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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document 1is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document 1is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a betfer understanding of this poliutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicolegical, clinical, .and epidemiological aspects of human
exposure.
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aerosol - a suspension of liquid or solid particles in a gas

BAL (British Anti-Lewisite) - a chelating agent often used in the treatment of
metal toxicity

biliary clearance - an excretion route involving movement of an agent through
bile into the GI tract

Brownian diffusion - the random movement of microscopic particles

"chelatable" or systemically active zinc - fraction of body's zinc store
available or accessible to
removal by a zinc-binding agent

chi-square goodness~of- fwt tests - made to determine how well the observed
data fit a specified model, these tests
usually are approximately d1str1buted as a
chi~-sguare variable

first-order kinetics - a kinetic process whose rate is proportional to the
concentration of the species undergoing change

geochronometry - determination of the age of geological materials
hematocrit - the percentage of the volume of a blood sample occupied by cells
intraperitoneal - within the body cavity

likelihood functicn - a relative measure of the fit of observed data to a
specified model. In some special cases it is equivalent
to the sum of squares function used in least squares
analysis.

mass median aerodynamic diameter (MMAD) - the aerodynamic diameter (in pm) at
which half the mass of particles in
an aerosol is associated with values
below and half above

multiple regression analysis - the fitting of a single dependent variable to a
lTinear combination of independent var1ab1es using
least squares analysis

plumburesis - lead excreted in urine

R? - this statistic, often called the multiple R squared, measures the proportion
of total variation explained. A value near 1 means that nearly all of the
variation is explained, whereas a value near zero means that almost none of
the variation is explained.

XX
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9.  QUANTITATIVE EVALUATION OF LEAD AND BIOCHEMICAL INDICES
OF LEAD EXPOSURE IN PHYSIOLOGICAL MEDIA

9.1 INTRODUCTION ’

To understand the effects of an agent on an organism and, in particular, to formulate
statements of dose-effect relationships, one must be able to assess quantitatively the organ-
ism's degree of exposure to the substance. In the case of lead, internal biologically based
measures provide a more accurate indication of exposure than do external measures such as am-
bient air concentrations. Internal measures may be either direct--e.g., the level of lead in
a biological medium such as blood, calcified tissue, etc.--or indirect--e.g., the level of
some biochemical parameter or "indicator" c¢losely associated with internal lead exposure.
This chapter examines the merits and weaknesses of various measurement methods as they are
currently used to asséss lead exposure.

Quantitative analysis involves a number of discrete steps, all of which are important
contributors te the quality of the final result: (1) sample collection and transmission to
the laboratory; (2) laboratory manipulation of samples, pﬁysica]ly and chemically, before ana-
lysis by instruments; (3) instrumental analysis and quantitative measurement; and (4) esta-
blishment of relevant criteria for accuracy and precision, namely, internal and external qua-
Tity assurance checks. Each of these steps is discussed in this chapter in relation to the
measurement of lead exposure.

Clearly, the definition of "satisfactory analytical method" for lead has changed over the
years, paralleling (1) the evolution of more sophisticated instrumentation and procedures, (2)
a greater awareness of such factors as background contamination and loss of the element from
samples, "and (3) development of new statistical methods to analyze data. For example, current
methods of Tead ana]ysfs, such as anodic stripping voltammetry, background-corrected atomic
absorption spectrometry, and particu]ar]yr1sotope-di1ution mass- spectrometry, are more sensi-
tive and specific than the older classical approaches. Increasing use of the newer methods
would tend to result in lower lead values being reported for a given sample. Whether this
trend in analytical improvement can be isolated from other variables such as temporal changes
in exposure {s another matter.

Because lead is ubiquitously distributed as a contaminant, the constraints (i.e., ultra-
clean, ultra-trace analysis) placed upon a laboratory attempting analysis of geochemical sam-
ples of pristine origin, or of extremely low lead levels in biological samples such as plasma,
are quite severe (Patterson, 1980). Very few laboratories can credibly claim such capability.
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Ideally, similar standards of quality should be adhered to across the rest of the analytical
spectrum. With many clinical, epidemiological, and experimental studies, however, these
standards may be unrealistic given the practical limitations and objectives of the studies.
Laboratory performance is but one part of the quality equation; the problems of sampling are
‘equally important but less subject to tight control. The necessity of rapidly obtaining a
{blood sample in cases of suspected lead poisoning, or of collecting hundreds or thousands of
blood samples in urban populations, limits the number of sampling safeguards that can be rea-
listically achieved. Sampling in this context will always be accompanied by a certain amount
of analytical "suspicion.” Furthermore, a certain amount of biological lead analysis data is
employed for comparative purposes, as in experimental studies concerned with the relative in-
crease in tissue burden of lead associated with increases in doses or severity of effects. In
addition, any major compromise of an analytical protocol may be statistically discernible.
Thus, analysis of biological media for lead must be done under protocols that minimize the
risk of inaccuracy. Specific accuracy and precision characteristics of a method in a parti-
cular report should be noted to permit some judgment on the part of the reader about the in-
fluence of methodology on the reported results.

The choice of measurement method and medium for analysis is dictated both by the type of
information desired and by technical or logistical considerations. As noted elsewhere in this
document, whole blood lead reflects recent or continuing exposure, whereas lead in mineralized
tissue, such as deciduous teeth, reflects an exposure period of months and years. While urine
lead values are not particularly good correlates of lead exposure under steady-state condi-
tions in populations at large, such measurements may be of considerable clinical value. In ac-
quiring blood samples, the choice of venipuncture or finger puncture will be governed by such
factors as cost and feasibility, contamination risk, and the biological quality of the sample.
The use of biological indicators that strongly correlate with lead burden may be more desira-
ble, since they provide. evidence of actual response and, together with blood lead data, pro-
vide a less risky diagnostic tool for assessing lead exposure.

9.2 DETERMINATIONS OF LEAD IN BIOLOGICAL MEDIA
9.2.1 Sampling and Sample Handling Procedures for Lead in Biological Media

Lead analysis in biological media requires careful sample collection and handling for two
reasons: (1) lead occurs at trace levels in most indicators of subject exposure, even under
conditions of high lead exposure; and (2) such samples must be obtained against a backdrop of
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pervasive contamination, the full extent of which may still be unrecognized by many laborato-
ries.

The reports of Speecke et al. (1976), Patterson and Settle (1976), Murphy (1976), Berman
(1976), and Settle and Patterson (1980) review detailed aspects of the problems of sampling
and subsequent sample handling in the laboratory. These reports indicate that the normal pre-
cautions taken during sampling (detailed below for clinical and epidemiological studies)
should not be considered absolute, but rather as what is practical and feasible. They further
indicate that the inherent sensitivity or accuracy of a given method or instrument may be less
of a determining factor in the overall analysis than the quality of sample collection and
hand1ing.
9.2.1.1 Blood Sampling. Samples for blood lead determination may be collected by venipunc-

ture {venous blood) or fingertip puncture (capillary blood). Collection of capillary versus
venous blood is usually decided by a number of factors, including the feasibility of obtaining
samples during the screening of many subjects and the difficulty of securing subject com-
pliance, ﬁarticu1ar1y in the case of children and their parents. Furthermore, capiilary blood
may be coliected as discrete guantities in small-volume capillary tubes or as spots on filter
paper disks. With capillary tubes, obtaining good mixing with anticoagulant to avoid cliotting
is important, as is the problem of lead contamination of the tube. The use of filter paper
requires the selection of paper with uniform composition, low lead content, and uniform blood
dispersal characteristics.

Whether venous or capillary blood is collected, much care must be exercised in cleaning
the site before puncture as well as in selecting lead-free receiving containers. Cooke et al.
(1974) employed vigorous scrubbing with a low-lead soap solution and rinsing with deionized
water, while Marcus et al. (1975) carried out preliminary cleaning with an ethanolic citric
acid solution followed by rinsing with 70-percent ethanol. Vigor in cleaning the puncture
site is probably as important as the choice of any particular cleaning agent. Marcus et al.
(1977) have noted that in one procedure for puncture site preparation, where the site is
covered with wet paper towels, contamination will occur if the paper towels are made from re-
cycled paper. Recycled paper retains a significant amount of lead.

