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In Vivo Bone Lead Measurements: A Rapid Monitoring 
Method for Cumulative Lead Exposure 

L. Wielopolski, PhD, K.J. Ellis, PhD, A.N. Vaswani, MD, S.H. Cohn, PhD, 

A.Greenberg, MD, J.B. Puschett, MD, D.K. Parkinson, MD, D.E. Fetterolf, MD, 
and P.J. Landrigan, MD 

Lead concentrations (pglg wet weight) in human bone (tibia) were measured noninva- 
sively in vivo employing an X-ray fluorescence technique. Forty-five workers who had 
been subjected to chronic industrial exposure were found to have a mean bone lead 
content of 52.9 pglg wet weight (0 to 198 pglg). In addition to bone lead content, blood 
lead, body burden of lead as assessed by urinary lead excretion after EDTA chelation, 
zinc protoporphyrin, and unstimulated urinary lead excretion were evaluated. The results 
suggest that the in vivo measurement of tibia lead content may serve as an acceptable 
indicator of body lead burden and provide a practical technique for lead screening 
purposes. The correlation coefficient between X-ray fluorescence findings and lead 
excretion following Ca-EDTA administration is 0.69; p < 0.001. 
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INTRODUCTION 

Short- and long-term toxic effects of exposure to lead have been observed for 
many years [Waldron and Stofen, 1974; Goyer and Rhine, 19731. Although the group 
at major risk are occupationally exposed workers, the general population, to a lesser 
degree, is also exposed to lead. Children constitute the most susceptible exposure 
group in the general population since neurotoxic effects of lead may bring about 
permanent damage to the developing central nervous system [Waldron and Stofen, 
1974; Lin-Fu, 1982; Needleman and Landrigan, 19811. 

Almost all criteria for the detection and diagnosis of lead exposure rely heavily, 
if not exclusively, on a determination of the lead in blood [Joselow and Carnow, 
19761. Such blood measurements, together with unstimulated urine lead measure- 
ments, reflect recent lead absorption, and are known to be unreliable as indicators of 
long term exposure [Vitale et al, 19751. Recently, zinc protoporphyrin (ZPP) has 
been introduced as an indicator of chronic lead intoxication [Eisinger et al, 19781, but 
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a definitive measurement of the so-called “body burden” of lead can be established 
only with a lead chelator, ethylenediaminetetraacetic acid (EDTA). This provocative 
test was introduced in the early 1960s and involves measurement of urinary lead 
excretion 24 to 72 h after intravenous infusion of calcium-EDTA [Emmerson and 
Thiele, 1960; Emmerson, 19731. This test is more sensitive than standard blood tests 
and reflects to some degree the lead accumulation in the body. However, as it requires 
hospitalization for up to three days and administration of a drug with potentially 
adverse side effects [Meltzer et al, 19611, it is cumbersome and impractical as a 
screening test and is usually reserved for subjects already identified as having elevated 
blood lead levels. 

It has been estimated that about 90% of total body lead in adults accumulates in 
the skeleton [Schroeder and Tipton, 19681. Furthermore, the turnover time of the 
lead in the skeleton is approximately 20 years [Rabinowitz et al, 19761. It is desirable, 
therefore, in estimating the total body burden of lead, to measure lead directly in the 
largest and, more important, the longest lived compartment, namely, the skeleton. 
Skeletal lead levels have been studied in autopsy materials [Schroeder and Tipton, 
1968; Grandjean and Holma, 1973; Barry, 1975; Lindh et al, 19781 and in biopsy 
samples [Westerman et al, 19651. Noninvasive measurements of lead in teeth and in 
bone in vivo have been performed employing the X-ray fluorescence method [Needle- 
man et al, 1974; Ahlgren et al, 1976, 1980; Christoffersson et al, 1984; Wielopolski 
et al, 1981, 1983a, 1983bl. 

