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THE CAUSE OF MOTTLED ENAMEL, A
DEFECT OF HUMAN TEETH
By
MARGARET CAMMACK SMITH and EDITH M. LANTZ,

Department of Nutrition
and H. V. SMITH, Department of Agricultural Chemistry.
FOREWORD
It is the purpose of this bulletin to present a preliminary report of the
experimental work done to discover the cause of mottled enamel, a defect
of human teeth. The investigation was begun under a Purnell project
which was approved in June, 1930. Production of mottled enamel on
the teeth of the experimental animals was accomplished in February,
1931. Preparation of this manuscript was begun at that time but realizing the usual delay of publication a note entitled "The Cause of Mottled
Enamel " was sent to Science, on April 27, 1931. The data upon which
both the note to Science and a paper read by request before the University
of Pittsburgh Section of Dental Research were based, are included in
this paper.
Since sending the paper to Science our attention has been called to an
item in the News Edition of April 10 of the Journal of Industrial and
Engineering Chemistry outlining a discussion following a paper presented by H. V. Churchill before the section of Water, Sewage, and
Sanitation Chemistry of the American Chemical Society at the Indianapolis meeting, March 30-April 3, 1931. The presence of flourine in
waters from localities affected with mottled enamel was reported.
INTRODUCTION
Mottled enamel, a tooth defect first reported in the United States by
Black and McKay (1) in 1916 is endemic in certain communities in Arizona as well as in sections of Colorado, Texas, Kansas, New Mexico, Virginia, Arkansas, Illinois, North and South Dakota, Holland, China, Spain,
South America, South Africa, and Bahama and Cape Verde Islands (2).
It is chiefly characterized by the presence of dull chalky white or paper
white patches distributed irregularly over the surface of the tooth. In
many cases the whole tooth surface presents this dead white unglazed
appearance. The teeth glare unnaturally when the mouth is open
because of the loss of their normal transluscency. Frequently the
enamel is badly pitted and corroded, and the teeth are structurally weak,
the enamel tending to chip off. Filling these teeth when decayed is
unsuccessful for they do not hold fillings well.
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Mottled teeth may or may not become stained later. The stain is frequently confused with the enamel defect itself, but it is a secondary
phenomenon. It shows considerable variation in coloration from dark
brown, almost black to yellow, and is usually not present on all of the
teeth but more pronounced on the upper central incisors. The general
tendency for the stain to follow the lip line suggests tihat exposure to air
and light may be a factor in its production.
Histological examination of mottled teeth by G. V. Black (1) and
others (3) shows that the inter-cementing material normally present between the enamel rods is lacking. In severe cases the enamel rods themselves are imperfectly calcified. The interference with the normal development of the enamel in all probability occurs during the period of its formation for the first tip of a tooth seen breaking through the gum presented the
typical white, unglazed appearance. Normally formed teeth have never
been known to become mottled later. Deciduous or baby teeth more
rarely show mottling, mottling being chiefly a defect of the permanent
teeth, although a few cases in the temporary molars among the Indian
children in Arizona have been observed. As the calcification of the
enamel of the deciduous teeth is in progress early in foetal life, it would
appear as though the causative factor or factors do not pass through
the placenta of the mother.
MOTTLED ENAMEL IN ST. DAVID, ARIZONA
Mottled enamel is endemic in St. David, Arizona, a community lying
in the San Pedro Valley, 63 miles southeast of Tucson. Plate 1 shows
typical cases of mottling of the teeth of St. David school children. The
writers have investigated the occurrence of mottled enamel in several
other Arizona settlements such as Sacaton, Pima, Thatcher, Florence,
and Willcox, but found that St. David offered greater opportunity for an
investigation of the probable etiological factors, and the following
report is concerned chiefly with a study of this community.
In order to establish the percentage incidence of this tooth defect, a
survey of existing conditions was made with the help of Dr. A. E. Bard,
D.D.S. Examination was made of the teeth of every boy and girl in
the elementary grades and high school and a record made for each individual on a tooth chart.
Subsequently nearly every home in St. David was visited and similar
information obtained for each member of the family. The findings for
39 representative families (250 inhabitants) are presented in Table I.
Families who have lived in St. David less than a year or whose records
were not clear due to frequent change of residence are not included.
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Inspection of the table will show that every person recorded who was
born and reared in the immediate vicinity of St. David, or who came
there in the early years of life with the exception of family No. 38 and
the mothers of families Nos. 24 and 28 who were sisters, showed mottling
of every permanent tooth in the mouth. On the other hand those who
were born elsewhere and began residence in the community only after all
the permanent teeth had erupted (see Table II for age of eruption of the
permanent teeth) were free from this characteristic enamel dystrophy.
Again, those who came to St. David for continued residence between the
TABLE II.—AGE OF ERUPTION OF PERMANENT TEETH.
Year