In theory, capillary and venous blood lead levels should be virtually identical. However,
the literature indicates that some differences, which mainly reflect sampling problems, do
arise in the case of capillary blood. A given amount of contaminant has a greater impact on a
100-p1 fingerstick sample than on a 5-ml sample of venous blood. Finger-coating techniques
may reduce some of the contamination (Mitchell et al., 1974). An additional problem is the
presence of lead in the anticoagulants used to coat capil]ary tubes. Also, Tower values of
capillary versus venous blood lead may reflect "dilution" of the sample by extracellular fluid
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from excessive compression of the puncture site. When Joselow and Bogden (1972) compared a
method using finger puncture and spotting onto filter paper with a procedure using venous
blood and Hessel's procedure (1968) for flame atomic absorption spectrometry (see Section
9.2.2.1), they obtained a correlation coefficient of r = 0.9 (range, 20-46 ug/d1). Similarly,
Cooke et al. {1974) found an r value of 0.8 (no range given), while Mitchell et al. (1974) ob~
tained a value of 0.92 (10-392 pg/dl). Mahaffey et al. (1979) found that capiliary blood
levels in a comparison test were approximately 20 percent higher than corresponding venous
blood levels in the same subjects, presumably reflecting sample contamination. Similar eleva-
tions have been described by DeSilva and Donnan (1980). Carter (13978) has found that blood
samples with lower hemoglobin levels may spread onto filter paper differently from normal
hemogiobin samples, requiring correction in quantification to obtain reliable values. This
complication should be kept in mind when considering children, who are frequently prone to
iron-deficiency anemia.

The relative freedom of the blood container from interior surface lead and the presence
of lead in the anticoagulant to be added to the blood are important considerations in venous
sampling. For studies focusing on "normal" ranges, such tubes may add some lead to blood and
sti11 meet certification requirements. The "low-lead" heparinized blood tubes commercially
available (blue stopper Vacutainer, Becton-Dickinson) were found to contribute less than 0.2
pg/dl to whole blood samples (Rabinowitz and Needleman, 1982). Nackowski et al. (1977) sur-
veyed a large variety of commercially available biood tubes for lead and other metal contami-
nation. Lead uptake by blood over time from the various tubes was minimal with the "low-lead"
Vacutainer tubes and with all but four of the other tube types. In the large survey of
Mahaffey et al. (1979), 5-m} Monoject (Sherwood) or 7-ml lavender-top Vacutainer (Becton-
Dickinson) tubes were satisfactory. However, when more precision is needed, tubes are best
recleaned in the laboratory and lead-free anticoagulant added (although this would be less
convenient for sampling efficiency than the commercial tubes). 1In addition, blank levels for
every batch of samples should be verified.
9.2.1.2 Urine Sampling. Urine samples require collection using lead-free containers and caps
as well as the addition of a low-lead bactericide if samples are to be stored. While not
always feasible, 24-hr samples should be obtained because they level out any effect of vari-
ation in excretion over time. If spot sampling is done, lead levels should be expressed per
unit creatinine, or corrected for a constant specific gravity, if greater than 1.010.
9.2.1.3 Hair Sampling. The usefulness of hair lead analysis depends on the manner of samp-
1ing. Hair samples should be removed from subjects by a consistent method, either by a pre-
determined length measured from the skin or by using the entire hair. Hair should be placed
in air-tight containers for shipment or storage. For segmental analysis, the entire hair
length is required.
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9.2.1.4 Mineralized Tissue. An important consideration in deciduous tooth collection is con-

sistency in the type of teeth collected from various subjects. Fosse and Justesen (1978) re-
ported no difference in lead content between molars and incisors, and Chatman and Wilson
(1975) reported comparable whole tooth levels for cuspids, incisors, and molars. On the other
hand, Mackie et al. (1977) and Lockeretz (1975) noted levels varying with tooth type, with a
statistically significant difference (Mackie et al., 1977) between second molars (lowest
levels) and incisors (highest levels). That the former two studies found rather low overall
lead levels across groups, while Mackie et al. (1977) reported higher values, suggests that
dentition differences in lead content may be magnified at relatively higher levels of ex-
posure. Delves et al. (1982), comparing pairs of central incisors or pairs of central and
lateral incisors from the same child, found that lead content may even vary within a specific
type of tooth. These data suggest the desirability of acguiring two teeth per subject to get
an average lead value.

Teeth containirig fillings or extensive decay are best eliminated from analysis. Mackie
et al. (1977) discarded decayed teeth if the extent of decay exceeded approximately 30 per-
cent.
9.2.1.5 Sample Handling in the Laboratory. The effect of storage on lead content is a poten-
tial problem with blood samples. During storage, dilute agueous solutions of lead surrender a
sizable portion of the lead content to the container surface, whether glass or plastic, unless
the sample is acidified (Issag and Zielinski, 1974; Unger and Green, 1977). Whether there is
a comparable effect, or comparable extent of such an effect, with blood is not clear. Unger
and Green (1977) claim that lead loss from blood to containers parallels that seen with ague-
ous solutions, but their data do not support this assertion. Moore and Meredith (1977) used
isotopic lead spiking (293Pb) with and without carrier in various containers at differing tem-
peratures to monitor lead stability %n blood over time. The only material loss occurred with
soda glass at room temperature after 16 days. Nackowski et al. (1977) found that "low-lead"
biood tubes, while quite satisfactory in terms of sample contamination, began to show transfer
of lead to the container wall after 4 days. Méranger et al. (1981) studied movement of lead,
spiked to various levels, to containers of various composition as a function of temperature
and time. In all cases, reported lead loss to containers was significant. However, problems
exist with the above reports. Spiked samples probably are not incorporated into the same bio-
chemical environment as lead inserted in vivo. Also, Nackowski et al. (1977) did not indicate
whether the blood samples were kept frozen or refrigerated between testing intervals.
Mitchell et al. (1972) found that the effect of blood storage depends on the method of analy-
sis, with Tower recoveries of lead from aged blood using the Hessel (1968) method.
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Lerner (1975) collected blood samples (35 originally) from a single subject into lead-
free tubes and, after freezing, forwarded them in blind fashion to a certified testing labor-
atory over a period of 9 months. Four samples were lost, and one was rejected as grossly con-
taminated (4 standard deviations from mean). Of the remaining 30 samples, the mean was 18.3
pwg/dl with a standard deviation (S.0.) of 3.9. The analytical method had a precision of 3.5
pug/dl (S.D. = 1) at normal levels of lead, suggesting that the overall stability of the sam-
ples' Tead content was good. Boone et al. (1979) reported that samples frozen for periods of
less than 1 year showed no effect of storage, while Piscator (1982) noted no change in Tlow
levels (<10 pg/d1) when samples were stored at -20°C for 6 months. Based on the above data,
blood samples to be stored for any period of time should be frozen rather than refrigerated,
with care taken to prevent breaking the tube during freezing. Teeth and hair samples, when
stored in containers to minimize contamination, are indefinitely stable.

The actual site of analysis should be as free from lead as possible. Given the Timited
availability of an "ultra-clean" facility such as that described by Patterson and Settle
(1976), the next desirable Tlevel of laboratory is the "Class 100" facility, in which fewer
than 100 airborne particles are greater than 0.5 um in diameter. These facilities employ high-
efficiency particulate air filtering and laminar air flow {(with movement away from sample
handling areas). Totally inert surfaces in the working area and an antechamber for removing
contaminated clothes, appiiance cleaning, etc., are other necessary features.

A11 plastic and glass ware coming into contact with samples should be cleaned rigorously
and stored away from dust contact, and materials such as ashing vessels should permit minimal
lead leaching. In this regard, Teflon or quartz ware is preferable to other plastics or boro-
silicate glass (Patterson and Settle, 1976).

Reagents, particularly for chemical degradation of biological samples, should be both
certified and periodically tested for quality. Several commercial grades of reagents are
available, although precise work may require doubly purified materials from the National
Bureau of»Standards (NBS). These reagents should be stored with a minimum of surface contami-
nation around the top of the containers.

For a more detailed discussion of appropriate laboratory practices, the reader may con-
sult LaFleur (1976).

9.2.2 Methods of lLead Analysis ,

Detailed technical discussion of the array of instruments available to measure lead in
blood and other media is outside the scope of this chapter (see Chapter 4). This discussion
is structured more appropriately to those aspects of methodology dealing with relative sensi-
tivity, specificity, accuracy, and precision. While acceptance of international standardized
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(SI) units for expressing lead levels in various media is increasing, units familiar to clini-
cfans and epidemiologists will be used here. (To convert pg Pb/dl blood to SI units [umoles/
Titer], multiply by 0.048.)