METHOD AND SUBJECTS 

The X-ray fluorescence (XRF) technique is brief and noninvasive, and carries 
low risk (localized skin dose of - 1 rad to an area of 1 cm2). It is based on the 
specific atomic property of lead to emit characteristic X-rays upon stimulation induced 
by external irradiation. The stimulated radiation is monitored externally by a solid 
state detector and can be expressed in terms of the lead concentration in the bone. In 
previous studies [Ahlgren et al, 19761, a 57C0 source was used to induce K X-rays 
from lead. At these energies (74.957 and 84.922 keV), the lead is sampled throughout 
the bone volume. In the present work, a lo9Cd source was used to induce L X-rays 
[Wielopolski et al, 1981, 19831. At these energies (10.549 and 12.611 keV), only lead 
in the surface layer of the bone can be sampled. One mean free path for 12.611 keV 
X-rays in the bone is about 0.5 mm, where, for K X-rays, it is about 25 mm. Since 
the emitted radiation is considerably attenuated by the overlying tissue, the tibia1 shaft 
has been chosen as the measurement site because of its thin and fairly constant (3-6 
mm) overlying skin thickness as determined using a 7-MHz ultrasound unit. The 
measurements are corrected for the overlying tissue by normalizing the results to a 
constant 3mm tissue thickness. Calibration of the system was determined by correlat- 
ing X-ray intensities obtained from cadaver’s leg and subsequent atomic absorption 
analysis of a bone specimen from the same site (Wielopolski et al, 1983). In the 
present work the minimum detection limit, defined as three times the square root of 
the background, is about 20 pg/g wet bone. 

The XRF technique was used to measure the lead content in the bone of 45 male 
workers. These workers were engaged in either the production of a leaded glass 
product which is then converted to porcelain (Coating Division), or the manufacture 
of paint pigments (Color Division). A NIOSH evaluation of the plant [Landrigan et 
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al, 19821 showed increased air exposure to lead in the Coating Division and to 
cadmium in the Color Division. Complete clinical evaluations of 37 of the workers 
were carried out on an in-patient basis over a 3-day period. These evaluations 
(performed 2-9 months before the XRF measurements) included work histories, 
physical examinations, standard blood and urine chemistries, blood lead levels and 
24-h urine lead excretion before and after the intravenous (35 workers) or intramus- 
cular (two workers) administration of 1 g of Ca-EDTA. The results of these studies 
will be described in detail elsewhere. At the time of the XRF measurements, blood 
samples were also obtained and analyzed for lead and ZPP. Urine samples were also 
examined and analyzed for lead. 

RESULTS 

Routine clinical chemistry tests did not indicate any significant abnormalities in 
the population tested. The range of values for the various lead exposure indices is 
summarized in Table I. 

A correlation coefficient derived from a regression line, r = 0.69 (p < O.OOl), 
exists between bone lead concentrations and the cumulative total urine lead output for 
48 h following the administration of Ca-EDTA. The data are presented in Figure 1. 
The upper limit of normal for lead excretion, 600 pg/48 h ,  after Ca-EDTA is marked 
as a dashed line. The lead level in bone, 30 pglg marked in Figure 1, has arbitrarily 
been set 50% above the detection limit of the instrument in order to increase the 
confidence level in the lead measurements by XRF. The straight line is a standard 
deviation line rather than a regression line (see discussion). Consequently, the bone 
lead level which corresponds to the upper level of lead excretion in normal population 
(600 pg/48 h) is 70 pglg wet bone. 

The regression lines of bone lead measurements versus Pb-blood (measured at 
the time of XRF measurements), ZPP, and Pb-urine had correlation coefficients and 
p values r = 0.44, p = 0.004; r = 0.39, p = 0.015; and r = 0.40, p = 0.01, 
respectively. 

TABLE I. Lead Exposure Indices and Fraction of the Workers Above Currently Accepted Limits 

Upper limita Fraction 

Parameter workers (units) Range deviation (ULN) ULN (%) 
Number of Mean value Standard of normal above 

.- - 45 49.4 (Y) 35-77 10.3 

.- - 
Age 
Exposureb 45 20.9 (Y) 13-38 7.4 

- Pb-Urine' 41 20.3 (pg/l) 1-56 16.2 80 
Pb-Blood' 41 23.1 (pg/dl) 5-58 11.6 40 9.8 
ZPP' 41 27.4 (pg/dl) 7-87 19.4 50 17.0 
Pb-Bloodd 34 31.2 (pg/dl) 9-60 - 40 28.6 
Ca-EDTAd 36 663.0 (&48 h) 111-2134 465.0 600 38.9 
 BUN^ 38 15.7 (mg/dl) 9-25 3.4 20 5.2 

- Pb-Bone 43 52.9 (pg/g wet) 0-198 47.4 30e 61.4 

aUpper limit value for general population. 
byears in the plant. 
'Blood or urine samples taken at the time of XRF measurements. 
dDeterminations performed 2-9 months before XRF measurements. 
eThis is not derived from normal population studies. 