Tooth

6-7
7-8

1st molars
Incisors
Bicuspids
Cuspids
2nd molars
3rd molars

10-12
12-13
12-16
16-20

Information obtained from Fifth Edition Anatomy and Histology of the
Teeth — Broomell & Fischelis.

ages of 6 or 7 to 12 years showed the mottling varying from a slight to a
pronounced degree on the bicuspids, cuspids, and second molars (those
teeth which erupt during these years of life) while the first molars and
incisors were free from the disfiguring enamel abnormality. Families
7, 13,18, 37, 39, etc., are examples of this variation within a family. For
example in family No. 37, the parents came to St. David as adults bringing their family. Neither the mother's nor the father's teeth are mottled.
On the other hand the 16-year-old son coming into the community at 10
shows the defect only on the second molars and the 14-year-old boy entering at 8 years shows mottling only on the cuspids and the second molars.
The 6-year-old who was born in St. David has mottling on the first permanent molars and on the two upper incisors which are the only permanent teeth which have erupted. The other two children have even, deciduous teeth with no sign of mottling.
It would appear from the facts tabulated, that exposure of the child
to the environmental factors of St. David during the years of growth of
the enamel of the permanent teeth is certain to result in mottling. That
there is no hereditary tendency to the defect is obvious.
The theory of Carl Fossom (4) that common diseases of childhood,
occurring as the tooth is erupting, are the causative factors, appears to
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the authors entirely untenable. Records of the kind and age of occurrence of such childhood diseases as measles, chicken-pox, mumps, whooping cough, etc., show no significant difference between the members of the
family possessing mottled enamel and those who do not.
Although the work of Mellanby (5) has shown clearly that dental
defects are often caused by dietary deficiencies, it does not seem entirely
logical to believe that poor nutrition of the tooth is the sole cause of mottled enamel. It is inconceivable to believe that the family dietary habits
could change with change in residence so materially as to produce such a
gross defect as appears in certain members of a given family reared in St.
David and not in other members of the same family who came into the
community in their later years.
Very little of the food supply of St. David is raised locally, by far the
greater part being shipped in from other regions. The suggestion that
a soil deficiency or the presence of toxic factors in the soil being reflected
in the food supply of an affected community might be the cause of mottled
enamel is therefore ruled out in the case of St. David.
F. S. McKay (6, 7, 8, 9) has repeatedly presented circumstantial evidence pointing to the water supply as the causative factor of mottled
enamel. In view of all the compiled facts and attending circumstances,
it seems to the writers that the water supply of St. David is the most
logical place to look for the source of the trouble there. For the past
42 years, St. David has had artesian water. However, the water is not
to be suspected because it is artesian as once thought by McKay, for St.
David is the only endemic community in Arizona known to the writers
which possesses an artesian supply. With the aid of Dr. Fred Bass,
Indian Field Dentist, United States Department of the Interior, the
writers have obtained records which show a 100 percent incidence of
mottled enamel among the Pima Indians resident in and around Sacaton,
Arizona. A previous report of high endemicism in this region was
made by McKay. These Indians all have open, shallow wells from 30
to 40 feet deep, which tap the Gila River underflow. It is also significant in this connection that mottled enamel was prevalent in St. David
before artesian water was discovered. Family No. 25 has always pumped
its water from a shallow well and yet no member of this family is free
from the defect.
Water analysis of several of the artesian wells of St. David as well as
analyses of the shallow well in this community and water from other
endemic and non-enedemic areas appear in Table III.
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These analyses show that mottled enamel cannot necessarily be associated with so-called " highly mineralized waters " or " alkaline waters,"
as is sometimes believed. Many of the St. David waters tested contain
very little dissolved material, their total soluble salt content being in some
cases little more than half that of University of Arizona water which is
considered a pure water. Nor can the tooth defect be traced to any such
commonly occurring chemical compounds as the chlorides, carbonates,
bicarbonates, or sulfates of calcium, magnesium, and sodium. It will be
noted for example that waters low in calcium are not always associated
with mottled enamel. Again the concentration of sulfates in the water
is subject to considerable variation and a high sulfate content can not
be held responsible for mottled enamel as thought by some. Tihus it is
evident that more than the ordinary analysis of water is necessary to
reveal the cause of mottled enamel.
EXPERIMENTAL
In spite of the observed absence of mottling of the teeth of domesticated
animals in St. David and reports from other investigators that mottled
enamel had never been seen except in mouths of humans, experimental
production of mottled enamel in laboratory animals, rats, guinea pigs,
and dogs was attempted. In order to establish the part which nutrition
plays in the defective enamel formation, a group of experimental animals
taken at the time of weaning from the stock colony was placed upon
deficient diets of various types. Special interest was centered in the
planning of diets in which the tooth-forming elements, calcium and phosphorus, were present in too small absolute amounts or in disproportion
to each other and of diets which were lacking in the calcifying vitamin D,
the regulator of the metabolism of calcium and phosphorus.
Pronounced abnormalities of formation and calcification of the teeth
were obtained as evidenced by outward appearance and substantiated by
subsequent dhemical analyses which will be reported in detail later but
no defect entirely similar to the characteristic mottled enamel of human
teeth was obtained.
Investigation of the possible relation of poor nutrition of the tooth
due to faulty food selection in the cases of the children of St. David was
carried on at the same time by Miss Ruth Leverton, graduate student
assistant. She lived in the community for 3 weeks, from November 1
to 22, 1930, and obtained accurate composite samples of the week's
dietary of 19 St. David children ranging in ages from 3 to 15 years.
Subsequent laboratory analyses of these composites have been made and
will form the basis of another paper. Data at hand strongly indicate

