also observed. No relationship was evident
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between the roentgenographic findings and the clinical diagnosis of the
patients' condition. Stevenson and Watson (1957) concluded that
roetgenographically detectable fluoride osteosclerosis was not produced by

drinking water containing less than 4 mg F/L.

Hodges et al. (1941) concluded that prolonged use of water supplies up to
3 mg F/L did not cause radiologically demonstrablé sclerosis of the skeleton.
In this study roentgenograms were made of the pelvis and lower lumbar spine of
86 subjects who had used water supplies containing 1.2 to 3.0 mg F/L for none
to 61 years (ages were 7.5 to 71 years), and of 31 subjects 18- to
78-years-0ld who had us;d drinking water containing approximately 2.5 mg F/L
for 18 to 68 years. Generalized skeletal sclerosis was not observed in any of

these 117 subjects.

Dinman et al. (1976) evaluated 56 persons occupationally expcsed to
airborne fluorides in the aluminum industry. In this study preshift urinary
fluo;ide concentrations less than 4 mg F/L were apparently not associated with
increased bone density, alteration of trabecular patterns or ligamentous
calcification, as tevéaled by X-ray examination. According to Figute III-3 a
urinary concentration of 4 mg F/L in adults corresponds to a concentratiun of

approximately 4 mg F/L in the drinking vater.
3. Effects in Children

One of the earliest fluoridation studies involved complete pediatric

examinations during the first ten years of .exposur2 to elevated fluoride
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levels. Five hundred children in Newburgh, New York, “the fluoridated city"
(1.2 mg/L fluoride in the drinking water), were compared to 405 children in
Kingston, New York, the control city (“essentially fluoride-free"). The
examinations included roentgenograms (of the right hand and wrist, both knees
and the lumbar spine), blood and urine analyses and general physical
exacinations. Smaller groups of children were subjected to special tests
including; visual acuity, hearing levels and additional urine analyses. The
urine-analyses.were designed to evaluate if fluoride had an irritating effect
on the kidneys. After evaluation of the data from all examinations, it was
concluded that there were no differences of medical significance between the
two groups of children (Schlesinger et al. 1956b, Ast et al. 1956).
Specifically, with regard to bone, there was no evidence of increased bone

density or alteration in rate of skeletal maturation.

HcCauley and McClure (1954) compared- radiographs of the right hand and
wrist for a total of 2,050 children, 7- to lé4-years-old, residing in Amarille
or Lubbock, Texas, to those in Cumberland, Maryland. The drinking water in
the communities contained 3.5 to 4.4, 3.3 to 6.3 and 0.1 mg/L flucoride,
respectively. Skeletal age and quantitative index of ossification were
derived froc the radiographs. The data indicated that calcification of the
carpal bones of the childre 1 was not affected by exposure to fluoride, ner was
there any evidence of advanced skeletal maturity and bone development. 1In as
much as development of bones of the hand and wrist parallels that of the rest
of the skeleton, the azuthors concluded that skeletal development throughout

the body was not -affected by fluoride exposure.
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Skeletal fluorsis in children has not been reported in this country.
However, skeletal effects have been described in Indian children and children
in Tanzania. Teotia et al. (1971) found diagnostic radiological findings in
six ludian children, il- to l4-years-old. Water from four wclls in the
district ol Rai Bareli Uttar Pradesh contained 10.35 to 13.5 mg/L fluoride.
The duration of symptoms was one to ten years. Grossly limited movements of
.the spine, thoracic kyphosis and flexion deformities of the hips and knees
(suggesting crippling fluorosis) were present in four children. Mottled
discoloration of the teeth was present in five cases. Skeletal radiographs
showed osteosclerosis of the spine and pelvis in six cases. Four cases
demonstrated coarsened trabeculation in the knees and elbows and calcification

of the interosseous membrane of the forearm.

Teotia et al. (1979) examined 550 childrern, 4- to 15-years-old, froem the
same district of India and found diagnostic radiological findings in 200 of
the children. The effects ob;erved included; osteosclerosis (particularly of
the spine, pelvis and thorax), periosteal bone formaticn, exostoses and
calcification of ligaments, interosseous membrane and muscle attachments.
Roentgenological findings typical of hyperparathyroidism were seen in 43
cases. Of the 200 children with diagnostic radiological changes, 32.5 percent
were sycp om-free, 67.5 percent were symptomatic, 51.5 percent were without
crippling deformities and 16.5 percent were crippled. All of the children
showed mottled discoloration of the teeth. Water from four wells in the area

contained 24 to 26 mg/L fluoride.
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Wenzel et al. (1982b) examined the effects of fluoride on dental enamel,
skeletsa]l maturity and bone structure in 1l- to 15-year-old Tanzanian girls.
The children were born and raised in areas where the drinking water contained
< 0.2, 1.5, 2.5 or 3.6 mg/L fluoride. Dental fluorosis was positively
‘associated with fluoride concentration in the drinking vater. No conclusions
could be drawn regarding the effect of fluoride in the water on skeletal
maturity. This was attributed to differences among the groups in nutritional
state and exposure to disease. There was, however, a correlation between
retardation of skeletal maturity with increasing dental fluorosis for the
group using water containing 3.6 mg/L fluoride. The authors suggest that
increased fluoride exposure slows skeletal maturation. FHowever, due to the
very warm climate of Tanzania, drinking water intake would have a significant
impact on the total dose. Such a relationship was not evident in a similar
study of 12- to l4{-year-old Danish girls whose drinking water contained < 0.2

or 2.4 mg/L fluoride (Wenzel et al. 1982a).

4, Other Studies

Other epidemiological studies include one in Russia (Knizhnikov 1958)
where the health of natives of Shchuchinsk (3.4 to 4.0 mg F/L) wes cor.pared
with that of natives in. Kokchetav (0 to 0.9 mg F/L). In add tion to the usual
exapinations of bones and teeth, the participants were examined for
hypertension, bradycérdia, somnolence, coagulation of blood, parathesis and
urticaria-type rash. All of the illnesses listed were less fregquent in the
fluoride area than in the control area with the exception that severe dental

fluorosis was prevalent in the fluoride area.. Also, there was ar unexplained

VI-46



and unusually low incidence of diseases of bones, muscles and joints in the

fluoride area.

A case-control étudy in South Carolina concluded that high fluoride
concentrations in drinking water (4.18 mg F/L) exert a protective effect
against the development of primary degenerative dementia (St1ll and Kelley
1980). The authors hypothesize that fluoride attenuates the neurotoxicity of
aluminum. There are some weaknesses in the study, one of which is that it was

based on hospital admissions rather than on occurrence rates.
H. Summary

Fluoride has been shown to have several beneficial effects, both in terms
of general health and in the treatment of specific diseases. Numerous studies
have documented the benefits provided by fluoride in preventing dental caries
in children. Many of these stuéies evaluated the transition to adverse dental
effects (fluorosis) at higher dose levels. Conclusions from these studies
indicate that the beneficial effects are obtained and the adverse effects
prevented when the drinking water (in an average temperature climate) is

approximately 1 mg,L.

Fluoride has been demonstrated to have a positive effect on bone develop-
ment and has found applicition in stimulating new bone growth in patients with
osteoporosis. To a lesser degree, fluoride has also been suggested to have
possible effects on the cardiovascular system (i.e., reduced aortic

calcification.when drinking water conlained 4.0 to 5.8 mg F/L).and hearing
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({.e., stabilization of the sensorineural component of hearing loss in

patients with active otospongiosis when 40 te 60 mg was adninistered daily),

A "certainly lethal (single) dose" of NaF for a 70-kg man is estimated to
be 5 to 10 g or 70 to 140 mg/kg. Fluoride may cause a wide variety of toxic
e’ ects in humans. Among these, the claims of allergic or idiosyncratic
sensitivity, mongolism and cancer have not been substantiated. On the con-
trary, sound evidence suggests that fluoride does not cause sensitivity,
mongoelism or cancer. There is evidence which suggests that persons with

chronic renal insufficiency may have a lower margin-of-safety for the toxic

effects of fluoride.

