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ABKI'RACT

A knowledge of the microdistribution of lead in bone is important in order to

understand the mechanisms for accumulation and release of lead. The availability of

the synchrotron x-ray microscope for sensitive measurements of bone content and

distribution of lead provides a valuable tool which, when combined with kinetic,

balance, and tissue measurements, can lead to better evaluation of lead toxicity. It

may also provide the basis for the development of a suitable model of how lead

behaves in the human body. An outline of an experimental protocol for exploitation

of the x-ray microscope is given, along with synchrotron x-ray microscope

measurements of the distribution of gallium in rat bone that demonstrate the feasibility

of the experimental approach.

Running Head: Novel approach to lead microdistribution in bone

Key Words: Synchrotron x-ray microscope; gallium; calcium in bone; models of acute

and chronic studies of lead uptake, distribution and bone content; rickets and

Vitamin D.
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INTRODUCHON

The studyofthemicrodistributionofleadinbonerequiresspatialresolutionof

theorderofmicrometersandawidedynamicrangetobeabletodetectconcentrationi

changesbeginningwithIppm (wetweight)up tovalues100and I000timeshigher.

Inaddition,itisdesirablesimultaneouslytoanalyzeforotherelementssoastobeable

toattributetoxicitytotheleadthathasaccumulatedinbone.

Earlymethodstomeasuremicrodistributionofleadinbone utilizedstaining

approaches(Aufderheide,1991).Theseyieldedvaluablequalitativeinsights,butdid

notprovidequantitativeinformation,nordidtheydetectotherelementalcomponents

of bone.

The use of radioactive tracers provides accurate data on localization, but

quantitation and detection of more than one element are also difficult with this

method.

The electron microprobe represents a major improvement. The instrument has

a spatial resolution of around 1/_m for moderately thick specimens and provides

multielemental detection capability when a Si(Li) x-ray detector is used. The detection

limits are, however, on the order of 100 ppm; the instrument therefore is not suitable

for measurements at low elemental concentrations.

The proton microprobe using proton-induced x-ray emission (PIXE) also has

resolutions of about! 1 /zm, but gives detection limits of the order of ppm.

Multielemental detection with similar detection limits is also possible because of the

use of Si(Li) detectors. The proton probe has been used by several groups (Lindh,

1978; Schidlovsky, 1990) to make measurements on lead on bone.

The synchrotron x-ray microscope (XRM) using synchrotron-radiation induced x-

ray emission (SRIXE) is comparable to the proton probe in performance. The spatial
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resolution is worse, but detection limits are superior. Experience at Brookhaven using ,,

'_'IXE and SRIXE indicates that fewer problems arise in terms of beam-induced

specimen damage with the SRIXE approach which is therefore preferred for the

localization of lead in bone. For a description of the synchrotron XRM operation at

Brookhaven, see Jones et aL (1990).

THE SYNCHROTRON X-RAY MICROSCOPE r _1'1_

The XRM uses the continuous energy spectrum from the National Synchrotron

Light Source as the source of exciting radiation. The beam area is defined by a '

mechanical collimator placed close to the specimen. The fluorescent x rays are

observed with a Si(Li) x-ray detector placed at an angle of 90*to the incident beam

so that incoherent scattering from the highly polarized synchrotron x-ray beam is

minimized. The sensitivity for XRM measurements found by use of standard reference

materials is shown in Figure 1 and the corresponding minimum detection limits

(MDLs) in Figure 2. The beam size in these measurements was 8 _m × 8/_m. The

MDL values are calculated on the basis of a 100-mA current in the NSLS storage ring.

Under normal operations stored currents range from about 100 mA to 250 mA, with

the MDLs 60% lower when the stored current is 250 mA, as compared to a current

of 100 mA. A typical SRIXE spectrum obtained from a thick specimen of human

bone is shown in Figure 3. The lead L-x rays are clearl_ ,_isible,as are many other

elements. Examples of use of the XRM to produce line scans or area maps that show

the distribution of the lead in bone are also given by Jones et aL (4990).

To demonstrate the ability of XRM to measure trace element distribution in-

- bone, we present a brief review of recent studies on the accumulation of gallium in

bone. lt seems reasonable to think that this same approach could be utilized to study

II I III I I I ...... '
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lead accumulation in bone. In what follows we present the protocol for the gallium

experiment and then consider how insights gained in that study apply to the study of

lead interaction with bone.