THE CAUSE OF MOTTLED ENAMEL

269

that the dietaries are not sufficiently inadequate in either calcium or
phosphorus to be the sole cause of such serious interference with calcification of the teeth as occurs in cases of mottled enamel. As a test of the
possibility of preventing the mottling of the teeth of St. David children
by correction of possible dietary deficiencies, a supplemental feeding
experiment with 35 children has been carried on since October, 1930. It
is too early yet to expect results of this investigation.
Pierle (10) claims that it is possible to produce typical mottling of
rats' teeth simply " by lowering the calcium content below that needed
for the growing animal." In light of our experiments in which we have
investigated the effect of such deficient diets upon the teeth of our animals and also in view of our study of the adequacy of the dietaries of St.
David children, we cannot agree with Pierle that a dietary deficiency of
either calcium or phosphorus is the sole cause of mottled enamel.
Although abnormalities of the teeth were produced in our experimental
animals in this manner, the defect was not typical of the mottled enamel
of human teeth.
In order to substantiate the circumstantial evidence pointing to the
water supply as the causative factor of mottled enamel, another series of
experiments was planned in which water obtained from St. David was
used as drinking water for a large number of animals whose litter mates
received distilled water. The same types of normal and deficient diets
were used as in the previous experiment in which deficient diets were
tested. Both food and water were given ad libitum. Inspection of the
teeth with a hand lens was made every other day during experimental
periods of 3, 5, 7, 9, and 12 weeks. At the end of the period the animals
were killed and their incisors prepared for chemical analysis and histological sectioning. Tlhe animals were allowed to reproduce where possible, offspring being obtained only in those cases where the diet was not
so inadequate as to prevent reproduction and lactation. On some diets
four generations of rats have been obtained which had been reared on
St. David drinking water.
No destructive effect of the St. David water on the teeth of the rats
was noticed when the diet was adequate in all respects. However, without exception when the diet was sufficiently deficient in itself to produce
observable changes in the incisors, the animals receiving St. David drinking water gave evidence of this interference at an earlier age. The only
conclusion that could be drawn was that the evidence strongly favors
the idea that the water obtained from St. David contained something
whose destructive action was more pronounced when the tooth was
poorly nourished.
The results gave us more reason to believe that there was some toxic
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material in the water than that the water was lacking in some element
•necessary for the normal development of enamel as is iodine to the
thyroid gland. Because of the great difference in rapidity of growth of
rats' teeth as compared with permanent human teeth, it seemed probable
that the amount of toxic material consumed by the rats in their drinking
water over the short period of growth of their teeth might be too small
to produce mottled enamel. Accordingly the next step taken was the
concentration of the material supposedly present in St. David water.
Rats were next given St. David drinking water in which the dissolved
material had been concentrated by evaporation to one-tenth of the original volume. Litter mates were given the same basal diet but with distilled water for drinking purposes. In still other cases, the water residue
was incorporated directly in the ration of the experimental animals.
The results were strikingly gratifying for in this case, even though
the diet was entirely adequate for the normal development of the teeth
of rats (Sherman's diet B), in a week's time a difference was noticed in
the appearance of the teeth of the litter mates. The teeth of animals
receiving the residue from St. David water quickly lost their translucency
and normal yellow pigment, becoming whiter and more opaque in appearance. On the other hand the teeth of the litter mates on the same ration
but receiving only distilled water remained translucent and the teeth
became less white in appearance due to the deeping of the yellow color
of the pigment as is natural as the animal grows older. Normal teeth of
young rats are lighter in color than older animals on the same ration.
In a month's time, gross defects in the teeth of rats on St. David water
were observed, the enamel being strikingly dull, chalky white in appearance, and pitted. The enamel was so inferior in quality that it chipped
off in places. That the characteristics of the enamel dystrophy produced