Chronic exposure to either too low or too high a concentration eof
fluoride may'have deleterious effects on the skeletal syvstez. An increase in
the incidence of severe osteoporosis was correlated with use of drinking water
containing 0.4 mg/L fluoride. .Severe skeletal fluorosis has been reported in
persons living in areas of natur;lly high fluoride concentrations (up fto 14
mg/L). Radiclogically detectable osteosclerosis has been observed in about
10 percent of long-~term residents using water supplies containing 8 mg/L
fluoride. Retardztion of skeletal maturity has beer observed in children
using a water supply conta‘aing 3.6 mg/L fluoride. In uther situations,
skeletal fluorosis has not been described in populations whose water supplies

contained less than 4 mg/L fluoride.

An important effect of fluoride is dental fluorosis (mottied enazel).

Numerous studies have examined the relationship between concentrations of
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fluoride in community drinking wazer supplies and the occurrence of dental
fluorosis. Some studies have determined that the acceptable level of fluoride
ir water varies with the mean annual temperature of the area in question,
because people drink more water when the environment is warmer. In one study,
concentrations 6f fluoride causing cosmetically "objectionable' dental
fluorosis varied from 0.8 mg/L at mean temperature of 70°F to 1.7 mg/L at mean
temperature of 50°F (estimated to equal 0.05 mg/kg/day). The Agency, however,
has concluded that there is insufficient data to quantitatively incorporate
temperature in any future drinking water regulations. Concentrations
associated with intentional fluoridation of drinking water (0.7 tc 1.2 mg/L)
have not shown adverse effects on health or longevity. Factors considered
include growth, effects on the kidney, cardiovascular system and thyroid,

teratogenicity and mutagenicity.
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VI1. MECHANISMS OF TOXICITY

A. Acute Effects

The mechanism by which fluoride causes acu'.e lethaiity at high doses has
not been fully difined. 0Nbviously, there is interference wit: the normal
metabolism of cells and essential enzymatic reactions may be blocked. There
may be interference with the origin and tranénission of nerve impulses,
perhaps as the result of calcium complex formation. Other metabolic roles of
calciun may be interrupted (e.g., blood clotting and membrane permeability).
Also, there may be severe renal tubular damage and injury to the mucosa of the
stomach and intestine. Vomiting and diarrhea result in appreciable water

loss, electrolyte imbalance and a clinical picture of shock (Hodge and Szith

1265).

B. Skeletal Effects

Fluoride is involved in bore mineral deposition in several ways. It may
be ecsential to the precipitation or nucleation of the apatite lattice ir an
orderly fashion on cecllagen fibers. Fluoride froz extracellular fluid
exchanges with hydroxyl ions and perhaps biéarbcnate ions i.i the surface laver
of hydroxyapatite crystals to form fluorohydroxyapatite. This material shows
an increased crystalline structure and less solubility than does hydroxy-
-apatite. Fluoride is incorporsted into the inner layers of the crystzl

lattice, as well as on the suface of newly formed crystals, by the accretion
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of new mineral. Osteoclastic rescrption of old bone and osteoblastic deposi-
tion of new bone, resulting in continual remodeling of the skeleton, allows
release and re-uptake of fluoride into bone mineral. Fluoride apparently
increases the rate of formztion of new bone, the number of osteoblasts and the
serum activity of the osteoblastic iso-enzyme skeletal alkaline phosphatase.
The effects of fluoride may be modulafed by parathyroid hormone and by human
skeletal growth factors (Neuman et al., 1950, McCann and Bullock 1957. Smith et
al. 1953, Zipkin et al. 1956, Hodge and Smith 1981, Faccini and Teotia 1974,

Farlev et al. 1983).

C. Dental Effects

Evidence suggests that dental fluorosis results from effects of fluoride
on the ameioblasts. Developing enamel and enamel-forming cells are the first
to respond when rats are injected with sodium fluoride. The newly formed
enamel matrix is faulty and poorly mineralized. The staining frequently seen
w;th mottled teeth may be the. result of oxidation of organic material
integrated in the dental structures. It has also been suggested that it may
te related to food pigments which have penetrated the hypoplastic enamel.
Mottling, however, does not determine the degree of dental fluorosis (Scheur
and S-.ith 1934, Schour and Poncher 1937, Sh.pe et al. 1963, Gabovich and

Ovrutsky 1969, Dean 1934).
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D. Sumzmary

The mechanism for acute lethality at high fluoride dose levels is not
fully defined. 1t is believed that certain essential enzymatic reactions mav
be blocked and there may be interference with the origin and transmission of
nerve impulses. -The metabolic roles of calcium and physical damage to the
kidney and the mucosa of the stomach and intestine are also believed to be
associated uitﬂ the acute lethality mechanism. Fluoride interacts with bones
and teeth by replacing hydroxyl or bicarbonate ions in hydroxyapatite to forx
fluorohydroxyapatite. Fluoride may function as an essential key to bring
about precipitation or nucleation of the apatite lzttice in an oriented
fashion on collagen fibers. Accretion of new mineral continues, and fluoride,
brought te the surfaces of newly formed crystals by the extracellular fluid,
replaces the hydroxyl ion. As crystal growth continues, fluoride is
incorporated into inner layers of the crystals as well as on the surface.
Remodeling of the bone sﬁructu;e takes place by an interplay of osteoclastic
resorption of old bone and osteoblastic deposition of new bone. The presence
of fluorohydroxyapatite increases the crystalline structure of the bone
and reduces its solubility. Available evidence suggests that dental fluorosis
results from toxic effects of fluoride on the epithelisl eramel organ.
Specifically, several iove tigators have shown that ame.oblasts are
susceptible to fluoride. Dental staining often accompanies fluorosis but does
not itself determine the degree of fluorosis. The staining is believed to be
due to the cxidation of organic material in defective enazel or the

penetration of hypoplastic sections of eramel by focd pigments.
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VIII. QUANTIFICATION OF TOXICOLOGICAL EFFECTS

The quantification of toxicological effects of a chemical consists of ar
assessment of the non-carcinogenic and carcinogenic effects. In the
quantification of non-carcinogenic effects, an Acceptable Daily Intake (ADI)
is calculated. An Adjusted Acceptable Daily Intake (AADI) and Health Advisory
(HA) values for the chemical are then calculated to define the appropriate
drinking water concentrations to limit human exposure. For ingestion data,

this approach 15 illustrated as follows:

ADI = (NOAEL or LOAEL ir mg/kg/day) (Body Weight in kg)
Uncertainty/Safety Factor

= mg/day

ADI

AADIL = Drinking Water Volume in L/day = mg/L

vhere:-
NOAEL = no-observed-adverse-effect level.
LOAEL = lowest-observed-adverse-effect level.
Body weight = 70 kg for adult or 10 kg for child.
brinking water volume = 2 L per day for adults or 1 L per day
for children.

Unce-cainty/Safety Factor = 10, 100 or 1,000. ,

Utilizing these equations, the following drinking water concentrations

are cdeveloped for neon-carcinogenic effects:
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1. A one-day HA for 10-kg child.

(X}
>

one-day HA for 70-kg adult.
3. A ten-day RA for 10-kg child.
L. A ten-day KA for 70-kg adulrt.

5. A lifetime AADI for a 70-kg adulrt.

The distinctions made between the HA calculatiors ({tems 1 through 4) are
associated with th; duration of anticipat;d exposure. Items 1 and 2 assume a
single acute exposure to the chemical. 1Items 3 aznd & assﬁme a limited period
of exposure {(possibly 1 to 2 weeks). The HA values will not be used in estab-
lishing a drinking water standard for the chgmical. Rather, they will Be used
as informal scientific guidance to municipalities and other orgenizations when
emergency spills or contamination situations occur. The AADI value (iter 5)
is intended to provide the scientific basis for establishing a drinking water

standard based upon non-carcinogenic effects..

A NOAEL or LOAEL is determined from animal toxicity data.or human effects
data. For animal data, this level is divided by an uncertainty factor because
there is no universally acceptable quantitative method to extrapolate from
anicals to humans. The possibility must be considered that humans are more
sensitive to the toxic effects of checicals than are animal:. For huzman data,
an uncertainty factor is also used to account for the heterogeneity of the
human population in which persons exhibit differing sensitivity to toxic chemicals.
An Office of Drinking Water (ODW) modification of the guidelines set forth by
the National Accdenmy of Sciences (NAS 1977, 1980) is tyvpically used in

establishing uncertainty factors as follows:
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) An uncertainty factor of 10 {s used when good acute or chronic human
exposure dats are available and supported by acute or chronic

toxicity data in other species.

o An uncertainty factor of 100 i1s used when good acute or chronic
toxicity data identifying NOEL/NOAEL are available for one or more

species, but human data are not available.

