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ABSTRACT

Energy dispersive x-ray fluorescence (EDXRF) has been
employed to measure Ca, Zn, and Sr in enamel of human
teeth. The calibration of the EDXRF system was performed
by comparing Sr/Ca ratios with values obtained by atomic
absorption analysis of acid etched biopsies of the enamel
surface. Two calibration lines were obtained, one line for
untreated teeth and the second line for teeth immersed
(treated) in solutions containing Sr. A simple analytical
model demonstrated that the two calibration lines were Lhe
result of the difference in the depth of the enamel sampled
by EDXRF and by the acid-etched biopsy. The multi-elemen-
tal, non-destructive and quantitative aspects of EDXRF per-
mit the sequential monitoring of the effects of Sr and Zn
ions on the mineralization and demineralization processes
in human enamel. The portability of the system and adapt-
ability to non-invasive measurements makes it suitable for
field studies.

INTRODUCTION

In recent years, the discovery of the influence of
certain trace elements, particularly fluorine, on dental
caries has' prompted studies to identify other elements that
may either promote or inhibit dental decay. Trace elements
that have been associated with reduced levels of tooth de-
cay have included Mo (1), V (2) and Li (3). Conversely,
elements associated with increased tooth decay include Cd
and Pb (4). Although F has been clearly demonstrated to
reduce tooth decay, epidemiologic studies have shown tht
differences in the prevalence of caries between similar
communities cannot always be ascribed to F alone (5).
Since the original observation by Ladrop suggesting that Sr
may be related to low caries prevalence (6), there have
been a number of other corroborating reports (7-9) con-
cerning Sr and human dental caries. studies on caries-
resistant recruits in the U.S. Navy identified a dispro-
portionate number of these men originating from rural areas
of northwestern Ohio, which is situated on a geologic
stratus of strontianite and celestite (SrC03, SrSO4). Sub-
sequent studies showed significantly lower prevalence of
caries associated with a high concentration of the trace
element Sr (10-13) .

If Sr is a factor in the inhibition of dental caries,
it becomes important to understand the mechanism of this
action. It has been shown that the addition of Sr to syn-
thetic apatite enlarges apatite crystallites (14) and also
retards their acid dissolution rate (15). Metal ions such
as Ca, Zn, and Sr can be carried rapidly through the enamel
organic matrix as complexes (16). Once in the enamel, the
metal ions can be exchanged into Ca deficient areas of the



enamel apatite. Synthetic carbonated apatites made in the
presence of strontium and fluoride, or zinc and fluoride,
or their combinations had structural characteristics super-
ior to control carbonated apatites, and demonstrated lower
reactivity to acid dissolution (17). Experiments, both _i_n_
vitro and in vivo, showed (16) that solutions containing
calcium, phosphate, strontium, zinc, fluoride, and tartrate
are effective in partially remineralizing artificial
carious lesions by repeated immersions, and that these
lesions are then resistant to subsequent acid attack.

The basic premise is that enamel is a porous material
consisting of carbonated-apatite crystals in a water/
protein/lipid diffusion matrix. The important diffusion
processes during de- or remineralization of enamel must
take place through this matrix and will obviously be influ-
enced by its chemical, physical and electrical properties.
Although this water/organic phase of enamel is only 4-5% by
weight this translates to 10-15% by volume. The organic
fraction consists of approximately equal amounts of protein
and lipid (18), and comprises approximately 1% by weight,
which means 2-3% by volume. The role of protein and lipid
in diffusion processes in enamel and carious enamel has
been neglected but these components may play a significant
part in determination of diffusion rates (16,19). Enamel
(and carious enamel) behaves as a molecular sieve by virtue
of its chemical and physical composition. Therefore, the
transport of ions, molecules and complexes through the
enamel is not a simple diffusion process and must be a
complex sum of several, sometimes opposing, mechanisms.

To assess the effectiveness of the metal ions in pre-
venting tooth decay, and possibly reversing the initial
lesion formation in tooth enamel, it is desirable to
measure these elements simultaneously. Currently sequen-
tial measurements at the same site cannot be made because
of the destructive effect of the acid etch technique for
enamel biopsy, whereby areas of enamel are etched off for
atomic absorption measurements. The acid etch biopsy tech-
nique, while giving accurate results on trace element con-
centrations in surface enamel (2-10vim), destroys the very
surface that is of interest. There is a need for an ana-
lytical technique, such as EDXRF, that measures trace ele-
ments in the surface enamel before or during the applica-
tion of anti-caries trace element agents, both for ij\ vitro
and jjn vivo experiments.



METHOD

Measurement of Ca,Zn, and Sr in human enamel was made
by RDXRF. The sample (tooth) is exposed to external radia-
tion Ag x-rays em' ted by a l°9Cd source to induce charac-
teristic x-ray a elements present. The characteristic
radiation is moiu:ored by a Si(Li) detector. Signals from
the detector are processed by standard electronics, and
displayed in a spectral form in a multichannel analy2er. In
the configuration used, the incident (source-sample) radia-
tion makes a 90° angle with the outgoing (sample-detector)
radiation. In this geometric configuration the Compton
scattering from the sample is minimized.

One must take precaution during the calibration proce-
dure of EDXRF, because the characteristic K lines from Ca,
Zn, and Sr with energies of 3.69, 8.69, and 14.16 keV, re-
spectively, are strongly attenuated in the enamel (density
2.8 g/cm^). The three mean free path thickness, from which
95% of the x-ray signal is generated, for Ca, Zn, and Sr
x-rays correspond to 24,300, and 1440 ^m, respectively.