are similar if not identical to the mottling seen in human teeth is evident
in plates II, III, and IV. Plate II shows the normal translucency and
yellowish tinge of the rats' incisors. On the other hand, Plate III shows
the chalky white, corroded enamel of the incisors of rats given an adequate ration (Sherman's diet B) in which the residue from St. David
water had been incorporated. The close resemblance of these rats' teeth
to the mottled human teeth shown in Plate IV is obvious. This great
similarity is proof in itself that the water supply of this community is the
prime etiological factor in the production of mottled enamel.
In progress at the same time was another series of experiments planned
to throw light on the problem from another angle. Chemical compounds
which were suspected of being capable of interfering with enamel calcification for one reason or another were added either to the drinking water
or the food supply of the experimental animals.
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Group separation of the metallic ions present in water from St. David
had shown the presence of small amounts of calcium, magnesium, sodium,
and potassium and traces of iron and aluminum, none of which has ever
been found to affect tooth development adversely. Manganese which has
been reported to be a constituent of the brown stain was not present in
any waters from St. David, nor did artificially added manganese produce any observable effect upon rats' teeth.
As a review of the literature had revealed a report in 1925 by McCollum (11) and his co-workers of a disturbance in the structure of the
teeth of rats, produced by amounts of flourine only slightly above that
occurring in natural foods, the effect of flourine upon the teeth of another
group of our experimental rats was next investigated. McCollum states
that the incisors of rats fed sodium flouride were abnormal in color, the
orange tint normally seen on their anterior surfaces being absent. The
teetih were also observed to grow into abnormal positions due to change
in structure and hardness.
In the same year (1925), Schulze and Lamb (12) published a brief
report of their results of feeding sodium flouride to rats, reporting an
abnormality of tooth development " chiefly characterized by overgrowth
of the incisors."
In 1929 Taylor (13) reports the feeding of calcium fluosilicate to dairy
cows as producing an effect upon the teeth, the " teeth being narrow and
the animal shear-mouthed." " The grinding surfaces of the molars of
these animals were eventually worn down and the nerves exposed."
More recently McClure and Mitchell (14) in connection with a study
of flourine upon the metabolism of calcium have briefly mentioned
" overgrowth of the upper incisors," " excessive wearing of the lower
incisors," and " the dull white,appearance of the teeth " of these animals.
However in no case was the observed defect connected with the mottled enamel of human teeth.
Results of feeding sodium flouride in this laboratory in amounts of
0.025, 0.5 and 0.1 percent of the ration have been enlightening. McCollum (11) reported results of feeding sodium flouride for periods of 77
to 443 days, but within a week's time the incisors of our animals began
to lose their luster, assuming the dull white, opaque appearance and in a
month, with the aid of a hand lens, a corroded, pitted condition of the
enamel could be observed and whole sections of the ename| were chipped
off. See plate V. All of the characteristics of the enamel defect were
so strikingly similar to those produced by the feeding of the residue from
St. David waiter (see Plate I I I ) that no one could fail to associate the
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Qualitative analysis of the water for flourine using the glass etching
with hydrofluoric acid test then followed and its presence detected in St.
David water but not in University tap water. Gautier (14) has extensively reported'the flourine content of waters of different types, showing
that most waters contain some flourine but that the flourine content of
waters is subject to wide variation, so-called mineral waters usually
containing abnormal amounts. As his method for the quantitative measurement of flourine in waters involved special apparatus and a long time
for operation, the quantitative method of Reynolds, Ross, and Jacobs
(15), developed for determining the percentage of flourine in rock
phosphates, was modified to suit our needs. The method consists briefly
of converting the flourine of the dry residue into silicon tetraflouride by
the additions of pure silica and 98-percent sulphuric acid, volatilizing by
heating to 300° C , collection in water and titrating the hydrofluosilicic
acid produced. Aparatus of the type appearing in Fig. 1 was employed,