° An uncertainty factor of 1,000 is used when limited or incomplete
acute or chronic toxicity data in all species are available or when
the acute or chronic toxicity data identify a LOAEL (but not
NOEL/NOAEL) for one or more species, but human data are not

available.

The uncertainty factor used for a specific risk assessment 1s judgmental.
Factors that cannot be incorpo;ated in the NAS/ODW guidelines for selection of
an uncertainty factor, but must be considered include: (1) the quality of the
toxicology data, (2) the significance of the adverse effect and (3) the |

existence of counterbalancing beneficial effects.

1f toxicological evidence requires thsr chemical to be classified as 2
potential carcinogen (there is insufficient evidence to classify fluoride as a
carcinogen following otal-e*posure), mathematical .models are used to calculate
the estimated excess cancer risks associated with the ingestion of the

checical via drinking water. The bioassay data used in these estipmates are

VIII-3



from aniral experimente. In order tc predict the risk for humans, these data
zust be converted to an equivalent human dose. This conversion includes
correction for non-continuous animal feeding, non-lifetime studies and for the
difference in size. The factor that compensate# for the size difference 1s
the cube root of the ratio of the animal and human body weights. It is
assumed that the .average human body weight is 70 kg and that the average human
consumes 2 liters of water per day. The multistage model is then fit

t> the equivalent human data to estimate the risk at low doses. The upper 95X
confidence limit of this estimate is used. Excess cancer risks can also be
estimated using other models such as the one-hit model, the Weibull model, the
logit model and the probit model. There is ne basis in the current
understanding of the bilological mechanisms. involved in cancer to choose among
these models. .The estimetes of low doses for these models can differ by

several orders of magnitude.

The scientific data base used to calculate and support the setting of
risk rate levels has an inherent uncertainty. This is because the tools of
scientific measurement, by their very nature, involve both systematic and
randon error. In most cases, only studies using experimental animals have
been performed. There is thus uncertainty when the data are extrzpolated to
huzens. When developing visk rate levels, several othi.r areas of uncertainty
exist, such as (1) incomplete knowledge concerning the health effects of
contaminants in drinking water, (2) the impact of test animal age, sex and
species and the nature of target organ systeas exazined on the toxicity study

results and (3) the actual rate of exposure of internal targets in test
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animals or humans. Dose-response dats are usually only available for high
levels of exposure, not for the lower levels of exposure for which a standard
is being set. When there is exposure to more than one contaminant, additionsal
uncertainty results from a lack of information about possible synergistic or

antagonistic effects.

It has been concluded, however, that the foregoing risk assessment
procedures are not appropriate for application with the available fluoride
data. The typical assessment assumes a high to low dose extrapolation will be
made. In the present case, the extensive avallability of human data requires
an interpolation rather than extrapolation. Possibly more important is that
the typical assessment procedure does not provide for any quantitative inputs
for a chemical's potential beneficial effects. Fluoride has well documented
beneficial effects that must be addressed (balanced) during the assessment.
Thus, the assessment that will be performed for fluoride must rely largely
upon an interpolation of the available human data and give due consideration
to balance the required degree of human health protection fror adverse effects

with the documented beneficial effects.

A. Non-Carcinogenic Effects

1. Short-Terr Exposure
142

Acute toxic effects in the human following ingestion of fluoride have
been described by Lidbeck et al. (1943). 1In this instance, ingestion resulted

froom the inadvertent mixing of roach powder containing sodium fluoride with

VII1I-5S



food being rerved in an institution, but no reliable measure of the amount of
fluoride ingested was possible. The initial effect of repidly ingesting large
amounts of flucride is irritation of the gastrointestinal tract, causing
voriting and diarrhea. Both the vomitus and the feces may contain blood.
These symptoms may proceed to collapse and eventual death (Lidbeck et al.
1943). No single target system appears uniquely susceptible to these acute
effects, suggesting that fluoride acts as a general systemic poison at very
high doses. This explanation is consistent with the ability of high
concentrations of fluoride to bring about & state of shock, to inhibit
essential enzyzatic processes such as cellular respiration and to interfere

with essential roles of calcium (Hodge and Smith 1965).

Black et al. (1949) described the effects of fluoride administered to
mcre than 70 patients for periods of five to six months, Most of these
subjects, suffering from malignant neoplastic disease, were being treated with
metabolic inhibitors. Some were leukemic children 3 to 6.5 vears old, while
others were adults including elderly individuals. Doses for the children were
20 to 50 mg NaF (9.0 to 22.5 mg F) four times daily. Doses for adults were 80
mg NaF (36.3 mg F) four times daily. The material was administered orally
with an antacid containing 4 percent a2luminum oxide or as an erteric coated
rablet to avoid gastric .irritation. N- evidence of systemic toxici:y or of
parenchymatous damage was seen which could be attributed to fluoride, even
though scme patients had received more than .27 g of sodium fluoride over a
period of three months. Criteria evaluated included growth and development in
the children, mottled enanel, eruptior of permanent teeth, hemalopoie;is. liver

function, alburmin-globulin ratio, blood sugar and cholesterol concentrations
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and kidney functinn: Postmorter. data fror four cases showed no parenchvmatous
degereration attributable to fluoride. In hypertensive patients a tendency
was noted for decreased diastolic and svstolic blood pressure. Tn two
patients with functioning colostomies there was no apparent effect of

fluoride on the exposed mucnsa of the colon.
2. Long-Terc Exposure

Comprehensive investigations by Shupe et al. (1963) evaluated the effects
of fluoride on dairy cattle to include changes otserved in the teeth. 1In this
study pairs of cows were fed rations containing 12 (normal), 27, 49 or 93 ppm
fluoroxide on a total dry matter basis. Feeding was continued from 4 months
to 7.5 years of age. Depending upon the amount of fluoride ingested, affected
teeth erupted with different degrees of mottling, staining, hypoplasia and
hvpocalcification. The following tooth classifications were established:

STBt

(0) Normal: smooth, translucent, glossy white enamel; tooth normal
shovel shape.

(1) Questionable effect: slight change, exact cause not determined; may
have enamel flecks; cavities may be unilateral or bilateral but with
the absence of mottling.

(2) Slight effect: slight mottling of enamel; may have slight staining
but no wear; teeth normal shovel shape.

(3) wmoderate effect: definite mottling and staining of enamel; coarse

ﬁ;ttliﬁg (large patchesﬂgf chalky enamel); teeth may have slight

signs of wear.
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(4) Merked effect: definite mottling, staining and hypoplasia: wey haye
pitting of eneamel; definite wear of teeth; enzrel mav be a pale
cream color,

(5) Excessive effect: definite erosion of enamel with excessive wear of

teeth; staining and pitting of enamel may or may not be present.

In cattle consuming the highest dose of fluoride (i1.e., 93 ppm in the
ration) th; incisors were classified as 4 to 5, beginning as early as two
vears of age. The molars were classified as 0 to 3 at two vears of age, 1 to
4 at four years and | te 5 at six years. For cattle at the dose of 49 ppm,
the incisors were scored as 3 to 4 beginning at two yezrs. 1In these same
animals, the molars were scored as O to 1 at two years, } to 2 at four vears,
and 1 te 3 at six years. 1In cattle administered 27 ppm fluoride, the incisprs
were scored as O to 2 through six years of age and the molars were scored as
to 1 through six years. Incisors and wmolars of cattle administered the normal

ration (12 ppm fluoride) were scored 0 to 1 throughout the six years.

Richards et al. (1967) indicate that objectionable dental fluorosis
(moderate and severe according to the classification scheme by Dean 1942) ir
humans appears with the foilowing combinations of waterborne fluoride

concentrations and mea- annual temperatures:
e 1.4 to 1.6 ppm flucride at 65°F or less.

e 1.1 to 1.3 ppr fluoride at 65°F to 79°F,

e 0.8 to 1.0 ppr fluoride at 80C°F or higher.
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These values are simjlar to those reported by Galagan and lamson (1953
as shown in Figure VI-1 (see Section VI). In the classica) rcheme for rating
fluorosis, teeth diagnosed ar normal exhibit no clinically observable evidence
of exposure to fluoride. Richards et al. (1967) supgest that such teeth
should be classified as fluoride deficient rather than normal. Their data
‘indicate that as the percentage of children showing clinical evidence of mild
fluorosis approaches four to six percent, Esome objectionabie (moderate)

fluorosis begins to appear.

