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Lead accumulation in teeth as a function of age with
different exposures
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ABSTRACT The level of lead exposure in industrial, urban, and rural populations has been evaluated
by sampling permanent teeth gathered from three regions of Belgium. When tooth lead concentra-
tions are plotted against tooth age, a linear function appears to fit the empirical results satisfactorily.
On the contrary, comparing only the arithmetical means of the three samples would bring a possible
bias of the results because their mean ages are different. The slope of the three best regression lines
obtained respectively with data from the three regions increases significantly in the sequence
rural < urban < industrial. A simplified mathematical model shows that this slope is directly
related to the mean intake of lead under uniform exposure. It is suggested that this slope could be
used as an index of the population's exposure to lead.

The blood lead (Pb-B) or the free erythrocyte
protoporphyrin (FEP) concentrations, or both,
are the most commonly used indicators of lead
exposure in population surveys. They have both
been used to define a "no-effect" lead concentration
for children's exposure or a threshold for undue lead
absorption. This threshold value has been repeatedly
adjusted downwards during the past 20 years as
new data have become available on the epidemiology
of subclinical effects of low chronic lead exposure.
The blood lead concentration is an "instantaneous"

indicator that reflects immediate exposure by giving
a static picture of a dynamic process that includes
intake, excretion, and tissue storage. Changing
the conditions of exposure (or intake) leads to a
Pb-B variation within about 28 days,' and it is not,
therefore, a reliable index of long-term exposure.2 3
The rate at which the free erythrocyte protopor-
phyrin concentration in blood changes after cessa-
tion of exposure is not known.
The concentration of lead in teeth, on the

contrary, is a cumulative function of earlier exposure.
This retrospective look allows the identification of
undetected cases of undue lead absorption whenever
other indices have returned to normal. In addition,
the storage of lead in the teeth of primates has been
shown to be dose-dependent.4 Low but continuous
lead exposure will thus be shown by the tooth lead
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concentration. The relationship between duration of
exposure and lead accumulation in teeth offers a
possible way of discriminating between populations
with different lead exposures.

Material and methods

SAMPLING
Since May 1978 131 permanent teeth, decayed and
non-decayed, have been sampled at random from
children and adults of both sexes undergoing
treatment in private practices or dental schools
in Brussels, Hoboken, and Arlon. Clinical data
and inquiry cards indicated possible treatments
undergone before extraction. Teeth filled with
materials suspected to contain lead were discarded.
Other information (age, sex, job, home, working
or school address, time spent in each place) was
noted in order to assess so far as possible sources
of lead exposure and their respective contribution
to the total exposure of each subject.

ANALYSIS
The teeth were ashed for 12 hours at 450°C, then
crushed. The powders were ashed for a further four
hours at the same temperature, then moistened
for one hour. Finally, after drying at 105°C for one
hour, the powders were weighed and dissolved in
3 ml concentrated nitric acid. Filtered solutions
were analysed for lead at 217 nm by atomic absorp-
tion spectrophotometry (on an IL apparatus) with
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an air-acetylene flame and deuterium lamp correc-
tion. Blank and standard solutions were treated in
the same way. The results of the analyses are
expressed in ppm ash weight of the whole tooth.
To evaluate the accuracy of the method five

teeth were crushed together. The powder was
divided into four different parts. Two were analysed
with the method described above and two after
digestion by a mixture of concentrated hydrochloric
and nitric acids and hydrogen peroxide in the ratio
3:1:3. The results were found to be satisfactorily
concordant (less than 10% discrepancy), showing
that the treatment at 450°C did not entail any loss
of lead.
Some symmetrical teeth from the same donors

were analysed. From 10 such pairs the average
variability (mean relative SD) has been estimated
to be 6-2%. This value includes both the repro-
ducibility of the method and the individual variation.