Creatinined 38 1 .0 (mg/dl) 0.5- 1.45 0.2 1.5 0.0 
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DISCUSSION 

This study demonstrates the applicability of the X-ray method for lead determi- 
nation in bone. In the present work, since low energy lead L X-rays are used, the 
lead is measured in the surface of the cortical bone only. Consequently, the difficulties 
in defining the geometry encountered in calibration when high energy K X-rays are 
used [Ahlgren et al, 1976; Ahlgren and Mattsson, 19791 do not exist. Selection of 
tibia1 shaft as the measurement site was dictated by relatively constant and thin, 3- to 
6-mm overlying tissue, to minimize attenuation of the signal. Tibia has also been 
suggested as a more sensitive site for lead measurement than finger bone [Craswell et 
a], 19841. 

A standard deviation line used in Figure 1 was chosen over regression line 
because a) it treats the variables independently of each other, b) values below the 
detection limit are discarded from the analysis, and c) it is less sensitive to fluctuations 
in the data points. The line goes through the mean value of each population with a 
slope being the ratio of the standard deviation of each population. It can be shown 
that this slope equals that of the regression line divided by the correlation coefficient 
r. The bone lead level of 70 pglg, obtained from the chelatable lead upper limit of 
normal population requires further clarification and confirmation; however, it appears 
to be five to seven times higher than that reported in the general population [Waldron 
and Stofen, 19741. It should be pointed out that the reported values refer to the bulk 
bone, while the present measurements reflect the surface bone. Nevertheless, one 
possible reason for that discrepancy may be that since the source of the chelatable 
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lead pool and its relationship to the cortical or surface bone lead has not been 
established definitely, lower levels of bone lead in general population may be indica- 
tive of past lead exposures, while the chelatable lead is still within accepted normal 
levels (below 600 pg/48 h). Thus, the bone lead level of 70 pg/g is unrealistically 
high to represent the upper limit for the general population. It can be seen in Figure 
1 that four out of 34 patients have low lead levels in bone, while the stimulated lead 
in urine is elevated, eight have high bone lead while low lead in urine, and 22 overlap. 
These results together with the results in Table I suggest that this method might be 
used for screening purposes, once an upper limit for lead in bone in general population 
is established. 

Furthermore, only three patients had elevated blood lead, six had elevated ZPP 
values, and none had elevated unstimulated urine lead. These results support the 
claim that the Ca-EDTA provocative test is more indicative of cumulative lead 
exposure than the standard biochemical tests. In addition, the correlation of these 
results with bone lead were worse than that of the Ca-EDTA test. Ahlgren et a1 [ 19821 
reported that the lead concentration in blood appears to correlate better with bone 
lead at blood lead levels below 40 pg/dl. These results were not confirmed in the 
present work. 

With further refinement of the instrument and improved standardization proce- 
dures, it should be possible to use the XRF measurement of bone lead for screening 
purposes. It is more reliable than blood lead as an index of cumulative lead exposure 
and is also significantly easier to perform than the CA-EDTA test. XRF holds promise 
for evaluating the pathophysiology of such chronic effects of exposure to lead as lead 
nephropathy . Standard tests offer little insight into the development of such long-term 
effects. Furthermore, the XRF technique may be helpful in identifying those bone 
compartments which are affected following lead chelation therapy. Current improve- 
ments in the present instrument will lower the detection limit to a level which may 
allow its application in the screening of children with potential lead exposure. 

ACKNOWLEDGMENTS 

This research was carried out under the auspices of the U.S. Department of 
Energy under contract No. DE-AC02-76CH00016 and supported in part by the 
National Institute of Occupational Safety and Health, Contract No. 210-81-5013 and 
grant No. 5R01 OH 01522; NIH General Clinical Research Center Grant to the 
University of Pittsburgh, No. 5 M01-RR00056; and the Veterans Administration. 

We thank Diane Puschette and Patricia Houck for their expert technical assis- 
tance. The help of S .  Minton and R. Skelaney is appreciated. F. O’Brien’s efforts in 
preparing the manuscript is also appreciated. 

REFERENCES 

Ahlgren L, Liden K, Mattsson S, Tejning S (1976): X-ray fluorescence analysis of lead in human 

Ahlgren L, Mattsson S (1979): An x-ray fluorescence technique for in vivo determination of lead 

Ahlgren L, Heager-Aronson B, Mattsson S, Schutz A (1980): In vivo determination of lead in the 

skeleton in vivo. Scand J Work Environ Health 2:82-86. 

concentration in bone matrix. Phys Med Biol 24:136-145. 

skeleton following occupational exposure. Brit J Ind Med 37: 109-113. 