Because the relationship between fluoride concentrationc in drinking
water and community fluorosis indices was established many years ago, a demand
has arisen for evidence confirming or re-establishing the fluoride/fluorosis
relationships. Segreto et al. (1984) investigated the possibilityv that
significant changes 16 cultural and dietary patterns may have aitered fluoride
intake patterns fror those developed 20 to 40 years-ago. They selected 16
Texas communities and s;?veyed children (7 to 18 years old) for enamel
mottling using Dean's (1942) classification systez. The fluoride levels in
the drinking water were expressed by che authors in terms of the relationship
to optimal for prevention of dental caries. Fersonal communicatiorn with one
of the authors (Dr. Edwin M. Collins), however, indicated that ths actual

luo' i{de levels ranged from 0.2 mg/L to 3.2 mg/L. The combined inciden.e of
moderate and severe dental fluorosis observed ranged from mirnimal at 0.2 mg
F/L to 31.6 percent at 3.2 mg F/L. The authors, however, reported only ome
case of severe fluorosis (at }.2 mg F/L). The observed variation in the

fluorosis incidence at different fluoride drinking water levels could be due
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to differences in the lifestyles of the different communities, variation in

the susceptihilitier of the children examined or other factors.

Driscoll et al. (1983) reported the results of a cross-sectional survev
of the prevaience of dental fluorosis and dental caries among 807 school
children (8 to 16 years old) in seven Illinois comrunities. Fluoride
concentrations in the community drinking water rangec from 1.06 to 4.07 mg
F/L. The r;sults of this study indicate a dose-response increase in the
incidence of moderate and severe dental fluorosis with increased fluoride
level in the drinking water. The incidence of muderate and severe dental
fluorosis ranged from 2.4 percent (of 336 children evaluated) at 1.06 mg F/L
to 30.2 percent (of 136 children evaluated) at approximately 3.84 mg F/L.
Concurrent with this increase in dental fluorosis, the authors observed 2
significant (P<0.05) decrease ir dental caries (as measured by reduction of
mean DMF surface score) in children of all fluoride levels above 1.06 mg F/L.
Unlike the dental fluorosis results, the dental caries reduction did not
exhibit a dose-response relationship above the level of 2.08 mg F/L in the
drinking water. There was no statistically sigrificant (Pf0.0S) differance 1in
the reduction of dental caries among children exposed to an average 2.08 mg

F/L through 3.84 mg F/L.

A surrary of the incidence of moderate 4nd severe dental fluorosis fror
six studies spanning more than 40 years (1937 teo 19€4) is provided in
Table VIII-1. The data assembled in this table are from six different

sources, each with technically sound but varied procedures, analytical methods
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Table VIII-]1 Summary of Moderate and Severe Dental
Fluorosis in Children

Fluoride
drinking water Number of Dental
concentration children fluorosis incidencé,?
(mg /L) evaluated Moderate Severe Reference®

0.2 103 0.0 0.0 6
0.3 126 0.0 0.0 6
0.4 223 0.0 0.0 6
0.4 82 0.0 0.0 4
0.4 263 0.0 0.0 4
0.5 113 0.0 0.0 4
0.5 403 0.0 C.0 4
0.6 614 0.0 0.0 4
0.7 316 2.0 0.0 4
0.8 95 2.0 1.0 4
0.8 361 0.3 0.0 6
0.9 123 0.0 0.0 ¢
1.0 50 0.0 0.0 4
1.1 336 1.8 0.6 3
1.1 211 0.9 0.0 6
1.1 187 1.1 0.0 6
1.1 128 0.0 0.0 6
1.2 70 13.0 3.0 4
1.2 633 0.0 0.0 4
1.2 152 0.0 C.0 4
1.2 171 0.0 0.0 4
1.3 447 0.0 0.0 4
1.5 110 0.9 0.0 2
1.6 301 3.3 0.0 6
1.8 57 3.5 0.0 2
1.8 170 1.2 0.0 1
1.9 273 1.1 0.0 1
1.9 170 13.5 0.0 6

ccittinued-

dReferences:

Dean (1942) as summarized by Albertini et al. (i1982).

Dean and Elvove (1937) .as summarized by Albertini et al. (1982).
Driscoll et al., (1983).

Galagan and Lamson (1953) as summarized by Albertini et al. (1582).
Lewis and Faine as suvmmarized by Albertini et al. (1982). '
Segreto et al., (19&4).

AW —
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Table VITI-] - continued

Fluoride
drinking water
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and sample sizes. Therefore, no effort has been made to merge these findings
into a single dose-response distribution or to perform anv statistical
analysis of the assembled data. The table is provided to supply &
consolidated sampling of the historical data on dental fluorosis Iincidence and
to convenjently reflect the general dose-response relationship of increased
dental flucrcsis with Increased dose. It should be noted, however, that the
incidence of objectionable dental fluorosis (Qoderate and severe) does not
generally impact a significant percentage nf the population until the drinking

v

water concentration approaches 2.0 mg F/L.

At the request of the EPA, the U.S. Surgeon General examined the
relationship of fluoride in drinking water and the aspects of dental
fluorosis. The results of that evaluation (Koop 1982, Albertini et al. 1982)
led to the general conclusiern that, while not considered an adverse health
effect, the undesirable cosmetic effects to teeth could be minimized by
limiting the fluoride concentration to twice the optimur for the reduction of
dental caries. The Surgeon General! encouraged com=unities to limit water to
twice optimum (about 2 mg F/L) to provide this protection for children up to
age nine, but emphasized that there is no sound evidence to indicate that
adverse effects on general or dental health (dental! fluorosis was not judged
te be an adverse effect) are assoclated with cencentrations of flucride “hat
are natura:ly found in U.S. public water supplies. The Surgeon Genera!l
repeated his ;arlier opinion on limitingz fluoride concentrations to twice the

optimum (about 2 mg F/L) in his response to a subsequent EPA request to

evaluate the nondental effects of flﬁoride (Shapiro 1983, Kocp 1984).
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The EFA, with the assistance of the National Institute of Mertal Health
(NIMH), convened an ad hoc Review Panel of behavioral scientists to
irvestigate the potential] psychological and/or behavioral effects associated
with dental flucrosis. This ad hoc Review Panel reviewed background
information and conducted a meeting on October 3], 198Z in Bethesda, MD to

iscuss this issue and determine if consensus opinions could.be formulated-.
The conclusions and recommendations of the Review Panel's deliberations were

summarized in a November 17. 1984 report (Kleck 1984) and are repeated below:

"It is concluded that individuals who have suffered impaired dental
appearance as the result of moderate to severe (dental) fluorosis are
probably at increasec risk for psychological and behaviorz] problems or
difficulties. Since this conclusion is based on extrapolations from
research on the effects of physical eppearance characteristics other than
dental fluorosis, it is suggested that investigations be supported to
directly assess the social, emctional, and behavioral effects of
fluoride-induced cosmetic defects. TFinally, the Panel recommends
research be done on the further development of techniques for the
amelioration or removal of the unaesthetic appearance effects associated
wvith some levels of dental fluorosis."