The samples consisted of human permanent molars,
brushed with detergent, and rinsed and coated with acid re-
sistant varnish except for a 5x5 mm window on each. The
teeth were drawn from adult subjects living in the Roches-
tor area (which has low Sr in the water supply) and from
areas in Ohio (with high Sr, 5-15 ppm) in the water sup-
ply. In both areas the F content in water is about 1 ppm.
In these teeth, Sr has been reported as fairly uniformly
distributed in the enamel (20). The teeth were analyzed by
EDXRF and then immersed for three periods of four hours in
one of several test solutions containing different Sr con-
centrations, ranging from 40 to 2000 ppm Sr. EDXRF was
repeated on the same areas of the specimens. It should be
noted that following the submersion of teeth in Sr
containing solution, the Sr distribution in the enamel is
perturbed and is no longer uniform.

Acid etch biopsies were then made and analyzed by
atomic absorption for Sr and Ca. Etches were performed in
the center of the window area which had been previously an-
alyzed by EDXRF. Etches were also performed on an adjacent
area where the varnish was removed and the unexposed enamel
underneath was analyzed in a similar fashion. The depth of
the etch was about 10 urn.

THEORY

Since the depth of the enamel sampled by EDXRF differs
from that sampled by the atomic absorption, the direct
simple calibration of one technique against the other
requires that the Sr distribution in the enamel remain
unchanged. However, if changes in the Sr distribution in



the enamel do occur, a new calibration line v/ill result.
This is demonstrated by a simple model which, nevertheless,
is a reasonable approximation of the real situation.

A specimen in which Sr is uniformly distributed with
concentration w and a thin layer at the top of thickness d
with a concentration kw, is sampled by EDXRF from a depth
D. The incoming radiation hits the sample normal to the
surface and the Sr x-ray signal emerges also normal to the
surface on the same side of the incoming radiation, see
Fig. 1. Assuming mass attenuation coefficients at 20.0 keV
and 14 keV to be 2.75 cm2/g, and 7.9 cm2/g, respectively
and en enamel density of 2.8g/cm^ one can obtain the
relative yield (Yr) as follows:

Yr = k[l-exp(-30d)] + exp(-30d) - exp(-30D) (1)

The relative yield is plotted as function of d with k
as a parameter in Fig. 1. The effect of the layer d on the
signal intensity is apparent. For k < 1 there is a de-
crease in the signal intensity from self attenuation. For
k = 1 the yield is independent of d, and for k > 1 the
signal increases, although not by the same factor k. When
d = D the increase in yield is identical to ko D was
selected to be 0.1 cm, which is about three mean free path
length for the combined attenuation of the incoming and
outgoing beam. The relative yield as a function of k, for
a fixed depth d, is sh-;wn in Fig. 2. The relative yield is
proportional to the increase in the concentration k.

RESULTS

A typical spectrum obtained from one of the teeth
before immersion in a Sr solution is shown in Fig. 3. The
Ca peak has about 40,000 net number of counts, with a
relative error of approximately 0.5%. Typical values for
Zn are abou: 3,000 net counts with a relative error of 3%.
Sr in the low concentration range has about 2,000 net
counts and relative error of 4%.

The calibration lines of the Sr/Ca ratio in these
teeth (which is directly proportional to Sr per gram of
enamel) measured by the EDXRF, versus Vg Sr per gram enamel
measured by the atomic absorption are shown in Fig. 4. The
least squares line drawn through the solid dots is the
calibration line for the untreated teeth. The solid tri-
angles represent measurements of teeth covered with a Cd
mask with a 5 x 5 mm opening, The solid circles represent
measurements where the Cd mask was replaced by a collimated
beam with a 5 x 5 mm cross-sectional area. The least-
square line through the open dots represents, the calibra-
tion for teeth immersê ,,. (treated) in Sr solution. The open
triangles and circles have the same meaning as mentioned
above. Two treated teeth which did not conform to the
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calibration line had higher initial Sr concentrations in
the enamel. The initial and the final measurements of
these two teeth are connected with a dashed line in
Fig. 4. The slopes of the dashed lines are similar to that
of the calibration line for treated teeth.

Minimum detection limit (MDL) for Sr for EDXRF (defin-
ed as three times square-root of the background) improved
by factor of 2 when measureinr nts with Cd mask were replaced
by a collimated beam. The MDL for EDXRF for Sr at present
is about 6.6 Vg Sr/g enamel.

DISCUSSION

The simple theoretical model offers a consistent ex-
planation for the two experimentally determined calibration
lines. The assumptions used in the model, namely that Sr
has initially uniform distribution and that after immer-
sion, the Sr concentration is represented by a step func-
tion, approximate rather closely the real situation.
Although not much information on the distribution of Sr
after immersion in a Sr containing solution is available,
it is suspected that the diffusion coefficient of Sr is low
and similar to that of ionic Ca, D = lO"*2 cm^/sec (21).
At such low diffusion rates Sr diffusion is limited
effectively only to the regions close to the surface.

Sensitivity of the EDXRF system to changes in the
region close to the surface can be increased by tilting the
incident beam away from the normal to the tooth surface.

The concentrations of Zn are about 2,000 yg/g enamel
and most of it concentrates in a region close to the
surface. It has been shown that Zn can be measured, but
further work is required in order to establish a valid
calibration line. The Ca measurement is used for
normalization purposes.

The EDXRF system used for the present measurements was
developed originally to measure Pb and Sr in human tibia in
vivo (22-24). In the past, a system similar to the present
one was used to measure Pb in children's teeth _ir» vivo
(25,26). The present results demonstrate that the system
is capable of simultaneously measuring Ca, Zn, and Sr in
enamel of human teeth. The EDXRF technique was validated
by comparison with atomic absorption. With some
modifications and proper shielding the system can be
adopted to measure teeth jji vivo, before, during, and after
topical caries preventive treatments.
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