Many reports over the years have purported to offer satisfactory analysis of lead in bio-
logical media, but in fact have shown rather meager adherence to criteria for accuracy and
precision or have shown a lack of demonstrable utility across a wide spectrum of analytical
applications. Thefefore, discussion in this section is confined to "definitive" and reference
methods for lead analysis, except for a brief treatment of the traditional but now widely sup-
planted colorimetric method.

Using the definition of Cali and Reed (1976), a definitive method is one in which all
major or significant parameters are related by solid evidence to the absolute mass of the ele-
ment with a high degree of confidence. A reference method, by contrast, is one of demonstra-
ted accuracy, validated by a definitive method, and arrived at by consensus through perfor-
mance testing by a number of different laboratories. In the case of lead in biological media,
the definitive method is isotope-dilution mass spectrometry (IDMS). IDMS is so accurate be-
cause all manipulations are on a weight basis involving simple procedures. The measurements
entail only ratios and not the absolute determinations of the isotopes involved, which greatly
reduces instrumental corrections or errors. No interferences occur-from sample matrix pr‘
other elements, and the method does not depend on recovery. Réproducib]e results to a pre~-
cision of one part in 10% or 10% are routine with specially designed instruments.

In terms of reference methods for lead in biological media, such a label is commonly
attached to atomic absorption spectrometry (AAS) in its various instrumentation/ methodology
configurations and to the electrochemical technique, anodic stripping voltammetry (ASV).
These have been termed reference methods insofar as their precision and accuracy can be veri-
fied or calibrated against'IDMS.

Other methods that are recognized for general trace-metal analysis are not fully applica-
ble to biological lead or have inherentvshortcomings. X-ray fluorescence analysis lacks the
requisite sensitivity for media with low lead content, and the associated sample préparation
may present a high contamination risk. A notable exception may be X-ray fluorescence analysis
of teeth or bone in situ as discussed below. Neutron-activation analysis is the method of
choice with many elements, but it is not technically feasible for lead analysis because of the
absence of long-lived isotopes.
9.2.2.1 Lead Analysis in Whole Blood. The first generally accepted technique for guantifying
lead in whole blood and other biological media was a colorimetric method that involved spec-
trophotometric measurement based on the binding of lead to a chromogenic agent to yield a
chromophoric complex. The complexing agent has typically been dithizone, 1,5-diphenylthio-
carbazone, yielding a lead complex that is spectrally measured at 510 nm,
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Two variations of the spectrophotometric technique used when measuring low levels of lead
have been the procedures of the U.S. Public Health Service (USPHS) (National Academy of
Sciences, 1972) and of the American Pub]ic Health Association (APHA) (1955). In both, venous
blood or urine is wet ashed using concentrated nitric acid of Tow lead content followed by ad-
justment of the ash with hydroxylamine and sodium citrate to a pH of 9-10. Cyanide ion is
added and the solution extracted with dithizone in chloroform. Back extraction removes the
lead into dilute nitric acid; the acid layer is treated with ammonia, then cyanide, and re-
extracted with dithizone in chloroform. The extracts are read in a spectrophotometer at 510
nm. Bismuth interference is handled (APHA variation) by removal with dithizone at pH 3.4.
According to Lerner (1975), the ana]ytita] precision in the "normal" range is about #3.5 pg/dl
(S.D. = 1), using 5 ml of sample.

The most accurate and precise method for lead measurement in blood is IDMS. As typified
by the report of Machlan et al. (1976), whole blood samples are accurately weighed, and a
weighed aliquot of 296Pb-enriched isotope solution is added. After sample decomposition with
ultra-pure nitric and perchloric acids, samples are evaporated, residues are taken up in di-
lute lead-free hydrochloric acid (HC1), and lead is isolated using anion-exchange columns.
Column eluates are evaporated with the above acids, and lead is deposited onto high-purity
platinum wire from dilute perchloric acid. The 296pb/208ph ratio is then determined by ther-
mal fonization mass spectrometry. Samples without added isotope and reagent blanks are also
carried through the procedure. In terms of precision, the 95-percent confidence level for
lead samples overall is within 0.15 percent. Because of the expense incurred by the require-
ments for operator expertise, the amount of time involved, and the high standard of laboratory
cleanliness, IDMS is mainly of practical value in the development of standard reference ma-
terials and for the verification of other analytical methods.

AAS is widely used for lead measurements in whole blood, with sample analysis involving
analysis of venous blood with chemical degradation, analysis of 1iquid samples with or without
degradation, and samples applied to filter paper. It is thus the most flexible for samples
already collected or subject to manipulation. By means of flame or electrothermal excitation,
jonic lead in a matrix is first vaporized and then converted to the atomic state, followed by
resonance absorption from either a hollow cathode or electrodeless discharge lamp generating
lead absorption Tines at 217.0 and 283.3 nm. After monochrometer separation and photomulti-
plier enhancement of the differential signal, lead content is measured electronically.

The earliest methods of AAS analysis involved the aspiration of ashed blood samples into
a flame, usually subsequent to extraction into an organic solvent, to enhance sensitivity by
preconcentration, Some methods did not involve digestion steps prior to solvent extraction



(Kopito et al., 1974). O0Of these various flame AAS methods, Hessel's (1968) technique con-
tinues to be used with some frequency.

Currently, lead measurement in blood by AAS employs several different methods that permit
greater sensitivity, precision, and economy of sample and time. The flame method of Delves
(1970), called the "Delves cup" procedure, usually involves de]iéery of discrete small samples
(2100 ply of unmodified whole blood to nickel cups, with subsequent drying and peroxide decom-
position of organic content before positioning in the flame. The marked enhancement of sen-
sitivity over conventional flame aspiration results from immediate, total consumption of the
sample and generaticn of a localized population of atoms. 1In addition to discrete blood vol-
umes, blood-containing filter paper disks have been used (Joselow and Bogden, 1972; Cernik and
Sayers, 1971; Piomelli et al., 1980). Among the several modifications of the Delves method
are that of Ediger and Coleman (1972), in which dried blood samples in the cups are pre-
ignited to destroy organic matter by placement near the flame in a precise, repeatable manner,
and the variation of Barthel et al. (1973), in which blood samples are mixed with ditute
nitric acid in the cups followed by drying in an oven at 200°C and charring at 450°C on a hot
plate. A number of laboratories eschew even these modifications and follow dispensing and
drying with direct placement of the cup into the flame (e.g., Mitchell et al., 1974). The
Delves cup procedure may require correction for background spectral interference. This cor-
rection is usually achieved using instrumentation equipped at a nonresonance absorption line.
While the 217.0~nm line of lead is less subject to such interference, precise work is best
done with correction. This method as applied to whole blood lead appears to have an oper-
ational sensitivity down to 1.0 pg Pb/d1, or somewhat below when competently employed, and a
relative precision of approximately 5 percent in the range of levels encountered in the United
States.

AAS methods using electrothermal (furnace) excitation in lieu of a flame can be approxi-
mately tenfold more sensitive than the Delves procedure. A number of reports describing whole
blood lead analysis have appeared in the literature {Lawrence, 1982, 1983). Because of in-
creased sensitivity, the "flameless" AAS technique permits the use of small blood volumes
(1-5 pl) with samples undergoing drying and dry ashing in situ. Physicochemical and spectral
interferences are inherently severe with this approach, requiring careful background cor-
rection. In one flameless AAS configuration, background correction exploits the Zeeman ef-
fect, where correction is made at the specific absorption line of the element and not over a
band-pass region, as is the case with the deuterium arc. While control of background inter-
ference up to 1.5 molecular absorbance is claimed with the Zeeman system (Koizumi and Yasuda,
1976), employing charring before atomization is technically preferable. Hinderberger et al.
(1981) used dilute ammonium phosphate solution to minimize chemical interference in their fur-
nace AAS method.
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Precision can be a problem in the flameless technique unless careful attention is paid to
the problem of sample diffusibility over and into the graphite matrix of the receiving recep-
tacle (tube, cup, or rod). With the use of diluted sampies and larger applied volumes, the
relative precision of this method can approach that of the Delves technique (Delves, 1977).

In addition to the various AAS methods noted above, electrochemical techniques have been
applied to blood Tead analysis. Electrochemical metheds, in theory, differ from AAS methods
in that the latter are “concentration" methods regardless of sample volumes available, while
electrochemical analysis invoives bulk consumption of sample and hence would have infinite
sensitivity, given an infinite sample volume. This intrinsic property is of 1ittle practical
advantage given usual limits of sample volume, instrumentation design, and blanks.