226 Wielopolski et a1 

Ahlgren L, Christoffersson J, Gronberg T, Mattsson S (1982): In Cesareo R (Ed): Field Educational 

Barry PSI (1975): A comparison of concentrations of lead in human tissues. Brit J Ind Med 32: 119-139. 
Christoffersson JO, Schutz A, Ahlgren L, Heager-Aronson B, Mattsson S, Skerfving S (1984): Lead in 

finger-bone analyzed in vivo in active and retired lead workers. Amer J Ind Med 6:447-457. 
Craswell PW, Price J ,  Boyle PD, Heazlewood VJ, Baddeley H, Lloyd HM, Thomas BJ, Thomas BW 

(1984): Chronic renal failure with gout: a marker of chronic lead poisoning. Kidney Int 26:319- 
323. 

Eiainger J, Blumberg WE, Fischbein A, Lilis R,  Selikoff IJ (1978): Zinc protoporphyrin in blood as a 
biological indicator of chronic lead intoxication. J Environ Pathol Toxicol 1 :897-910. 

Enimerson BT, Thiele BR (1960): Calcium versenate in the diagnosis of chronic lead nephropathy. Med 
J Austr 1:243-248. 

Emmerson BT (1973): Chronic lead nephropathy: the diagnostic use of calcium EDTA and the associa- 
tion with gout. Austr Ann Med 12:310-324. 

Coyer RA, Rhine BC (1973): Pathological effects of lead. Int Rev Exp Path 12: 1-77. 
Grandjean P. Holrna B (1973): A history of lead retention in the Danish population. Environ Physiol 

Joselow MM, Carnow BW (Ed) (1976) “Health effects of occupational lead and arsenic exposure.” 

Landrigan PJ, Albrecht WN, Watanabi A, Lee S (1982) National Institute of Occupational Safety and 

Lindh U,  Brune D, Nordberg G (1978): Microprobe analysis of lead in human femur by proton induced 

Lin-Fu JS (1982): Children and lead new findings and concerns. N Engl J Med 307:615-617. 
Meltzer LE, Kitchell JR, Palmon Jr. F (1961): The long term use, side effects, and toxicity of disodium 

Needleman HL, Davidson I, Sewell EM, Shapiro IM (1974): Subclinical lead exposure in Philadelphia 

Needleman HL, Landrigan PJ (1981): The health effects of low level exposure to lead. Ann Rev Pub1 

Rabinowitz MB, Wetherill GW, Kopple JD (1976): Kinetic analysis of lead metabolism in healthy 

Schroeder HA, Tipton IH (1968): The human body burden of lead. Arch Environ Health 17:965-978. 
Vitale LF, Joselow MM. Wedeen RP (1975): Blood lead-an inadequate measure of occupational 

Waldron HA, Stofen D (1974): “Sub-clinical lead poisoning.” London, New York: Academic Press. 
Westerman MP, Pfitzer E, Ellis LD, Jensen WN (1965): Concentration of lead in bone in plumbism. N 

Eng J Med 273:1246-1249. 
Wielopolski L, Slatkin DN, Vartsky D, Ellis KJ, Cohn SH (1981): Feasibility study for the in vivo 

measurement of lead in bone using L-x-rays fluorescence. IEEE Trans Nucl Science 28: 114-116. 
Wielopolski L, Rosen JF, Slatkin DN, Vartsky D, Ellis KJ, Cohn SH (1983a): Feasibility of noninvasive 

analysis of lead in the human tibia by soft x-ray fluorescence. Med Phys 10:248-251. 
Wielopolski L. Vartsky D, Yasumura S,  Cohn SH (1983b): Application of XRF to measure strontium in 

human bone in vivo. Adv x-ray Analysis 26:415-421. 

Italia, “X-ray Fluorescence (XRF and PIXE) in Medicine.” Rome: ACTA Medica, pp 61-74. 

Biochem 3:268-273. 

USDHEW p 27. 

Health Hazard Evaluation and Technical Assistance Report 80-1 16-6043. 

x-ray emission (PIXE). Sci Tot Environ 10:31-37. 

ethylenediarnin tetracitic acid (EDTA). Am J Med Sci 242:51-57. 

schoolchildren identification by dentine lead analysis. N Eng J Med 290:245-248. 

Health 2:277-298. 

humans. J Clin Invest 58:260-270. 

exposure. J Occup Med 17: 155-156. 