Skeletal changes in bones of cattle ingesting 12 (normal), 27, 49 or
93 ppx fluoride on é total dry matter basis have been described by Shupe et
al. (1963). Fluoride corncentrations in dry. fac-free rid biopsy samples
increased vi:h increasing time of exposure for all dose groups. After 7.3
vears (2,663 days) the fluoride concentration was approximately 900 pom in
arnimals on the normal diet. At this sace time, the tit fluoride
concentrations were approxizately 2,500, 5,50t and 8,200 fer the cattle
receiving 27, 49 and 93 ppr fluoride in the ration, respectively. The rate of

'
increase with time was greatest in those cattle adninistered 93 ppz fluoride.
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‘The first clinically discernible bone lesions appeared on the medial surface
of the proximal third of the metatarsal bones and were -bilateral. These
effectr were observed after 1.5 to two years in czcttle on the 93 ppm fluoride
ration and after 3.5 to four years in cattle on the 49 ppm fluoride ration.
As the degree of osteofluorosis increased, palpable hvperostoses appeared in
the rari of the mandibular bones, and the 7th through 12th ribs became wider
and thicker. The degrees of periosteal hyperostosis were classified as 0 =
normal, 1 = questionable, 2 = slight, 3 = moderate, 4 = marked and 5 =
excessive. Cattle on the normal diet were scored as normal through six years
of age. Those cattle on 27 ppm ration were scored O.to 1 through six years;
those on 49 ppm ration were scored O to 2 at two years, 0 to 3 at four years,
and 0 to 4 at six years; and those on 93 ppm ration were.scored O to 3, 0 to 4
and 0 to.5 at two, four and six years, respectively. Radiographs taken at age
7.5 years (approximately seven years on fluoride) showed increased coarsening
and thickening of the trabecular pattern with a ground giass appearance for
cattle on the rations containing 49 and 93 ppm fluoride. Periosteal hyper-
ostosis, subperiosteal increased density in some cases, endosteal and cortical
porosity and mineralized spurs at po}nts of attachment ;f tendons to leg bones

were also observed at these dose levels.

Leone et al. (1955) described roe itgenographically detectable changes
observed in 10 to 15 percent of persons residing an average of 37 years in
Bartlett, Texas where the water supply contained 8 mg F/L. Observations
“included increased bone density with or without coarsened trabeculation, with
a "ground‘glass" appearance; coarsened trabeculation, showing lines of stress,

without increased bone density; and increased thickening of cortical bone and
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periosteur with equivocal narrowing of bone marrow spaces. Bone biopsy

samples tor the determination of fluoride concentrations were not taken.

Stevenscn and Watson (1957) reported an increase in bone density and a
definice but slight "ground glass" appearance in spinal and pelvic roentgero-
grams of 23 subjects who were long~term residents of high fluoride areas in
Texas, Oklahoma and Kansas. For 15 of these individuals, the drinking water
contained 4 to 8 mg F/L. The fluoride contentiof the drinking water was unknowrn
for the remaining eight subjects. Calcification of the sacrospinus and sacro-
tuberous liganments was also evident in 15 of the 23 subjects. Although a
total of 170,000 X-ray films were examined, the authors were unable to develop
a meaningful incidence rate because informatior was lacking as to the total

number of films examined for persons exposed to specific levels of fluoride.

Hodges et al. (1941) examined roentgenograms of the pelvis arnd lumbar
spine of 86 persons (7.5 to 71 years 'o0ld) who had used waéer supplies
containing approximately 1.2 to 3 mg F/L for up to 6! years. They found no
occurrence of generalized sclerosis. .A second population (ranging in age from
18 to 78 years) which had used a water supply cbntaiﬁing.approximately 2.5 mg
F/L for 18 to 68 years was similarly evaluated. Again, no instance of

generalized skeletal luorosis wa$ observed.

Wenzel et al. (1982b) observed a significant relationsnip of dental
fluorosis and recduced skeletal maturify in il- to 15-year-old Tanzaniarn girls
whose drinking water contained only 3.6 mg/L of fluoride. The ‘authors

suggested that increased fluoride exposure slows skeletal maturation. Due to
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the warm climate (i.e., increased exposure and total dose). dietary and other
factors, the relevance of these results to the U.S. population is not well

established.

There is limited evidence to permit an estimate of the waterborne
fluoride concentration associated with the appearance of fluoride
osteosclerosis. For example, Hodge and Smith (1970) quote evidence that in
the aluminum industry, average urinary excretions of 5 mg F/L in randomly
collected samples are not associated with osteosclerosis. Dinman et al.
(1976) indicated that aluminum workers whose average pre-shift urinary
fluoride concentration is less than 4 mg F/L do not show radiographically
demonstrable increases in bone density, altered trabecular patterms or
ligamentous calcification. According to Figure III-3 (see Section III for
greater detail), urinary fluoride concentration is essentially equal to the
concentration of fluoride in thg drigking water ingested at steady-state
exposure conditions. Thus, the absence of clinically or radiographically
demonstrated osteosclerosis in the studies cited by Hodge and Smith (1970} and
by Dinman et al. (1976) could be estimated to be associated with ;kposures to
drinking water containing approximately 5 and 4 mg F/L, respectively. Smith
and Hodge (1959) have suggested that, in the human, osteosclerosis probably
will aot be seen with skeletal flioride concentrations of 4000 ppe (dry
fat-free basis). They also state tha* effects will be observed in a small
proportion of individuals with skeletal fluoride concentrations of
approximately 6,000 ppm. These skeletal concentrations correspond teo fluoride
concentr#tions in the water of ; ﬁnd 6 mg F/L, respectively (Smith and Hodge

1959, Hodge and Smith 1981).
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At the request of the U.S. Environmentel Protection Agency (EPA), the
U.S. Public Health Service (PHS) conducted an evaluation of the nondental
health effects of fluoride. At the direction of the Surgeon General an ad hoc
committee was assembled to review the available iiterzture. The cormittee met
on April 18-19, 1983 in Bethesda, MD and summarized their findings in a report
to the Surgeon General (Shapiro 1983). That report was formally transmitted

to the EPA with a letter from the Surgeon General on January 23, 1984,

The cormittee listed the nondental health effects of fluoride as: (1)
death (acute poisoring); (2) gastrointestinal hemorrhage; (3) gastrointestinal
irritation;. (4) erthralgias; and (5) crippling fluorosis. Gastrointestinal
effects are not known to occur at fluoride concentrations in drinking water.
In adults, mild osteosclerosis, as opposed to crippling fluorosis, 1is not

considered an adverse effect.

Based on their review of the available literature the Surgeon General's

«d hoc committee made the following conclusions (Shapiro 1983):

1. It is inadvisable for the fluoride content of drinking water to be
" greater than twice the cﬁrrent optimal level (1.4 to 2.4 mg/L) for
children up to age 9 in order to avold the ticosmetic effects of
dertal fluorosis. This conclusion coincides with the recommenda-
tions of the Surgeon General relative to the dental effects of

naturally oé¢curring fluorides.
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The fluoride content of drinking water should not be greater than
four times the optimal level for any community water supplv. This
conclusion recognizes that, fluoride intake fror water between 5.0
and 8.0 mg/L (4 times to 10 times optimum) has beer associated, in a
very small number of subjects, with the radiologic appearance of
early $steosc1erosis, which while not an adverse health effect, is
however, an indicator of demonstrable osseous changes not to be

anticipated at lower levels (less than four times optimum) of fluoride.

The difference between 4 times and 10 times optimum represents an
adequate margin-of-safety unless further research warrants
reconsideration of these levels. There exists no directly
applicable scientific documentation of adverse medical effects at
levels of fluoride below 8 mg/L (ppm). Therefore, it can be
concluded that four t?mes optimum in U.S. drinking water supplies is
a level that would provide "no known or anticipated adverse effect

with a margin-of-safety."

The effects of various levels of fluoride intake on rapidly
developing bone in young children are not well understood. Also,
the modifying effects of to.al intake, length of exposure, other
nutritionél factors and debilitating illness are not well
understood. Therefore, the committee sfrongly recommends that the
PHS and the EPA join to enlarge the body of information relative to
‘skeletal maturation and growth in ;hildren ingesting more than the

recommended daily intake of fluoride.
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B. Quantification of Non-Carcinogenic Effects

As statec esrlier, the extensive amount of health effects informatior on
humans and the need to establish a balance between adverse and beneficial
effects prevents use of the typical risk assessment approach to derive
appropriate drinking water concentration values for fluoride. Thus, the
approach selected must rely iargely upon an interpolation and direct

application of the available human data on adverse and beneficial effects.
1. One-Day and Ten-Day Health Advisory

There is an absence of appropriate short-term animal or human
experimental or clinical studies on the effects of fluoride following oral
ingestion from which one-day or ten~day Health Advisory (HA) values can be
calculated. The National Academy of Sciences Safe Drinking Water Committee
has reviewed the available literature on fluoride, but did_got Tecommend a

suggested-no-adverse-response-level (SNARL) for fluoride (NAS 1977).
2. Adjusted Acceptablé Daily Intake

Dental Fluorosis. As stated earlier, the aviilable date on the incidence

of dental flucrosis in humans (especially children) is extensive. As
sumnarized in Table VIII-1, the incidence of objectionable (moderate and
severe) dental fluorosis is not consistently observed in a marked segment of
the population until the drinking water concentration approaches 2.0 mg F/L.