The most widely used electrochemical method for lead measurement in whole blood and other
biological media is ASV, which is also probably the most sensitive because it involves an elec-
trochemical preconcentration (deposition) step in the analysis (Matson and Roe, 1966; Matson
et al., 1971). In this method, samples such as whole blood (50-100 pl1) are preferably, but
not commonly, wet ashed and reconstituted in dilute acid or made electiro-available with metal
exchange reagents. Using freshly prepared composite electrodes of mercury film deposited on
carbon, lead is plated out from the solution for a specific amount of time and at a selected
negative voltage. The plated lead is then reoxidized in the course of anodic sweeping, gene-
rating a current peak that may be recorded on a chart or displayed on commercial instruments
as units of concentration (ug/dl).

One alternative to the time and space demands of wet ashing blood samples is the use of
metal exchange reagents that displace lead from bindihg sites in blood by competitive binding
(Morrell and Giridhar, 1976; Lee and Méranger, 1980). 1In one commercial preparation, this re-
agent consists of a solution of calcium, chromium, and mercuric ions. Use of the metal ex-
change reagent adds a chemical step that must be carefully contfo]led for full recovery of
lead from the sample.

The working detection 1imit of ASV for blood is comparable to that of the AAS flameless
methods, while the relative precision is best with prior sample degradation, approximately 5
percent. The precision is less when the blood samples are run directly with the ion exchange
reagents (Morrell and Giridhar, 1976), particularly at the low end of "normal" blood lead

!values. While AAS methods require attention to various spectral interferences to achieve

¢ satisfactory performance, electrochemical methods such as ASV require consideration of such
factors as the effects of co-reducible metals and agents that complex lTead and alter its re-
duction-oxidation (redox) potential properties. Chelants used in therapy, particularly peni-
cillamine, may interfere, as does blood copper, which may be elevated in pregnancy and during
such disease states as leukemia, lymphoma, and hyperthyroidism (Berman, 1981).
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Bomacs "

Correction of whole blood lead values for hematocrit, although carried out in the past,
is probably not appropriate and not commonly done At'present. While the erythrocyte is the
carrier for virtually all lead in blood, the saturation capacity of the red blood cell (RBC)
for lead is so high that it can still carry lead even at highly toxic levels (Kochen and
Greener, 1973). Kochen and Greener (1973) also showed that acute or chronic dosing at a given
lead level in rats with a wide range of hematocrits (induced by bleeding) gave similar blood
lead values. Rosen et al. (1974), based on studies of hematocrit, plasma, and whole blood
tead in children, noted hematocrit correction was not necessary, a view supported by Chisolm
(1974).
9.2.2.2 Lead in Plasma. While virtually all of the lead present in whole blood is bound to
the erythrocyte (Robinson et al., 1958; Kochen and Greener, 1973), lead in plasma is trans-
ported to affected tissues. Therefore, every precaution must be taken to use nonhemolyzed

blood samples for plasma isolation. The very low levels of lead in plasma require that more
attention be paid to "ultra-clean" methods.

Rosen et al. (1974) used flameless AAS and microliter samples of plasma to measure plasma
lead, with background correction for the smoke signal generated for the unmodified sample.
Cavalleri et al. (1978) used a combination of solvent extraction of modified plasma with pre-
concentrating and flameless AAS. These authors noted that the method used by Rosen et al.
(1974) permitted less precision and accuracy than did their technique, because a significantly
smaller amount of lead was delivered to the furnace accessory.

DeSilva (1981), using a technique similar to that of Cavalleri et al. (1978}, but col-
lecting samples in heparinized tubes, claimed that the use of ethylenediaminetetraacetic acid
(EDTA) as anticoagulant disturbs the cell-plasma distribution of lead enough to yield errone-
ous data. Much more care was given in this procedure to background contamination. In both
cases, increasing levels of plasma lead were measured with increasing whole blood lead, sug-

‘gesting an equilibrium ratio that contradicts the data of Rosen et al. (1874). They found a

fixed level of 2-3 pg/dl plasma over a wide range of blood lead values. However, the actual

levels of lead in plasma in the DeSilva (1981) study were much Tower than those reported by
Cavalleri et al. (1978).

Using IDMS and sample collection/manipulation in an "ultra-clean" facility, Everson and

[ Patterson (1980) measured the plasma lead levels in two subjects, a control and a lead-exposed

worker. The control had a plasma lead level of 0.002 pg/dl, several orders of magnitude Tower
than that seen with studies using less precise analytical approaches. The lead-exposed worker
had a plasma level of 0.2 pg/dl. Several other reports in the literature using IDMS noted
somewhat higher values of plasma lead (Manton and Cook, 1979; Rabinowitz et al., 1974), which
Everson and Patterson (1980) have ascribed to problems of laboratory contamination.
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Using tracer lead to minimize the impact of contamination results in a value of 0.15 pg/dl
(Rabinowitz et al., 1974).

With appropriate plasma lead methodology, reported lead levels are extremely low, the de-
gree varying with the methods used to measure such concentrations. While the data of Everson
and Patterson {1980) were obtained from only two subjects, it seems unlikely that using more
subjects would result in a plasma lead range extending upward to the levels seen with ordinary
methodology in ordinary laboratory surroundings. The above considerations are important when
discussing appropriate methodology for plasma analysis, and the Everson and Patterson (1380)
report indicates that some doubt surrounds results obtained with conventional methods. Al-
though not the primary focus of their study, the values obtained by Everson and Patterson
(1980) for whole blood lead, unlike the data for plasma, are within the ranges for unexposed
(11 pg/dl) and exposed (80 ug/dl) subjects generally reported with other methods. This agree-
ment would suggest that, for the most part, reported values do actually reflect in vivo blood
lead levels rather than sampling problems or inaccurate methods.
9.2.2.3 Lead in Teeth. When analyzing shed deciduous or extracted permanent teeth, some in-
vestigators have used the whole tooth after surface cleaning to remove contaminating lead
(e.g., Moore et al., 1978; Fosse and Justesen, 1978; Mackie et al., 1877), while others have
measured lead in dentine (e.g., Shapiro et al., 1973; Needleman et al., 1979; Al-Naimi et al.,
1980). Several reports (Grandjean et al., 1979; Shapiro et al., 1973) have also described the
analysis of circumpulpal dentine, that portion of the tooth found to have the highest relative
fraction of lead. Needleman et al. (1979) separated dentine by embedding the tooth in wax,
followed by thin central sagittal sectioning. The dentine was then isclated from the sawed
sections by careful chiseling. ‘

Determining mineral and organic composition of teeth and their components requires the
use of thorough chemical decomposition techniques, including wet ashing and dry ashing steps
and sample pulverizing or grinding. In the procedure of Steenhout and Pourtois (1981), teeth
are dry ashed at 450°C, powdered, and dry ashed again. The powder is then dissolved in nitric
acid. Fosse and Justesen (1978) reduced tooth samples to a coarse powder by crushing in a
‘vise, followed by acid dissolution. Oehme and Lund (1978) crushed samples to a fine powder in
an agate mortar and dissolved the samples in nitric acid. Mackie et al. (1977) and Moore et
al. (1978) dissolved samples directly in concentrated acids. Chatman and Wilson (1975) and
Needleman et al. (1974) carried out wet ashing with nitric acid followed by dry ashing at
450°C. Oehme and Lund (1978) found that acid wet ashing of tooth samples yielded better re-
sults if carried out in a heated Teflon bomb at 200°C. .

With regard to methods of measuring lead in teeth, AAS and ASV have been employed most
often. With the AAS methods, the high‘mineral content of teeth tends to argue for isolating
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lead from this matrix before analysis. In the methods of Needleman et al. (1974) and Chatman
and Wilson (1975), ashed residues in nitric acid were treated with ammonium nitrate and ammo-
nium hydroxide to a pH of 2.8, followed by dilution and extraction with a methylisobutylketone
solution of ammonium pyrrolidinecarbodithioate. Analysis was by flame AAS, using the 217.0-nm
lead-absorption 1ine. A similar procedure was employed by Fosse and Justesen (1978).