LOCALIZATION OF GALLIUM IN BONE USING SRIXE

Gallium, when administered to rats as the nitrate over a period of .'laysor "_,-eeks,

appears to follow the path of calcium entry into bone, preferentially accumulating

within the metaphyses and at the periosteal and endosteal surfaces (Bockman et al.,

1990). Measurements of gallium and calcium distribution by SRIXE showed parallel

distribution. Moreover, by measuring a given trace element by this procedure, and

then calculating the trace element/calcium ratio at that poin4 itwas possible to

compare the relative distribution of iron, copper, zinc, and strontium, on the one hand,

with that of gallium, the element under investigation, on the other (Bockman et al.,

• 1990). More recently the procedure has been applied to the study of gallium

distribution in the bones of rachitic rats in an attempt to determine whether the

method provides reliable data on gallium accumulation even when the bone was

undergoing rapid dynamic changes. To accomplish this, gallium bone content was

determined before and during the phase of rapid mineralization, i.e., when rachitic

lesions were healing.

Male weanling rats, of the Sprague-Dawley strain, were maintained on a Vitamin

D- and phosphate-deficient diet for 21 days. The growth plates, as well as the

endosteal and periosteal bone-forming surfaces, displayed unmineralized osteoid
z

(organic matrix), characteristic of the rachitic condition. After 21 days, rats were given

. Vitamin D and a normal diet. Early biochemical repair begins at around 18 h after

repletion, whereas more complete biochemical and histological repair becomes evident
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after 72 h. Groups of animals received gallium nitrate by subcutaneous injection either

during the 21 days on the rachitogenic diet and/or during the healing phase, i.e., when

the rats were given a diet replete for Vitamin D and phosphate. Groups of animals

were sacrificed at 21 days, 21 days and 18 h, or after 24 days (i.e., 0, 18 and 72 h after

repletion).

As may be seen in Figure 4a, there was no separation, in terms of calcium

accumulation, between periosteal and endosteal surfaces. This can be attributed to the

diffuse mineralization that occurs in rachitic animals and was not yet overcome 18 h

after treatment had been started. Gallium, on the other had, even at that early time

point, appears to accumulate preferentially at the endosteal surface (Figure 4a). By

72 h, when healing of the rachitic lesions was well under way, calcium had begun to

accumulate in a non-diffuse manner (Figure 4b), a,ld gallium was taken up by both the

periosteal and endosteal surfaces (Figure 4b). The sharper calcium boundaries at 72

h, especially at the periosteal surface, reflect mineralization that has taken place in the

previously unmineralized osteoid. The study thus demonstrates the ability of XRM to

provide information on the kinetics of the accumulation by bone of trace elements.

LOCALIZATION OF LEAD IN BONE [ISING SRIXE

To analyze human bone samples for Pb content '_;oas to be able to relate that

information to probable exposure and to evaluate a possible health risk, it is necessary

to know how Pb is deposited in bone initially and how it is redistributed. This

information can be obtained by injecting Pb into experimental animals and sampling

blood and representative bones at varying periods after exposure. Complementary

information can be obtained by exposing similar animals to a constant load for a

certain period of time (e.g. 2-4 weeks), measuring blood Pb levels during the exposure
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period and then sacrificing the animals and anal_ng their blood and bones by the

same schedule and scheme applied to animals given a single exposure.

A pertinent model of how the body handles Pb is that of Christoffersson et al.

(1987) as follows:

80% 20% of bone Ca
0.11 2.5

bone fluids "- 0.39 " '1.5

3.3 1
urinary output

The rate constants are given in units of y-l, but it is their relative values that are

of significance.

According to the above data, derived from chronically exposed Pb workers, an

atom of Pb in the blood has a chance of 3.3/(1.5 + 2.5 + 3.3) or 45% to be excreted

in the urine, a chance of 2.5/7.3 or 34% to be deposited in trabecular bone and a

chance of 21% to be deposited in cortical bone. The authors assign no values to the

masses of the compa_ments, but if we take, on the basis of Jee's data (Jee, 1990), that

cortical bone accounts for about 80% of total body Ca, trabecular bone for about 20%,

and since the return of Pb from cortical bone is only about 1/14 (0.11/1.5) of its uptake

rate, it is evident that once in cortical bone, Pb has a very low chance indeed of

coming out. Ultimately, therefore, nearly ali Pb resulting from a single exposure will

be found in cortical bone.

It is Pb that is released into the circulation and enters soft tissues that constitutes

the major health hazard,. Thus bone Pb content is only an indirect index of prior blood



4

Jones et al. - 8

and soft tissue exposure levels. Bone indeed acts to c!_ar the circulation of lead, as

does the kidney. But whereas Pb that is cleared by the kidney is lost to the body, Pb

cleared by bone will ultimately return to the circulation. Careful measurements of Pb

in blood, bone, and excreta will therefore provide data on clearance rates and probable

soft tissue levels. This information in turn can be used to estimate probable toxicity.