This observation is consistent with the Surgeon General's recommendation
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(Foop 1982, Albertini et al. 1982) that communities limit drinking water to

twice optimum (about 2 mg F/L) to minimize the undesirable cosmetic effects of

dental fluorosis in children.

The Surgeon General's opinion on protecting children from dental
fluorosis vas clearly presented in the context of ensuring adequate fluoride
exposure to provide reduced dental caries experience. It gshould be noted that
in the survey by Driscoll et al. (1983), the maximum statistically significant
reduction of dental caries was achieved at a drinking water concentration of
2.08 mg F/L. At 2,84 and 3.84 mg F/L, no statistically sigrnificant
improvement in dental caries reduction was obtained although the incidence of

moderate and severe dental fluorosis .increased.

Skeletal Fluorosis. No single human experimental or clinical scudy

provides an adequate basis for developiuyg ar AADI for skeletal effects. It
should be clearly stated that skeletal fluorosis increases in severity with
both dose and duration of exposure to fluoride. 1In its mildest form, it is
gharacterized by an increase in bone densitv (osteosclerosis) that is
detectable only through X-ray examination. The most severe form (crippling
skeletal fluorosis) is characterized by irregular bone deposits. At the
rec- est of the FPA, the U.S. Surgeon General examined the nondental health
aspects associated with fluoride in drinking water. An ad hoc advisory
committee met in April, 1983 in Bethesda, MD and provided their report
{Shapiro 1983) and a later formal response frow the Surgeon General (Kcop
1984) to EPA. The Surgeon Geﬂeral concluded that he did not consider changes

in bone density to be an adverse health effect and that adverse effects
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(arthralgias) are not likely to occur at human dose levels below 20 mg F/day
(10 mg F/L for an adulc consuming 2 L water/day). The ad hoc committee
concluded that four times the optimal fluoride concentration (approximately
4 mg F/L) in drinking water should provide an adequate margin of safety for
preventing adverse health effects which were not documented to occur in the

U.S. .population below 8 mg F/L.

Singh and Jolly authored a review of the skeletal effects of the fluoride
(WHO 1970). Their conclusion stated:

"It is, therefore, possible to conclude that the histopathological
changes of endemic fluorosis occur only at higher levels of intake than

1-4 ppm."

In a'more recent survey of fluoride by WHO (1984), it was stated that
"...at 3.0 to 6.0 ng/L skeletal fluorosis may be observed; when 10 mg/L is
exceeded, crippling fluorosis could ensue." It should be noted that both WHO
summaries consider the effects of fluoride on worldwide populations. Thus,

their conclusions may not be directly applicable to the U.S. situation.

Both the Surgeon General's and WHO's evaluations of the avai;able health
effects data on skeletal fluorosis appear to be generally comsistent with the
primary published literature. The investigations with human subjects by Leone
et all (1955). Stevenson and Watson (1957), Hodges et al. (1341), Hodge and
Smith (1970) and Dinman et al. (1976) provide evidence that the no-observed-

adverse-effect-level (NOAEL) for the initial symptoms of skeletal fluorosis
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(increased bone density) is within the range from 3 to 8 mg/L of fluoride in
drinking water. The data compiled by Smith and Hodge (1959) and Hodge and
Smith (1981) indicate that radiologically detectatle osteofluorosis is not
observed- in bones containing approximately 5,000 ppm or less of fluoride on a
dry, fat-free basis. This skeletal fluoride concentration is associated with
a drinking water concentration of approximately 5 mg F/L (Hodge and Smith
1981). Although never observed in the U,S., the apparent NOAEL for crippling
skeletal fluorosis is approximately 10 mg F/L (Shapiro 1983, Koop 1984, WHO
1984) . Therefore, it is believed that a drinking water concentration of 4.0 mg
F/L will provide protecti@n from crippling skeletal fluorosis with an adequate
margin of s;fety. Again, this 1s consistent with the Surgeon General's recom-
mendation to limit drinking water fluoride levels to four times optimum (about
4 mg F/L) to provide protection from crippling skeletal fluorosis (Koop 1984,

Shapiro 1983).

C. Carcinogenic Effects

No valid studies on the carcinogenic potential of fluoride in animals
were located in the liierature. However, the National Cancer Institute initi-
ated studies.during August 1979 to determine the carcinogenic and or toxico-
logical potential of sodium fluoride (NQF) in rats and mice. The National
Toxicology Program (NTP) took over the responsibility for oversight of the
studies in November 1982. The studies consisted.of three parts: (1) a one-
month subchronic study; (2) a six-month subchronie study with dosages based on
the previous experiment; and (3) a-two-year chronic study based on data from

the six-month subchronic experiment (maximum doses of NaF which were not
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expected to affect the longevity of mice and rats were used). The chronic
study began in December, 1981 and terminated in December, 1983. "Unfortun-
ately, problems developed seven months into the chronic study. The problems

were not treatment related (some rats in both the treatment and control groups

exhibited toxicollinm and ocular lemfona) but may have been related to the Jdlet
vhich was low in several trace elements and vitamins. The valicity of the
study was questioned and a new chronic study was scheduled. The Technical

Report from the new study should be issued in 1988.

Yiamouyiannis and Burk (1977) presented an analysis of mortality data
vhich they claimed showed an increase in the cancer mortality rate amonz resi-
dents of fluoriéated areas. Later analyses (Strassburg and Greenland 1979,
Oldham and Newell 1977) have shown that Yiamouyiannis and Burk had failed to
consider the age-race-sex structure of the studied populations. Inclusion of
these factors in consideration of the data invalidated the conclusion that
fluoridation was respoasible fp; an increase in the cancer mortality rate.
Other studies by Hoover et al. (1976) and the Environmental Health Directorate
of Canada (1977) found no correlation between fluoridation of water and the
cancer mortality rate. Further, the International Agency for Research on
Cancer (IARC) has performed an assessment of the degree of evidence for the
carcinogenicity of fluoride in humans and in experimental animals (WHO 1982).
This assessment concluded thar no evidence could be found in the ;itera:ure to

indicate that fluoride is carcinogenic.
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D. Existing Guidelines and Standards

Protection for the industrial worker against excessive exposure to air-
borne fluorihe is achieved by occupational standards set by OSHA and based on
the American Conference of Government Industrial Hygienists Threshold Limit
Value QTLV) for airborne fluoride of 2.5 mg/m3. This is a concentration which
should not cause an advers: health effect in a person so exposed for eight
hours/day., five days/week (NAS 1971). The Pennsylvania Short-Term Limit for
exposure to airborne fluoride is 10 mg/m3 for 30 minutes. This concentration
is permissible as long as the TLV is observed on .a time-weighted basis (NAS

1971).

Under the requirements of the Nationual Interim Primary Drinking Water
Regulations of 1975 (USEPA 1976), EPA set the standarcs (MCL) for fluoride
shown in Table VIII-2. These levels are twice the corncentrations defined as
optimal for the control of dentél caries. The EPA (USEPA 1979) defined "un-
reasonable risk to h;alth" as a fluoride concentration producing moderate to
severe fluorosis, or specifically, a Community Fluorosis Index exceeding l.5.
In theory, the Index of 1.5 would correspond to fluoride concentrations exceed-
ing the established MCL for fluoride (twice the optimum for each temperature

zone).

The Food and Nutrition Board of the National Research Council has esti-
mated adequate and safe total intakes of fluoride as shown in Table VIII-3.

These levels are considered to be protective against dental caries and possibly

R
. £y

against‘osteoporosis (NAS 1980).
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Table VI11-2 Maximum Contaminant ° vels

Temperature Concentration
Degrees Degrees
Fahrenheit Celsius Milligrams per liter (ppm)
53.7 and below 12.0 and below 2.4
53.8 to 58.3, 12.1 to 14.6 2.2
58.4 to 63.8 14:7 to 17.6 2.0
63.9 to 70.6 17.7 to 21.4 1.8
70.7 to 79.2 21.5 to 26.2 1.6
79.3 to 90.5 26.3 to 32.5 1.4

aHighest permissible concentration of a contaminant in the water delivered
to the consumer's tap.