ASYV has been successfully used in tooth lead measurement (Shapirc et al., 1973; Needleman
et al., 1979; Oehme and Lund, 1978). As typified by the method of Shapiro et al. (1973), sam-
ples of dentine were dissolved in a small volume of low-lead concentrated perchloric acid and
diluted (5.0 ml1) with lead-free sodium acetate solution. With deoxygenation, samples were
analyzed in a commercial ASV unit, using a plating time of 10 min at a plating potential of
~-1.05 V. Anodic sweeping was at a rate of 60 mV/sec with a variable current of 100-500 pA.
Since lead content of teeth is higher than in most samples of biological media, the relative
precision of analysis with appropriate accommodation of the matrix effect, such as the use of
matrix-matched standards, in the better studies indicates a value of approximately 5-7 per-
cent.

In an analysis of lead levels in permanent teeth of Swedish subjects, Moller et al.
(1982) used particle-induced X-ray emission (PIXE). While this method permits analysis with
minimal contamination risk, it measures only coronal dentine, which is relatively less re-
vealing about cumulative exposure than secondary or circumpulpal dentine.

A1l of the above methods involve shed or extracted teeth and consequently provide a ret-
rospective determination of lead exposure, In Bloch et al.'s (1976) procedure, tooth lead is
measured in situ using an X-ray fluorescence technique. A collimated beam of radiation from
57Co was allowed to irradiate the upper central incisor teeth of the subject. Using a rela-
tively safe 100-sec irradiation time and measurement of Ku1 and Kaz lead lines via a germanium
diode and a pulse-height analyzer for signal processing, lead levels of 15 ppm or higher could
be measured. Multiple measurement by this method would be very useful in prospective studies
because it would show the "ongoing" rate of increase in body lead burden. Furthermore, when
combined with serial blood sampiing, it would provide data for blood lead-tooth lead relation-
ships.
9.2.2.4 lead in Hair. Hair constitutes a noninvasive sampling source with virtually no prob-
lems with sample stability on extended storage. However, the advantages of accessibility and
stability are offset by the problem of assessing external contamination of the hair surface by
atmospheric fallout, hand dirt, lead in hair preparations, etc. Thus, such samples are prob-
ably of less value overall than those from other media.

The various methods that have been employed for removal of external lead have been re-
viewed (Chatt et al., 1980; Gibson, 1980; Chattopadhyay et al., 1977). Cleaning techniques
obviously should be vigorous enough to remove surface lead but not so vigorous as to remove
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the endogenous fraction. To date, no published cleaning procedure has been proven reliable
enough to permit acceptance of reported levels of lead in hair. Such a demonstration would
have to use lead isotopic studies with both surface and endogenous isotopic lead removal moni-
tored as a function of a particular cleaning technique. '

9.2.2.5 Lead in Urine. Analysis of lead in urine is complicated by its relatively low con-
Fentrations (lower than in blood in many cases) as well as by the complex mixture of mineral
‘elements present. lead levels are higher, of course, in cases where lead mobilization or
therapy with chelants is in progress, but in these cases samples must be analyzed to account
for lead bound to chelants such as EDTA. Such analysis requires either sample ashing or the
use of standards containing the chelant. Although analytical methods have been published for
the direct analysis of lead in urine, samples are probably best wet ashed before analysis,
using the usual mixtures of nitric plus sulfuric and/or perchloric acids.

Both AAS and ASV methods have been applied to urine lead analyses, the former employing
either direct analysis of ashed residues or a preliminary chelation-extraction step. With
flame AAS, ashed urine samples must invariably be extracted with a chelant such as ammonium
pyrrolidinecarbodithicate in methylisobutylketone to achieve reasonably satisfactory results.
Furthermore, direct analysis creates mechanical problems with burner operation, due to the
high mineral content of urine, and results in considerable maintenance problems with equip-
ment. The procedure of lauwerys et al. (1975) is typical of flame AAS methods with prelimin-
ary lead separation, Because of the relatively greatef sensitivity of graphite furnace
(flameless) AAS, this variation of the method has been applied toc urine analysis. In scat-
tered reports of such analyses, adequate performance for direct sample analysis seems to
require steps to minimize matrix interference. A typical example of one of the better direct
analysis methods is that of Hodges and Skelding (1981). Urine samples were mixed with iodine
solution and heated, then diluted with a special reagent containing ammonium molybdate, phos-
phoric acid, and ascorbic acid. Small aliquots (5 pl1) were delivered to the furnace accessory
of an AAS unit containing a graphite tube pretreated with ammonium molybdate. The relative
standard deviation of the method is reported to be about 6 percent. In the method of Legotte
et al. (1980), such tube treatment and sample modifications were not employed and the average
precision figure was 13 percent. ’

Compared with various AAS methods, ASV has been less frequently employed for urine lead
analysis. From a survey of available electrochemical methods in general, such techniques
applied to urine appear to require further development. Franke and de Zeeuw (1977) used dif-
ferential-pulse ASV as a screening tool for lead and other elements in urine. Jagner et al.
(1979) described analysis of urine lead using potentiometric stripping. In their procedure the
element was preconcentrated at a thin-film mercury electrode as in conventional ASV, but
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deoxygenated samples were reoxidized with either oxygen or mercuric ions after the circuitry
was disconnected.

As noted in Section 9.1.1.2, if collection of 24-hr samples is not possible, spot sam-
pling of lead in urine can be conducted, and results should be expressed per unit creatinine.
9.2.2.6 Lead in Other Tissues. Bone samples of experimental animal or human autopsy origin

require preliminary cleaning procedures for removal of muscle and connective tissue, with care
being taken to minimize sample contamination. As is the case with teeth, samples must be
chemically decomposed before analysis. Satisfactory instrumental methods for bone lead analy-
sis comprise a much smaller literature than is the case for other media.

Wittmers et al. (1981) have described the measurement of lead in dry ashed (450°C) bone
samples using flameless AAS. Ashed samples were weighed and dissolved in dilute nitric acid
containing lanthanum ion, the latter being used to suppress interference from bone elements.
Small voTuﬁes (20 p1) and high calcium content required that atomization be done at 2400°C to
avoid condensation of calcium within the furnace. Quantification was by the method of addi-
tions. Relative precision was 6-8 percent at relatively high lead content (60 pg/g ash) and
10-12 percent at levels of 14 pg/g ash or less.

Ahlgren et al. (1980) described the application of X-ray fluorescence analysis to in vivo -
lead measurement in the human skeleton, using tibia and phalanges. In this technique, irra- -
diation is carried out with a dual 57Co gamma ray source. The generated Ka‘ and Kug lead
lines are detected with a lithium-drifted germanium detector. The detection 1imit is 20 ppm.

Soft organs differ from other biological media in the extent of anatomic heterogeneity as
well as lead distribution, e.g., brain versus kidney. Hence, sample analysis involves either
discrete regional sampling or the homogenizing of an organ. The efficiency of the latter can
vary considerably, depending on the density of the homogenate, the efficiency of rupture of
the formed elements, and other factors. Glass-on-glass homogenizing should be avoided because
lead is liberated from the glass matrix with abrasion. .

AAS, in its flame or flameless variations, is the method of choice in many studies. In
the procedure of Slavin et al. (1975), tissues were wet ashed and the residues taken up in di-
lute acid and analyzed with the furnace accessory of an AAS unit. A large number of reports
representing slight variations of this basic technique have appeared over the years (lLawrence,
1982, 1983). Flame procedures, being less sensitive than the graphite furnace method, require
more sample than may be available or are restricted to measurement in tissues where levels are
relatively high, e.g., kidney. In the method of Farris et al. (1978), samples of brain,
liver, lung, or spleen {as discrete segments) were lyophilized and then solubilized at room
temperature with nitric acid. Following neutralization, lead was extracted into methyliso-
butylketone with ammonium pyrrolidinecarbodithioate and aspirated into the flame of an AAS
unit. The reported relative precision was 8 percent.
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9.2.3 Quality Assurance Procedures In Lead Analysis

Regardless of technical differences among the different methodologies for lead analysis,
one can define the quality of such techniques as being of certain categories: (1) poor accu-
racy and poor precision; (2) poor accuracy and good precision; or (3) good accuracy and good
precision. In terms of available information, the major focus in assessing quality has been

{on blood lead determinations.