silver sulf ate and chromic acid being used to remove chlorides and oxides
of sulfur and nitrogen respectively.
Quantitative analyses of certain Arizona waters from endemic and
non-endemic communities appear in Table IV. Waters Nos. 1 to 7
inclusive, came from different wells in St. David, all of them definitely
associated with mottled enamel in the families whose histories were
recorded in Table I and they contain from 3.8 to 7.2 mg. of flourine per
liter.
On the other hand, waters Nos. 15, 16, and 17 came from regions in
which mottled enamel is not endemic. These waters contain only small
amounts of flourine varying from no flourine in Tucson city water to
0.3 mg. per liter in water obtained from Covered Wells. '
One interesting case showing the relation of flourine content of water
to mottled enamel is illustrated by water No. 14 which came from the
artesian well of family No. 37 which lived 7 miles south of St. David
but is considered a member of the St. David community. It will be
noted in Table I that this is the only family in which all of the children
born and reared in St. David do not have mottled enamel. Plate VI
shows the absence of mottling in the teeth of the two sisters aged 15
and 12 years. The well water of this family contains but 0.72 mg. of
flourine per liter as compared with 3.8 to 7.2 mg. per liter in other St.
David waters tested. As their well is 775 feet deep, while the other
wells are approximately 350 feet deep, it would appear that they are
drawing water from a stratum below the source of contamination.
Analyses of waters from other regions in which mottled enamel is
endemic show also an abnormally high concentration of flourine as illustrated by waters Nos. 8-12. The incidence of mottled enamel among
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in a pronounced degree. On the other hand, the white children who drink
water from the Government deep well, the water containing only 0.5 mg.
of flourine, show none of the typical enamel imperfection.
Geologic relations to the water supply of different endemic regions
are being investigated. The finding of prehistoric animals of the
Cenozoic geologic era near St. David, (Mastodons, the bones and tusks
of which are known to be abnormally high in flourine) suggests one
possible source of contamination of the water supply of that region.
Analyses of many waters are under way and a study is being made of
the relation of severity of mottling to the concentration of flourine in
the water. Experiments now in progress suggest that certain types of
dietary inadequacies make the destructive action of flourine more pronounced. For example, animals placed on a ration low in calcium when
fed additional sodium flouride show abnormal formation of the enamel
of their incisors at an earlier age than do their litter mates whose rations
were amply fortified with calcium, phosphorus, and vitamin D.
Experiments of a similar type as those described for rats are in progress
with dogs as the laboratory animals. Dogs were selected because they
have both temporary and permanent teeth as do human beings. The
period of growth of their permanent teeth is from 4-6 months.
The mode of action of flourine, its effect upon the histological structure
and chemical composition of the tooth and its effect upon the metabolism
of calcium and phosphorus are being investigated.
SUMMARY AND CONCLUSIONS
Mottled enamel is endemic in St. David, Arizona. Every child exposed
to the environmental conditions of this community during the years of
growth of the enamel of the permanent teeth is certain to have mottled
enamel. In a search for the cause of mottled enamel several theories of
other workers have been tested and disproved. On the other hand the
belief that the water supply is the source of the trouble has been proved
by the production of a condition similar to, if not identical with, mottled
enamel in experimental animals given St. David water to drink or given
food in which the residue from St. David water had been incorporated.
The mottling of the enamel thus produced has been found to be identical
with that resulting from the inclusion of sodium flouride in the ration.
Quantitative analyses of the water of St. David and other Arizona
communities in which mottled enamel is prevalent has revealed the presence of flourine in abnormal amounts varying in St. David waters from
3.8 to 7.15 mg. per liter. On the other hand waters from non-endemic
communities contain only small amounts of flourine if any (0 to .3 mg. in
waters tested).
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Thus definite proof has been advanced to show that mottled enamel, a
defect of the enamel of human teeth, prevalent in many parts of the
world, is caused by the destructive action of flourine present in the water
supply of the afflicted communities.
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