Adapted from USEPA (1976).
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Table VI11-3 Food and Nutrition Board Estimated Adequate and
Safe Intakes of Fluoride

Age . Estimated Recormmended intake Estimated
group weight (kg) of fluoride (mg/day) equivalences(mg/kg/day)
<6 months 6 0.1-0.5 0.02-0.08
6-12 months 9 0.2-1.0 0.02-0.11
1-3 years 13 0.5-1.0 0.04-0.08
4-6 years 20 1.0-2.5 0.05-0.13
7 years- 30° 1.5-2.5 0.05-0.08
adulthood
Adults 70 1.5-4.0 0.02-0.06

2Estipated weight for children seven to ten vears old.

Adapted from NAS (1980).
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The Association for the Advancement of Medicsl Instrumentation has sug-
gested a maximum concentration of 0.2 mg F/L for water being used in dialvsis.
The specific health effects basis for selection of this value, however, is not

stated (Association for the Advancement of Medical Instrumentation 1981).

The Canadian Public Health Association (1979) recommended that 1.2 mg F/L

be established as the optimua ccncentration in that country's drinking water.

The World Health Organization (WHO 1970), after an extensive review of
the health effects of fluoride, concluded that: "When nutrition is adequate,
enrichment of water so that it ccntzins 1.0 to 1.2 ppm is advisable in temper-
ate zones. In warmer regions, the content shou;d be smaller."” The derivation
of these suggested levels for. fluoride is not specifically explained. The
suggestion is made after an extensive review of the literature on the
relationéhip of fluoride levels to dental caries experience and to dental
fluorosis. In the preface to this publication (WHO 1970) it is stated that
"The objective of this monograph is to prqvide an impartial review of the
scientific literature...Ilt is not intended to be a practical guide to the use

of fluoride as a health measure...."

More recently the World Health Organization (WHO 1984) stated that, "at
(drinking water) levels above 1.5 mg/L, mottling of teeth has been reported
very occasionally, and at 3.0 to 6.0 mg/L skeletal fluorosis may be

observed.... This review is based largely upon information in the 1970 WHO
Monograph (WEO 1970) and further states that no new evidence has been obtained

to justify modification of the currenrt 1.5 mg/L guideline value for fluoride
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in drinking water. The report cautions that "loca) climatic conditione and
increased water intake should be considered wvhen applyving this recommended

guideline value." The WHO reference to occasional skeletal fluorosis with the

consumption of drinking water in the range of 3.0 to 6.0 mg F/L is an estimate
of the lower limit for this effect under a variety of environmental and
nutritional conditions that are not necessarily reflective of the U.S.

situation.

The NAS (1977) has discussed fluoride in their document on drinking water

and health. This work includes several comments pertinent to the estimation
of an MCL for fluoride:

On the basis of studies done ‘over 15 years ago, occasional] objec-
tiondble mottling would be expected to occur in communities in the
hotter regions of the United States with water that contains
fluoride at 1 ppm or higher and in any community with water that
contains fluoride at 2 ppm or higher. However, this may not be
the case today; more liberal provisional limits seem appropriate
wvhile studies are conducted to clarify the subject.

...it was estimated that objectionable fluorosis occurs in the
range of 0.8-1.6 mg/liter fluoride, depending on the temperature.
No recent U.S. surveys or studies of communities have been found
on which a sound decision could be made that greater concentra-
tions are without objectionable effect.
...there is no generally accepted evidence that anyone has been
harmed by drinking water with fluoride concentrations considered
optimal for the annual mean temperature in the temperate zones.
In Gabovich and Ovrutsky (1969), a translated Russian review document, it
is stated that "All Union State Standard 2784-54" (USSR) has set by law the
fluorine concentration of 1.5 mg/L as the maximumr percissible amcunt in tap

water. After discussing the effect of ambient temperature on fluorosis, they

say that .(p. 612), "In year-round fluoridation of the water with a single dose
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of fluorine, the Commission on Hygiene of the Water Supply and Sanitary
Protection of Bodies of Water at the Ministrv of Health of the USSE recommends
! mg/l for regions with cold and temperate climates, for warm climates

0.9 mg/L, and 0.7 to 0.8 mg/L for hot climates.” Gabovich (1952, Eited in
Gabovich and Ovrutsky 1969) made the following comments concerning various

concentrations of fluoride in drinking water:

e Up to 0.3 mg/L is a very low concentration. At this concentration the

incidence of caries is high and defects in the mineralization of bones

are most frequently observed.

‘e Water with 0.7 to 1.0 mg/L has an optimum concentration. Damage by

caries is minimal, signs of dental fluorosis are also minimal,

e Fluoride concentration 4s high at 1.0 to 1.5 mg/L, but acceptable with
permission of the health authorities, Caries control is good and there
are signs of mild fluorosis. This level is acceptable in the absence of

data indicating ar unfavorable influence on the health of the population.

e Concentrations of 1.5 to 2.0 mg/L are higher than the permissible level.

Caries control is good, but fluorosis is objectionable.

e Two to six mg/L is a high concentration. Caries control is not optimal

and fluorosis is objectionable with 107 to 30% having severe fluorosis.
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o Six to fifteen mp/l. 1s a very high concentration. Caries contre) is not

optirmal and up to 1007 of the population are afflicted with fluorosir,

with the predominarce of the severe forms.

Gabovich and Ovrutsky (1969) state that the Indiar etandard for fluoride

in water is 1 mg/L (permissible) with 2 mg/L not permissible.

E. Special Considerations

1. High -Risk Populations

Relatively small segments of the general population may be at increased
risk from waterborne fluoride. For example, polydipsia and polyuria
associated with diabetes insipidus and some forms of renal impairment may
result in an excessive intake of drinking water and waterborne fluoride.
Skeletal fluorosis in patients.vith impaired renal function has been described
by Juncos and Donadio (1972). Patients with impaired renal function have been

shown to have a lesser renal clearance of fluoride than iave normal subjects

(Schiffl and‘ Binswanger 1980).
2. Beneficial Effects

a. Teeth

The principal beneficial effect attributed to fluoride is its role in

preventién of dental caries. A detailed review of the literature in this area
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will not he attempted here becaurr it has been adequately addressed elsewhere
in this document. Studies have been reviewed that describe the continuum from
beneficial effects to dental fluorosis with increased exposure to fluoride. A
summary of the daily fluoride intake levels considered to be protection

against both dental caries and possiblv osteoporosis is provided in

Table VIII-3.

Fluoride .is also believed to improve the esthetic appearance of teeth.
A. L. Russell recorded the occurrence of developmental enamel hypoplasias (not
related to fluoride in drinking water) in children 7 to 14 years old (Ast et
2l. 1956). 1In Kingston, where the drinking water contained 0.05 mg F/L, 115
(18.7 percent) of the 612 children examined showed these nonfluoride
opacities. Only 36 (8.2 percent) of 438 children using the fluoridated
Newburgh water (1.0 to 1.2 mg F/L) showed these changes. Ast et al. (1956)
suggested that this fluoride drinking water concentration (1.0 to 1.2 mg F/L)

appeareé to reduce the incidence of hypoplastic spots on the teeth.
b. Bone

Jowsev .et al. (1972) described the effects in 11 patients with
progressive osteoporosis who were administered 30, 45, 6C or 90 mg of NaF
daily. The patients, ten of whom were female, ranged from 54 to 72 years of
age. All subiects received vitamin D twice weekly and a daily supplement of-
calciuz. Treatment was continued for 12 to 17 months. The results indicated

that administratior of less than 45 mg of NaF daily did not consistently
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increase bone formation, but that 60 mg or more resulted in the production of
abnormal bone. Side effects were evident in at least one patient receiving 30
mg NaF. Mild arthralgia and stiffness of the joints were reported by four
patients and occasional epigastric dyspepsia was experienced by six patients.
Daily addition of vitamin D and more than 600 mg Ca appeared to prevent
increased bone resorption and even to decrease resorption. The authors
concluded that doses of 50 mg of NaF daily. supplemented with 600 mg or more
of calcium daily and 50,000 units of vitamin D twice weekly should increase
skeletal mass wichout undesirable skeletal effects. Also, further vertebral

fractures should cease after several years of treatment,.