According to Boutwell (1976), the use of quality control testing for lead measurement
rests on four assumptions: (1) that the validity of the specific procedure for lead in some
matrix has been established; (2) that the stability of the factors making up the method has
been both established and manageable; (3) that the validity of the calibration process and the
calibrators with respect to the media being analyzed has been estéb]ished; and (4) that surro-
gate quality control materials of reliably determined analyte content can be provided. These
assumptions, when translated into practice, revolve around steps employed within the labora-
tory, using a battery of "internal checks" and a further reliance on "external checks" such as
a formal, well-organized, multi-laboratory proficiency testing program.

Analytical quality protocols can be further divided into start-up and routine procedures,
the former entailing the establishment of detection 1imits, "within-run" and "between-run"
precision, and recovery of analyte. When a new method is adopted for some specific analytical
advantage, the procedure is usually tested inside or outside the laboratory for comparative
performance. For example, Hicks et al. (1973) and Kubasik et al. (1972) reported that flame-
less techniques for measuring lead in whole blood had a satisfactory correlation with results
using conventional flame procedures. Matson et al. (1971) noted a good agreement between ASV
and both AAS and dithizone colorimetric techniques. The problem with such comparisons is that
the reference method is assumed to be accurate for the particular level of lead in a given
matrix. High correlations obtained in this manner may simply indicate that two inaccurate
methods are simultaneously performing with the same level of precision.

Preferable approaches for assessing accuracy are the use of certified samples determined
by a definitive method or direct comparfson of different techniques with a definitive proce-
dure. For example, Eller and Hartz (1977) compared the precision and accuracy of five availa-
ble methods for measuring lead in blood: dithizone spectrometry, extraction and tantalum boat

/AAS, extraction and flame aspiration AAS, direct aspiration AAS, and graphite furnace AAS

V techniques. Porcine whole blood certified by NBS using IDMS at 1.00 pg/g (#0.023) was tested
and all methods were found to be equally accurate. The tantalum boat technique was the least
precise, The obvious 1imitation of data from this technique is that they relate to a high
blood tead content, suitable for use in measuring the exposure of lead workers or in some

other occupational context, but less appropriate for clinical or epidemiological investi-
gations.
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Boone et al. (1979) compared the analytical performance of 113 laboratories using various
methods and 12 whole blood samples (blood from cows fed a lead salt) certified as to lead con-
tent using IDMS at the NBS. Lead content ranged from 13 to 102 pg/dl, determined by ASV and
five variations of AAS. The order of agreement with NBS values, i.e., relative accuracy, was
as follows: extraction > ASV > tantalum strip > graphite furnace > Delves cup > carbon rod.
The AAS methods all showed bias, having positive values at less than 40 pg/dl and negative
values at levels greater than 50 ug/dl. ASV showed less of a positive bias problem, although
it was not bias free within either of the blood lead ranges. In terms of relative precision,
the ranking was: ASY > Delves cup > tantalum strip > graphite furnace > extraction > carbon
rod. The overall ranking in accuracy and precision indicated: ASV > Delves cup > extraction
> tanta]um strip > graphite furnace > carbon rod. As the authors cautioned, the above data
should not be taken to indicate that any established laboratory using one particular technique
would not perform better; rather, it should be used as a guide for newer facilities choosing
among methods. .

A number of steps in quality assurance pertinent to the routine measurement of lead are
necessary in an ongoing program. With respect to internal checks of routine performance,
these steps include calibration and precision and accuracy testing. With biological matrices,
the use of matrix-matched standards is quite important, as is an understanding of the range of
Tinearity and variation of calibration curve slopes from day to day. Analyzing a given sample
in duplicate is common practice, with further replication carried out if the first two deter-

- minations. vary beyond a predetermined range, A second desirable step is the analysis of sam-

ples coliected in duplicate but analyzed "blind" to avoid bias.

Monitoring accuracy within the Taboratory is limited to the availability of control sam-
ples having a certified lead content in the same medium as the samples being analyzed. Con-
trols should be as physically close to the media being analyzed as possible. Standard refer-
ence materials (SRMs), such as orchard leaves and lyophilized bovine liver, are of help in
some cases, but NBS-certified blood samples are needed for the general laboratory community.
Whole blood samples, prepared and certified by the marketing facility (TOX-EL, A.R. Smith Co.,
Los Angeles, CA; Kaulson Laboratories, Caldwell, NJ; Behringwerke AG, Marburg, W. Germany; and
Health Research Institute, Albany, NY) are available commercially. With these samples, atten-
tion must be paid to the reliability of the methods used by reference laboratories. The use
of such materials, from whatever source, must minimize bias; for example, the attention given
control specimens should be the same as that given routine samples.

Finally, the most important form of quality assurance is the ongoing assessment of lab-
oratory performance by proficiency testing programs using externally provided specimens for
analysis. Earlier interlaboratory surveys of lead measurement in blood and in urine indicated
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that a number of laboratories had performed unsatisfactorily, even when dealing with high con-
centrations of lead (Keppler et al., 1970; Donovan et al., 1971; Berlin et al., 1973), al-
though some of the problems may have originated in the preparation and status of the blood
samples during and after distribution (World Health Organization, 1977). These earlier tests
for proficiency indicated the following: (1) many laboratories were able to achieve a good
degree of precision within their own facilities; (2) the greater the number of samples rou-
tinely analyzed by a facility, the better the performance; and (3) 30 percent of the labora-
tories routinely analyzing blood lead reported values differing by more than 15 percent from
the true level (Pierce et al., 1976). k

In the more recent, but very limited, study of Paulev et al. (1978), five facilities par-
ticipated in a survey, using samples to which known amounts of lead had been added. For lead
in both whole blood and urine, the interlaboratory coefficient of variation was reported to be
satisfactory, ranging from 12.3 to 17.2 percent. Aside from its limited scope, this study
used “spiked" instead of in vivo lead, so that extraction techniques used in most of the labo-
ratories surveyed would have given misleadingly better results in terms of actual recovery.

Maher et al. (1979) described the outcome of a proficiency study involving up to 38 lab-
oratories that analyzed whole blood pooled from a large number of samples submitted for blood
lead testing. The Delves cup technique was the most heavily represented, followed by the che-
lation-extraction plus flame AAS methed and the graphite furnace AAS method. ASV was used by
only approximately 10 percent of the laboratories, so that the results basically portray AAS
methods. A1l laboratories had about the same degree of accuracy, with no evidence of consis-
tent bias, while the interlaboratory coefficient of variation was approximately 15 percent. A
subset of this group, certified by the American Industrial Hygiene Association (AIHA) for air
lead, showed a corresponding precision figure of approximately 7 percent. Over time, the sub-
set of AIHA-certified laboratories remained about the same 1in proficiency, while the other
facilities showed continued improvement in both accuracy and precision. This study indicates
that program participation does help the performance of a laboratory doing blood lead determi-
nations.

The most comprehensive proficiency testing program is that carried out by the Centers for
Disease Control (CDC) of the U.S. Public Health Service (USPHS). This testing program con-
sists of two operationally and administratively distinct subprograms, one conducted by the
Center for Environmental Health (CEH) and the other by the Licensure and Proficiency Testing
Division, Laboratory Improvement Program Office (LIPO). The CEH program is directed at fa-
cilities involved in lead poisoning prevention and screening, while LIPO is concerned with
laboratories seeking certification under the Clinical Laboratories Improvement Act of 1967 as
well as under regulations of the Occupational Safety and Health Administration (OSHA). Both
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the CEH and LIPO protocols involve the use of bovine whole blood certified as to content by
reference laboratories (6 in the CEH program, 20-23 in LIPO) with an ad hoc target range of 16
pg/dl for values of 40 pg/dl or less and %15 percent for higher levels. Three samples are
provided monthly from CEH, for a total of 36 yearly, while LIPO participants receive three
samples quarterly (12 samples yearly). Use of a fixed range rather than a standard deviation
has the advantage of allowing the monitoring of overall laboratory improvement.

For fiscal year (FY) 1981, 114 facilities were in the CEH program, 92 of them participa-
ting for the entire year. O0f these, 57 percent each month reported all three samples within
the target range, and 85 percent on average reported two out of three samples correctly. Of
the facilities reporting throughout the year, 95 percent had a 50 percent or better perfor-
mance, i.e., 18 blood samples or better. Comparing the summary data for FY 1981 with earlier
annual reports, one sees considerable improvement in the number of Tlaboratories achieving
higher levels of proficiency. For the interval FY 1977-79, there was a 20 percent increase in
the number correctly analyzing more than 80 percent of all samples and a 33 percent decrease
in those reporting less than 50 percent correct. In the last several years, FY 1979-81, over-
all performance has more or less stabilized.