DETERMINATION OF TOOTH AGE

Tooth age is used here as the independent variable
instead of the age of the donor.
We assume that at the onset of calcification

lead that could be stored in the small tooth buds
will be in too small a volume to be compared
with the whole volume of the mature tooth. Thus
these earliest stages have been disregarded and
we have set a tooth age of zero at a point when
the tooth has achieved a sufficient enamel and
dentine volume. This theoretical point, which we
have called the "mid-growth stage," has been

Table I "Mid-gr-owth stage" determination for each
tooth type (calktulated from Watson and Lowrey5
and Graber6)

Tooth Age at onset Age at conple- Age at nid- Total duration
of calcifica- tion of root growth of groivth
tion growth stage
(yr) (yr) (yr) (yr)

[1 0 25 7 i 0-75 3-625 6-75 0-75
Si 0-25 1 1 0-75 5-625 10-75 0-75

If 0-58 8 0-75 4-29 7-42 ± 075
,21 0-92 1 1 0-75 5-96 10-08 0-75
FT 0-50 12 0-5 6-25 11-5 0-5
-3 0-33 15 0-5 7-67 14-67 0-5

KT 1-75 12 0-5 6-875 10-25 0-5
.4j 2-0 1 ± 0-5 8-5 13-0 0-5

13 2-25 12 0-5 7-125 9-75 0-5
Sj 2-25 15 0-5 8-625 12-75 0-5

i6 -0-08 8 0-75 3-96 8-08 0-75
,jJ -0-08 10 + 0-75 4-96 10-08 0-75
FT 3-0 15 0-5 9-0 12-0 0-5
.2] 2-5 15 0-5 8-75 12-5 0-5
T 9-0 0-75 21-0 15-0 12-0 0-75
stj 9-0 0-75 21-0 15-0 12-0 0-75

calculated for each type of tooth from the data given
by Watson and Lowrey5 or GraberS* (table 1).
The age at the mid-growth stage for each type of
tooth is obtained by considering the mid-mean
difference between the age of the completion of
root growth and the age at the onset of calcifi-
cation.
The age of each tooth is determined as the time

between its specific mid-growth stage and the
donor's age at the time of avulsion. It will represent
here the duration of significative tooth exposure,
the level of which is being regarded here as uniform.

Results

Teeth were collected from: (1) an industrial region
with lead pollution from a non-ferrous metal
smelter plant (Hoboken, Province of Antwerp);
(2) an urban region where lead exposure comes
mainly from traffic and from lead pipes used to
supply water (Brussels); and (3) a rural region
that is assumed to be less exposed to lead (Arlon,
south of the Province of Luxembourg).

TOOTH LEAD CONCENTRATION
For each region, the means and the 90% confidence
interval of the lead content of all the teeth analysed
are given in table 2. The lead content of the teeth
from Hoboken is significantly different from the
means in the other regions (at the 95% confidence
level). Mean lead concentrations in the teeth
from Brussels and Arlon do not differ significantly
from each other (at the 90% level of confidence).
This is probably due to the method of collection of
the samples, which happened to provide older teeth
from Arlon than from Brussels (table 2).

Table 2 Mean content of lead in permanent teeth from
male andfemale subjects (including children)

Region Mean lead con- Range Mean tooth age
centration (ppm (ppm) (yr)
± 90% confidence
interval)

Hoboken 35-35 ± 600 54-110 7 33 55
(n = 51)
Brussels 17 72 ± 416 2 3- 68 0 18 91
(n = 42)
Arlon 21 45 4-35 1 2- 69-3 35-91
(n = 38)

*Since submitting the manuscript we have seen the study
of HC Slavkin: Developmental craniofacial biology. Phila-
delphia: Lea and Febiger, 1979. His range of data appears
to be the same as in table 1.
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Lead accumulation in teeth as a function ofage with different exposures
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Fig I Lead content in permanent teeth as a function of tooth age
in the three regions studied: mean lead content for each age group is
given with its standard deviation (men and women together). (a)
Industrial region (Hoboken): n = 5I teeth within seven age groups;
(b) urban region (Brussels): n = 42 teeth within eight age groups; (c)
rural region (Province ofLuxembourg): n = 38 teeth within seven
age groups.