Studies with Ca (Bronner et al., 1989) have shown that an intravenous load of Ca

is virtually instantly distributed into the extracellular body water. Thereafter the

plasma Ca concentration falls monoexponentially, with a half-time of 15-25 minutes

(regardless of load or species), to reach the preinjection plasma Ca levels (Stein and

Bronner, 1991). This half-time depends on endocrine status and is the resultant of

osteoblast/osteoclast interaction and of the amount and nature of bone that hag been

laid down prior to the time the load was administered. No comparable information

is available for Pb. If available it would provide important information on whether Pb

competes directly with Ca for deposition in bone and whether ali or only part of Pb

that enters the skeleton with the circulation is cleared.

Two types of experimental studies can be proposed:

Acute studies in which the blood concentration of Pb is evaluated at very short

intervals following an intravenous load, with bones removed and analyzed for Pb

content and distribution at the time periods corresponding to the blood measurements.

These experiments can readily be extended for several days to determine the

redistribution of Pb from its initial sites of distribution, lt would be desirable to carry

out such studies with animals of different ages and various nutritional and endocrine

status.

Chronic studies will investigate the deposition and distribution of lead fed to

growing and adult animals on an adequate Ca and P intake (e.g., 0.6% Ca, 0.5% P)
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for a period of two weeks. At that point one could switch diets, control animals being

placed on the Pb-containing diet, whereas the animals that had been fed Pb are now

fed a control diet. In such a study, it is poss_le to compare Pb bone uptake and

release under conditions that simulate the effect of limited periods of Pb exposure in

the human population.

lt may be useful to enumerate questions the above experiments can answer:

1) After a single load, will Pb blood levels reach some equilibrium level or will

they continue to fall? Can a 3- or 4-term exponential equation describe the Pb time-

course in blood? What are the half tim,_s?

2) At what bone sites does Pb ,_'nter initially? What fraction of Pb can be

accounted for in cortical and trabecular bone initially, and with time?

3) What are the appearance rates and half times of Pb in bone as a whole, in

trabecular, in cortical bone?

4) Does the fraction of blood Pb cleared by the kidney remain constant? Is there

evidence that Pb is redistributed in bone without entering the general circulation?

5) Is there a difference in the handling of Pb when presented to the body

chronically or acutely?

6) Is the time course of blood Pb after cessation of Pb feeding in the chronic

experiment similar to the entire or only to a portion of the time course observed after

an acute load?

7) Is the pattern of Pb redistribution in the skeleton similar or different after

acute and chronic loads?

8) What would be a suitable mathematical model to describe Pb handling by the

mammalian body--chronically, acutely?
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CONCLUSIONS

By combining the sensitive analytical tool that synchrotron-radiation induced x-ray

emission (SRIXE) provides with a variety of physiological and chemical measurements

of lead in body fluids, tissues, and bone, it should be possible to arrive at an improved

model of the fate of lead in the mammalian organism. This information in turn would

constitute a rational basis for an evaluation of human lead toxicity. Knowledge of the

sites in bone where lead accumulates is important for interpreting the results of in vivo

bone lead determi:jations in humans that have been obtained with the use of K- or L-

x-ray fluorescence.
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FIGURE CAPTIONS

Figure 1. Sensitivity found for elemental detection using XRM. The specimen used

for the determination was National Institute of Standards and Technology

Standard Reference Material 3172 on 5 mg/cm 2 filter paper. The beam

size was 8/zm x 8 g.m and the electron current in the storage ring was 100

mA. (From Jones et aL, 1990).

Figure 2, Elemental minimunl detection limits inferred from the data shown in Figure

1. (From Jones et al., 1990). The values were taken using the definition

of Currie, 1968.

Figure 3. X-ray spectrum obtained from XRM measurement of thick section of

human femur. The actual depth of bone sampled is determined by the

absorption of the lead L-x rays and is of the order of a few hundred

micrometers. The bone was taken from a lead-poisoned individual. The

lead concentration was 76 ppm as determined by atomic absorption.

Figure 4. Distribution of calcium and gallium in tibial sections from rachitic rats.

Figure 4a shows the distributions for rats 18 h after treatment with gallium

and Vitamin D. Figure 4b shows the distributions 72 h after treatment with

gallium and Vitamin D. (From Bockman et al., 1991).
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