With the LIPO program for 1981 (Dudley, 1982), the overall laboratory performance aver-
aged across all quarters was 65 percent of the laboratories analyzing all samples correctly
and approximately 80 percent performing well with two of three samples. Over the 4 years of -
this program, an increasing ability to analyze lead in blood correctly has been demonstrated.
Dudley's (1982) survey also indicates that reference laboratories in the LIPO program are be-
coming more accurate relative to IDMS values, i.e., bias over the blood lead range is con-
tracting. )

Current OSHA criteria for certification of laboratories measuring occupational blood lead
levels require that eight of nine samples, 89 percent, be within 6 pg/dl or 15 percent of re-
ference laboratory means for samples sent over the three previous quarters (U.S. Occupational
Safety and Health Administration, 1982). These criteria reflect the ability of a number of
laboratories to perform at this level.

Note that most proficiency programs, including the CEH and LIPO surveys, are appropriate-
1y concerned with blood lead levels encountered in such cases as pediatric screening for ex-
cessive exposure to lead or in occupational exposures. As a consequence, underrepresentation
of lead values in the low end of the "normal" range occurs. In the CEH distribution for FY
1981, four samples (11 percent) were below 25 ug/dl. The relative performance of the 114
facilities with these samples indicates outcomes much better than with the whole sample range.
This relative distribution of low blood lead samples appears to have continued to the present.
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The National Bureau of Standards has recently made available certified porcine blood lead
standard reference material (SRM 955) at two levels of blood lead. Certified urine lead
samples are also being offered.

9.3 DETERMINATION OF ERYTHROCYTE PORPHYRIN (FREE ERYTHROCYTE PROTOPORPHYRIN,
ZINC PROTOPORPHYRIN)

9.3.1 Methods of Erythrocyte Porphyrin Analysis

Lead exposure results in inhibition of the final step in heme biosynthesis, the insertion
of iron inte protoporphyrin IX to form heme. Inhibition of this step leads to an accumulation
of the porphyrin, with zinc (II) occupying the position normally filled by iron. Depending on
the particular method of analysis, zinc protoporphyrin (ZPP) itself or the metal-free fornm,
free erythrocyte protoporphyrin (FEP), is measured. FEP generated as a consequence of chemi-
cal manipulation should be kept distinct from the metal-free form bicchemically produced in
the disease, erythropoietic protoporphyria. The chemical or “"wet" methods measure FEP or ZPP,
depending upon the relative acidity of the extraction medium. The hematofluorometer in its
commercially available form measures ZPP.

Porphyrins are labile due to photochemical decomposition; hence, samples must be protect-
ed from 1i§ht during collection and handling and analyzed as soon as possible. Hematocrits
must also be obtained to adjust for anemic subjects.

In terms of methodological approaches for erythrocyte porphyrin (EP) analysis, virtually
all methods now in use exploit the ability of porphyrins to undergo intense fluorescence when
excited at the appropriate wavelength of light. Such fluorometric techniques can be further
classified as wet chemical micromethods or as micromethods using a recently developed instru-
ment, the hematofluorometer. The latter involves direct measurement in whole blood. Because
the mammalian erythrocyte contains all of the EP in whole blood, either packed cells or whole
blood may be used, although the latter is more expedient.

Because of the relatively high sensitivity of fluorometric measurement for FEP or ZPP,
laboratory methods for spectrofluorometric analysis require a relatively small sample of
blood; hence, microtechniques are currently the most popular in most laboratories. These in-
volve either liquid samples or blood collected on filter paper, the latter used particularly
in field sampling. ‘

As noted above, chemical methods for EP analysis measure either FEP, where zinc is chemi-
cally removed, or ZPP, where zinc is retained. The procedures of Piomelli and Davidow (1972),
Granick et al., (1972), and Chisholm and Brown (1975) typify "free" EP methods, while those of
Lamola et al. (1975}, Joselow and Flores (1977), and Chisolm and Brown (1979) involve mea-
surement of zinc EP.
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In Piomelli and Davidow's (1972) microprocedure, small volumes of whole blood, analyzed
either directly or after collection on filter paper, were treated with a suspension of Celite
in saline followed by a 4:1 mixture of ethyl acetate to glacial acetic acid. After agitation
and centrifugation, the supernatant was extracted with 1.5N HC1. The acid layer was analyzed
fluorometrically using an excitation wavelength of 405 nm and measurement at 615 nm. Blood
collected on filter paper discs was first eluted with 0.2 mi H,0. The filter paper method was
found to work just as well as liquid samples of whole blood. Protoporphyrin IX was employed
as a quantitative standard. Granick et al. (1972) used a similar microprocedure, but it dif-
fered in the concentration of acid employed and the use of a ratio of maxima.

In Chisolm and Brown's (1975) variation, volumes of 20 pul of whole blood were treated
with ethyl acetate/acetic acid (3:1) and briefly mixed. The acid-extraction step was done
with 3N HC1, followed by a further dilution step with more acid if the value was beyond the
range of the calibration curve. 1In this procedure, protoporphyrin IX was used as the working
standard, with coproporphyrin (a precursor to protoporphyrin) used to monitor the calibration
of the flucrometer and any variance with the protoporphyrin standard.

Lamola et al. (1975) analyzed the ZPP as such in their procedure. Small volumes of blood
(20 pl) were worked up in a detergent (dimethyl dodecylamine oxide) and phosphate buffer solu-
tion, and fluorescence was measured at 594 nm with excitation at 424 nm. In the variation of
Joselow and Flores (1977), 10 pl of whole blood was dituted 1000-fold, along with protoporphy-
rin (In) standards, with the detergent-buffer solution. Note that the ZPP standard is virtu-
ally impossible to obtain in pure form. Chisolm and Brown (1379) reported the use of proto-
porphyrin IX plus very pure zinc salt for such standards.

In the single-extraction variation of Orfanos et al. (1977}, liquid samples of whole
blood (40 u1) or blood on filter paper were treated with acidified ethanol. The mixtures were
agitated and centrifuged, and the supernatants analyzed directly in fluorometer cuvettes. For
blood samples on filter paper, blood was first leached from the paper with saline by soaking
for 60 min. Coproporphyrin was used as the quantitative standard. The correlation coeffici-
ent with the Piomelli and Davidow (1972) procedure (see above) over the range 40-650 ug EP/d]
RBCs was r = 0.98. As in the above methods, ZPP itself is measured.

Regardless of the extraction methods used, some instrumental parameters are important,
including the variation between cut-offs in secondary emission filters and variation among
photomultiplier tubes in the red region of the spectrum.‘ Hanna et al. (1976) compared four
micromethods for EP analysis: double extraction with ethyl acetate/acetic acid and with HCI
(Piomelli and Davidow, 1972), single extraction with either ethanol or acetone (Chisolm et
al., 1974), and direct solubilization with detergent (Lamola et al., 1975). Of these, the
ethyl acetate and ethanol procedures were satisfactory; complete extraction occurred only with
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the ethyl acetate/acetic acid method. In the method of Chisholm et al. (1974), the choice of
acid and its concentration appears to be more significant than the choice of organic solvent.

The levels of precision with these wet micromethods differ with the specifics of analy-
sis. Piomelli (1973) reported a coefficient of variation (C.V.) of 5 percent, compared to

,Herber's (1980) observation of 2-4 percent for the methods per se and 6-11 percent total C.V.,

' which included precision of samples, standards, and day-to-day variation. The Lamola et al.
(1975) method for ZPP measurement was found to have a C.V. of 10 percent (same day, presuma-
bly), whereas Herber {(1980) reported a day-to-day C.V. of 9.3-44.6 percent. Herber (1980)
also found that the wet chemical micromethod of Piomelli (1973) had a detection 1imit of 20 ug
EP/dl whole blood, while that of Lamola et al. (1975) was sensitive to 58 ug EP/d) whole
blood. | ’

The recent development of direct instrumental measurement of ZPP with the hematofluoro-
meter has made it possible to use EP measurement in field screening for lead exposure in large
groups of subjects. However, hematofluorometers were developed for and remain most useful for
lead screening programs; they were not meant to be laboratory substitutes for the chemical
methods of EP analysis. (See Section 9.3.2 for a comparative discussion.) As originally de-
veloped by Bell Laboratories (Blumberg et al., 1977) and now produced commercially, the appa-
ratus employs front-face optics, in which excitation of the fluorophore is at an acute angle
to the sample surface, with emitted 1ight emerging from the same surface and thus being de-
tected. Routine calibration requires a stable fluorescing material with spectra comparable to
ZPP; the triphenyimethane dye Rhodamine B is used for this purpose. Absolute calibration re-
quires adjusting the microprocessor-controlied readout system to read the known concentration
of ZPP in reference blood samples, the latter calibration performed as frequently as possible.