LEAD CONTENT IN TEETH AS A FUNCTION
OF AGE
Figure 1 (a, b, c) shows the mean lead content of
teeth (and the standard deviation) by age. The lead
concentration at presumed constant exposure-
that is, in teeth from the same geographic region-
increased regularly with age and a linear function
fits the observed increase satisfactorily.

Table 3 Lead exposure indices in three environments
for children and adults of both sexes

Region No of a = Slope 90% Con- b = y 90% Con-
samples of linear fidence Intercept fidence

regression limits limits

Rural
(r = 0 93) 38 0-45 ±0-17 6-61 ±6-86
Urban
(r = 0 96) 42 0-78 ±0-17 3 70 3-83
Industrial
(r = 0-99) 51 1-03 ±0-14 2-07 ±4 03

COMPARISON OF THE THREE LEVELS
OF EXPOSURE
The parameters of the regression lines in fig 1
are grouped in table 3. The 90% confidence limits
for (a) each slope and (b) each y intercept have been
estimated and the slopes of the regression lines
allow exposure in each region to be compared.
The slope for Brussels is significantly higher than

that for the rural zone and the slope for the industrial
region is significantly higher than that for the
rural zone; it is also significantly higher than that for
the urban. The three levels of exposure-industrial,
urban, and rural-therefore, significantly differ
from each other (at the 90% confidence level).
At this point of the study, as indicated by the

overlapping confidence intervals (table 3), we cannot
interpret the values calculated for (b) in the three
regions, which would represent the mean lead content
at the mid-growth stage for all types of tooth. It
is unlikely that it would be greatest in the rural
and least in the industrial area. The differences in
the composition in the different tooth types between
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Table 4 Lead exposure indices for men against women
in the industrial region

Sex No a = Slope 90% Coct- b = y 90% Con-
of linear fidence Intercept fidence
regression limits limits

Women
(r = 0 999) 17 0 65 +0 03 2-79 ±0-96
Men
(r = 0995) 34 1-01 ±0-14 5-61 ±4-72

the three samples could be partly reflected here. A
type-by-type study of lead content in teeth against
tooth age would probably remove this uncertainty,
but the number of teeth presently available is
insufficient to allow for such a detailed statistical
analysis.

DIFFERENCE IN EXPOSURE RELATED TO SEX
In the sample from Brussels and Arlon no significant
difference (at the 90% confidence level) was found
between the exposure of men and women as charac-
terised by the slope of the regression line of tooth
lead concentration against tooth age.

In Hoboken, however, the slope is significantly
greater for men than for women (table 4, fig 2 (a, b)).
This may result partly from occupational exposure
since, although no workers from the lead factory
itself were included in the study, about one-fifth
of the men were thought likely to be exposed to a
certain extent in the shipyard, and male subjects live
closer to the plant than women. More detailed
information about exposure to lead would probably
explain this observation.

X0
0-

Discussion

Lead content was measured in the permanent teeth
of three different populations of children and adults.
The mean value of the industrial sample is signifi-
cantly higher than those of the two other areas
(at the 95% confidence level), but mean values in
the urban and in the rural regions are not significantly
different (at the 90% confidence level). The sample
in the rural region, however, contained teeth from
older people than in Brussels (table 2) and this may
distort the results somewhat; indeed, comparing
the arithmetical means of the samples from dif-
ferent regions would be unsuitable.
Tooth age has been shown to be a useful concept

and is likely partly to explain the differences in
lead concentrations between the different tooth
types observed by other investigators. 7-11 Using this
independent variable, we can consider together all
the different tooth types sampled in each region
and plot the results against the time that has elapsed
since the mid-growth stage. Figure 1 (a, b, c) shows
that lead content in teeth, classified into age groups,
tends to increase linearly with age.
Ninety per cent of lead absorbed is stored in the

skeletal tissues, from which the turnover time is
about 78 years (Garrels12 from Rabinowitz').
From some studies of lead accumulation in bone
with age, it appears that the lead content may level
off at the age of 50.13 This observation is concordant
with a kinetic model in which lead accumulation
at constant exposure would be described as resulting
from a constant intake and a first-order elimination,
according to the equation:

10 20 30 40 50 60 10 20 30 40 50 60
Tooth age (yr )

Fig 2 Lead content in permanent teeth as a function of tooth age
and sex. Industrial region only. (a) Men: n = 34 teeth within five
age groups; (b) women: n = 17 teeth within five age groups.
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Lead accumulation in teeth as a function ofage with different exposures

dq3_
= klql - k3q3 (1)

where qi is the blood lead concentration and q3 the
lead concentration in the skeletal tissue compart-
ment. With the initial condition q3 = (q3)o, at time
zero, this solution of the equation (1) is

klq=2 -C -k,t
k3

where C = k - (q3)o.

Other authors14-'8 have used a linear function to
describe lead accumulation in bone with age.
Altshuller et al,7 working with deciduous teeth,
described a linear increase in the lead content with
age. These results, like ours, can be represented by a
model in which lead mobilisation from skeletal
tissues is neglected. In any case this assumption is
adequate for permanent teeth since, unlike bone,
dental tissue once fully formed does not undergo
a remodelling process.
The model then becomes:

dq3
-t
= klql (2)

With the same initial condition as above, the
solution is an equation of a linear function:

q3 = (klql)t + (q3)0
Some authors have plotted the logarithm of the

lead concentration in permanent19 or deciduous20
teeth against the age of the donor, assuming an
exponential relationship. This would imply an
exponential increasing intake, which seems difficult
to substantiate if the exposure is not varying. For
deciduous teeth, the problem is not yet solved, since
Proud9 and Habercam et al2l found no evident rela-
tionship between age and the lead content of the teeth,
whereas Mackie et al'0 did only for canines; Pinchin
et al"l found a significant negative regression of
lower deciduous molar mean lead content on age.
Holtzman,14 by contrast with what he found in bone,
did not see any increase in lead concentration of
teeth after the second decade. Owing to the small
number of his samples, however, this result might
not be significant.
According to the simplified model above (2),

the slope of lead accumulation in permanent teeth
represents the annual lead increase resulting from a
constant level of exposure. Thus the slopes of the
regression lines (fig 1 (a, b, c)) allow population
exposure in the three considered areas (table 3)
to be compared. We suggest that the angular
coefficient of the best regression lines is the best
index of population exposure to lead. This index
is highest in the industrial region. Environmental

studies (see Steenhout22 for extended bibliography)
have indicated that a non-ferrous metal smelter
(which lies in Hoboken, near Antwerp) is the
main source of lead pollution. The population
exposure in this area has been studied by blood
lead surveys in children,23 including very young
children,24 and by deciduous tooth lead concentra-
tions.22 Predominant south-west winds deposit
heavy metal particles (Pb, Cd ...) for distances up to
3-4 km in the inhabited area. From September to
December 1973 the daily average concentration
of total airborne lead 700 m from the plant was
5.4 ,gPb/m3. It was 2-6 /,gPb/m3 at a distance of 1-5
km for the same period.25 General sources of urban
lead pollution have also to be taken into account
in this region.

In the urban region there are two main sources
of lead exposure.