Dambacher et al. (1978) treated 33 post-menopausal women with 100 mg NaF
daily for two years and another 23 similar patients with 50 mg NaFf daily for
two years. A decrease of cortical bone was evident at both dose levels.
However, cancellous bone was Increased to some extent in half of those
receiving the lower dose, and in over 70 percent of those receiving the higher
dose. The findings also suggested that two years of treatrent at the lcwer
dose or one year at the higher dose avoided new vertebral fractures.
Gastrointestinal discomfort sometimes combined with nausea was encountered
chiefly at the higher dose, but was of minor clinical impertance.
Osteoarticular pain was the major side effect of fluoride therapv and was seen
in about 60 percent of the patients at both dose levels. The maximum effect
was seen after 6 to 12 months of treatment and ther giadually disappeared. 1In

18 percent of the patients treatment had to be discontinued.
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Ripee et a). (1982) studied five groups of women, totaling 165 patients,

during the period from 1968 to 1980. Fluoride was giver (1) with calcium with

or without vitamin D and (2). with calcium and estrogen with or without vitamin
D. Derses were 40 to 60 mg NaF daily with a total of 6] patients (of 165
total) receiving fluoride. Of these, 23 (38 percent) developed adverse
reactions which caused five of them to withdraw from the studv. These effects
were not seen in the control patients or in the other experimental groups

(those treated with calcium alone or with vitamin D, or with calcium plus

estrogen with or without vitamin D).

Among the patients treated with NaF, 60 percent showed radiographically
demonstrable increases in vertebral bone mass: Patients with these changes
showed about one-seventh the fracture rate of the other patients. The
incidence of fractures per 1000 patient-years for patients treated with
fluoride, calcium and estrogen (with or without vitamin D) was significantly
less than in controls (P<Il x 10-6) and also was sigﬁificantly less than in
those treated with fluoride and calcium (with or without vitamin D) (P<0.001).
The authors believe vitamin D should not be included because of the increased

incidence of hypercalcemia or hypercalciuria ot both.

Berstein et al. (1966) compared the incidence of osteoporosis, reduced
bore density and collapsed vertebrae in two populations using water supplies
with different concentrations of fluoride. 1In this study, a roentgenogram of
the lateral lumbar area of the spine and answers to a questionnaire were

obtained for 166 males and for 134 females who were long-term residents of
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areas where the water supplies contained 4 to 5.8 mg F/L. Similar information
was ohtained for 312 male and. 403 female long-term users of water supplies
containing 0.15 to 0.3 mg F/L. More than 50 percent of the participants in
each area had never lived outside their respective areas. The subjects of
each sex in each population were grouped by age into those 45 to 54 years old,
55 to 64 years old and 65 years old and over. Evidence of osteoporosis,
reduced bone density and inéidence of collapsed vertebrae were higher in the
low fluoride area in both sexes. For women 55 to 64 years old and

65 years old and older the difference in prevzlence of reduced bone density
was significant at the P<0.0] level. 1In men the difference was significant
only for the 55~ to 64-year-old group (P<0.05). More subjects in the high
fluoride area had ncrmal or increased bone density. There was no significant
difference in the incidence of collapsed vertebrae among male residents of the
two areas. For women, the greater incidence of collapsed vertebrae in the low
fluoride area was significaht at the P<0.05 and P<0.0l levels for the 55- to
64-year-old and the 65-year—01é and over gfoups, respectively. The authors
concluded that 4 to 5.8 mg F/L in drinking water "materially and
significantly"” reduced the prevalence of osteoporosis a;d collapsea vertebrae,

and that thé effects were more pronounced in women than in men.
c. Cardiovascular
In the study by Bernstein et al. (1966) the incidence of aortic

calcification (as seen in the X-ray films) was less in residents of the high

fluoride area than in those ysing low fluoride water. The difference was
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approximatelyv 40 percent and war statistically signif!rhnt for men in all age
groups. Women in the 55- to 64-year-old group also showed a statistically
significant difference in the incidence of aortic calcification. A similar

trend, although not statistically significant, was observed in females 65

vears of age and older.

d. Hearing

Shambaugh and Causse (197¢) treated more than 4,000 patients with active
otospongiosic of the cochlear capsule with sodium fluoride fo; 1 to 8 years,
using doses of 40 to 60 mg daily with calcium and vitamin D supplements. The
fluoride was administered in enteric coated tablets. In about 80 percenf of
the treated patients there was a stabilization of the sensorineural component
of hearing loss, with recalcification and inactivation of the actively
expanding demineralized focus of otosponglosis. In a few cases hearing was
improved, while in others the hearing loss continued to worsen. In a number
of instances, cessation of therapy after stabilization of hearing and
recalcification had been achieved was followed (two to seven years later) by
reappearance of a demineralized focus and an increase in the sensorineural
loss. Shambaugh and Causse (1974) recommended a maintenance dose of 20 mg

daily of sodium fluoride after stabilization has been achieved.
Causse et al. (1980) gathered more evidence for the beneficial effect of

fluoride therapy on otospongiotic foci through polytowographic studies,

statistical analysis of 10,441 cases (with a follow-up of three months to ten
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years) and by comparing trypsin concentration in the perilymph before and

after NaF therapy. Trypsin, which 1s toxic tc hair cells and destrovs collagen
fibrils in the bony otic capsule, wvas significantl)y (no P value given) reduced
in 667 of cases at moderate NaF - (45 mg/day) doses. Fluoride therapy causes
expulsion of cytotoxic enzymes into latyrinthine fluids and retardation of
sensorineural deterioration. The long-term effect of therapy is the reduction
of the bone remodelling activity of the otospongiotic focus. NaF therapy (in
patients with cochlear deterioration and progressive cochlear component) can
improve hearing in children but can only arrest deterioration in older patients.
NaF may retard, but cannot release, stapedial fixation. Fluoride action
reduces vertigo 3s an effect on vestibular funct%oh. Dosages used by the
authors range from 3 to 60 mg/day depending on the nature of the otospongiotic
impairment (ir children only 1.5 to 10 mg/day are prescribed tc avoid stunting

growth). The authors observed nc fluorosis in more than 10,000 cases.
3. Interactions

Aluminum salts inhibit the absorption of fluoride, as has been shown by
Hobbs et al. (1954). 1lncorporation of aluminum sulfate into the ration of
livestock resulted in an increase of fecal excretion cf fluoride, a decrease
in urinary excreticr, decreased skeletal storage and lessened mottling of

incisor teeth.
4, Relative Source Contribution

Approximately one miilion persons in the U.S. use water supplies which

contain more than twice the local optimal concentration for prevention of
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dental carfes. These people live in about 1,200 comrunities, mostly in the
southwest (Small 1983). Water supplies ured by some of these communities may
contain more than 4 mg F/L. In general, waterborne fluoride concentrations
~are higher west of the Mississippi River than they are in the eastern part of
the continental U.S. (Smith 1983a). Further, the highest concentrations in
water supplies are observed in areas where the soil is rich in apatite or
other fluoride minerals and the water is obtained from wells (NAS 1971).
Frequently these higher fluoride areas are in regions where the annual mean
temperatures are somewhat elevated. As a result, water consumption may be

higher and the fluoride intake by the population increased.

According to the National Institute for Occupatiomal Safety and Health
(NIOSH £975. 1976) there were approximately 22,000 workers exposed to hydrogen
fluoride %n 57 different occupations and 350,000 workers exposed to inorganic
fluorides in 92 occupations (1976 and 1975 estimates, respec*ively). These
workers are exposed to airborume flqorides during their workirg hours, but the
concentrations are limited by Occupational Safety and Health Adeministration
standards intended to prevent the development of skeletal fluorosis. There is
no evidence tha: .-'- ‘duals occupationally exposed to fluorides and using
fluoridated wat developed radiographically demonstrable skeletal

fluorosis.

F. . Summary

While tnere is considerable variation in the numerous epidemiological

studies .performed, it is believed that the incidence of objectionable
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(moderate and severe) dental fluorosis begins to impact a marked segment of

the population when the drinking water concentration approaches 2.0 mg F/L.

The available human data indicate that the no-effect-level for the
initial symptoms of skeletal. fluorosis (increased bone density) 1is between 3.0
to 8.0 mg F/L. The NOAEL for crippling skeletal fluorosis in the U.S. is
believed to be at drinking water concentrations at or above 10.0 mg F/L.

Thus, a drinking water concentration of 4.0 mg F/L is considered to provide

adequate protection for crippling skeletal fluorosis with a margin of safety.
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