(1) Air lead concentrations which depend on
traffic density. In Brussels in 1976 the airborne
concentration was estimated at 0-74 pgPb/m3 in a
street with a low traffic density, but values of 2-5
/,gPb/m3 were found elsewhere in the same city in
1972-3 (monthly mean values for four-hour periods
of intensive traffic).26

(2) Drinking water-In old buildings water may
be contaminated due to leaching of lead from
supply pipes.
Lower exposures occur in the rural region,

although some sources are probably still present.
One of these might be lead-contaminated drinking
water. A few analyses of well water or house
domestic water in the Arlon district showed lead
concentrations sometimes twice as high as the
World Health Organisation norm value (50 ppb).
The three types of long-term exposure-industrial,

urban, and rural-thus differ from each other
(90% confidence level). This can also be inferred
for present exposure from a comparison of the
various blood lead surveys in Belgium: adult
Pb-B of people from urban regions (Brussels26
or Liege27) seems to be lower than those for adult
inhabitants of the industrial region (with no lead
workers28). Surveys of children show even more
important differences.23 28

Other authors have also studied lead concentration
in teeth and bone as a function of age but did not
give much information about the exposure of their
subjects. Table 5 shows the values of the slope of Pb
increase in permanent teeth and bones, calculated
from the data available in publications for different
regions. The range of exposure appears to be the
same as we found in Belgium (table 3).
One problem is to know what the background of

lead accumulation is in teeth-that is, the level of
accumulation in teeth with minimum exposure.
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Table 5 Linear accumulation of lead in bone or permanent teeth as related with age of donor (publications review)

Bio-indicator Geographic area Exposure Indices of exposure References
ofexposure

No of Slope of Confidence y Intercept Confidence
samples* regression limits limits

line
(Mg/g/year)

Rib (b) Paris area Unknown 154 0-87 - O(forced) - Jeanmaire et all7
Vertebrae (b) 124 1-03 - O(forced) -

Normal bone (b) Chicago/[llinois Urban, non-occu- 73 0 605 ±0-089 3-63 ±4-13 Holtzman et o1i4
pational exposure

Femur (a) Japan 0-37 Horiuchi et at29
(b) 0-61 -0 65 (calculated by

Holtzman)
Rib (b) USA cities Urban, non-occu- 62 1-03 ±0 10 O(forced) Schroeder et al"
in 0-49 pational exposure (calculated by
year group Holtzman)
Teeth Delaware Assumed urban 336 0 74 ±0 17(c) 3-53 ±7 70(c) Calculated from

and rural exposure Wilkinson et al30
Tibia (a) N-E of Urban, non-occu- 124 0-47 ±0 08(c) -2-89 ±4 65(c) Calculated from

(b) England pational exposure 0-67 Barry"
in a strongly in-
dustrial but non-
lead region

(a) = Wet weight basis.
(b) = Ash weight basis.
(c) = Confidence limits calculated at the 90% level.
* = Both sexes.

Some studies have reported very low values for
ancient preindustrial civilisations-0-9 ppm in both
secondary circumpulpal dentine and cortical bone
from Nubians who lived about 5000 years ago3'
and 0-1 to 0-23 ppm in tooth enamel of four ancient
Peruvian people buried 1600 years ago.32 Secondary
circumpulpal dentine of Lacandon Indians, a living
preindustrialised population, contains a mean value
of 4-3 ppm.33 The study of Wilkinson and Palmer30
which looked at the lead content in ancient whole
teeth (200 to 600 AD), did not display any relation-
ship between lead concentration and age, although
these authors did not rule out possible contamination
from soil water. Their results level up a value of
about 3-5 ppm (n = 26) taking all the age groups
together.

Steady impregnation of teeth at uniform exposure
raises the question: what is the nature of the binding
process of lead in both the mineral and organic
phases of enamel and dentine? It seems that the
gradual maturation of calcified tissues and the
relative reduction of the organic phase does not
impair their ability to store lead. It is therefore
likely that the mineral portion itself largely collects
lead. It has been established3435 that circumpulpal
dentine is the main site for lead deposition. Un-
interrupted incorporation of lead in adult teeth
also suggests that the highest values we found
are still below tooth storage capacity.

We are grateful to the dentists Mr Maex (Hoboken),
Mrs Georges and Mr Everling (region of Arlon),

and Miss Rerren (Brussels) for help in collecting
the teeth and information on the samples and the
donors.
We are indebted to Professor Dr R Wollast for

helpful discussion during the course of this work.
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