Hematofluorometers are designed for measuring EP in samples containing oxyhemoglobin,
i.e., capillary blood. Venous blood, therefore, must first be oxygenated, usually by moderate
shaking for approximately 10 min (Blumberg et al., 1977; Grandjean and Lintrup, 1978). A
second problem with hematofluorometer use, in contrast to wet chemical methods, is interfer-
ence by bilirubin (Karaci¢ et al., 1980; Grandjean and Lintrup, 1978). This interference oc-
curs with relatively low levels of EP. At levels normally encountered in lead workers or sub-
Jects with anemia or nonoccupational lead exposure, the degree of such interference is not

!considered significant (Grandjean and Lintrup, 1978). Karacié et al. (1980) have found that
carboxyhemoglobin (COHb) may pose a potential problem, but its relevance to EP levels of sub-
Jjects exposed to lead has not been fully elucidated. Background fluorescence in cover glass
may be a problem and should be tested in advance. Finally, the accuracy of the hematofluoro-
meter appears to be affected by hemolyzed blood. ‘

Competently employed, the hematofluorometer appears to be reasonably precise, but its ac-
curacy may still be biased (see below). Blumberg et al. (1977) reported a C.V. of 3 percent
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over the entire range of ZPP values measured when using a prototype apparatus. Karacié et al.
(1980) found the relative standard deviation to vary from 1 percent (0.92 mM ZPP/M Hb) to 5
percent (0.41 mM ZPP/M Hb) depending on concentration. Grandjean and Lintrup (1978) obtained
a day-to-day C.V. of 5 percent using blood samples refrigerated for up to 9 weeks. Herber
(1980) obtained a total C.V. of 4.1-11.5 percent.

A number of investigators have compared EP measured by the hematofluorometer with EP mea-
sured by the laboratory or wet chemical technigues, ranging from a single, intralaboratory
comparison to interlaboratory performance testing. The latter inc1uded the EP proficiency
testing program of the USPHS' CDC. Working with prototype instrumentation, Blumberg et al
(1977) obtained correlation coefficients of r = 0.98 (range: 50-800 pg EP/d1 RBCs) and 0.99
(range: up to 1000 pg EP/d1 RBCs) for comparisons with the Granick and Piomelli methods,
respectively. Grandjean and Lintrup (1978), Castoldi et al. (1979) and Karacic¢ et al. (1980)
have achieved equally good correlation results.

Several reports (Culbreth et al., 1979; Scoble et al., 1981; Smith et al., 1980) have
described the application of high-performance 1iquid chromatography (HPLC) to the analysis of
either FEP or ZPP in whole blood. 1In one of the studies (Scoble et al., 1981), the protopor-
phyrins as well as coproporphyrin and mesoporphyrin IX were reported to be determined on-1ine
fluorometrically in less than 6 min using 0.1 ml of blood sample. The HPLC approach remains
to be tested in interlaboratory proficiency programs.

9.3.2 InterTaboratory Testing of Accuracy and Precision in EP Measurement

In a relatively early attempt to assess interlaboratory proficiency in EP measurement,
Jackson (1978) reported results of a survey of 65 facilities that analyzed 10 whole blood sam-
ples by direct measurement with the hematofluorometer or by one of the wet chemical methods.
In this survey, the instrumental methods had a low bias compared to the extraction techniques
but tended to show better interlaboratory correlation.

At present, CDC's ongoing EP proficiency testing program constitutes the most comprehen-
sive assessment of laboratory performance (U.S. Centers for Disease Control, 1981). Every
month, three samples of whole blood prepared at the University of Wisconsin Laboratory of
Hygiene are forwarded to participants. Reference means are determined by a group of reference
laboratories with a target range of *15 percent across the whole range of EP values. For FY
1981, of the 198 laboratories participating, 139 facilities were involved for the entire year.
Three of the 36 samples in the year were not included. Of the 139 year-long participants,
83.5 percent had better than half of the samples within the target range, 84.2 percent per-
formed satisfactorily with 70 percent or more of the samples within range, and 50.4 percent of
all laboratories had 90 percent or more of the samples yielding the correct results. The par-
ticipants as a whole showed greater proficiency than in the previous year. Of the various
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methods currently used, the hematofluorometer direct measurement technique was most heavily
represented. For examplie, in the January 1982 survey of the three major techniques, 154 par-
ticipants used the hematofluorometer, 30 used the Piomelli method, and 7 used the Chisolm/
Brown method.

A recent survey by Balamut et al. (1982) raises the troublesome observation that the use
of commercially available hematofluorometers may yield satisfactory proficiency results but
sti11 be inaccurate when compared to the wet chemical method using freshly drawn whole blood.
Two hematofluorometers in wide use performed well in proficiency testing but showed an appro-
ximatély 30 percent negative bias with clinical samples analyzed by both instrument and chemi-
cal microtechniques. This bias leads to false negatives when used in screening. Periodic
testing of split samples by both fluorometer and chemical means is necessary to monitor, and
correct for, instrument negative bias. The basis of the bias is much more than can be ex-
plained by the difference between FEP and ZPP. This survey points out precautions noted
earlier on the restrictive use of the hematofluorometer to screening situations.

Mi;che]] and Doran (1985) compared EP values measured in their laboratory by the chemical
extraction technique with results obtained by the hematofluorometer in 21 other laboratories.
These workers found that (a) hematofluorometer results were 11-28 percent lower than the cor-
responding chemical method values, (b) hematofiuorometers demonstrated mean error of up to 3
percent for proficiency samples, and (c) hematofluorometers showed a negative bias of 20 per-
cent at EP levels of 50 pg/dl and would miss about one third (false negatives) of children at
or somewhat above this level. . ‘ ,

One factor that can be important in the relative accuracy of the hematoflucrometer versus
wet chemical methods is the relative stability of ZPP levels as a proportion of total EP
across that age range in childhood of most interest in screening. Hammond and coworkers
(1984) have observed that the fraction of ZPP versus total EP was at a relative minimum at 3
months of age in 165 children serially tested, and that it increased to 1.0 by around 33
months of age. These observations suggest that this variation of proportionality with age
should be taken into account when screening children under approximately 30 months of age and
when the hematofluorometer is the chief means of EP quantification.

The technical basis for this age-related change in proportionality may be spectroscopic,
i.e., changes in erythrocyte size over this age range would lead to differences in cell
packing, which in turn would affect fluorescence yield during front-face irradiation in the
hematofiuorometer. A second factor noted by the authors may have to do with relative availa-
bility of zinc. Since zinc deficiency is common at this stage of development (see Chapter
10), bioavailability of zinc for a nonessential complexing with FEP would be restricted by
homeostatic sparing of the element for physiological needs. However, since the work of
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Chisolm and Brown (1979), using a chemical method, did not reveal any disparity between the
two forms in subjects of the same age range, there is probably an instrumental artifact
operating here.

9.4 MEASUREMENT OF URINARY COPROPORPHYRIN

The elevation of urinary coproporphyrin (CP-U) with lead intoxication served as a useful
indicator of such intoxication in children and lead workers for many years. Although analysis
of CP-U has declined considerably in recent times with the development of other testing
methods, such as measurement of EP, it still has the advantage of showing active intoxication
(Piomelli and Graziano, 1980).

The standard method of CP-U determination is the fluorometric procedure described by
Schwartz et al. (1951). Urine samples are treated with acetate buffer and aqueous iodine, the
latter converting coproporphyrinogen to coproporphyrin (CP). The porphyrin is partitioned
into ethyl acetate and back extracted (4 times) with 1.5N HC1. Coproporphyrin is employed as
the quantitative standard. Working curves are linear below 5 pg CP/1 urine.

In the absorption spectrometric technique of Haeger-Aronsen {1960), iodine is also used
to convert coproporphyrinogen to CP. The extractant is ethyl ether, from which the CP is re-
moved with O.IN HC1. Absorption is read at three wavelengths, 380, 430, and the Soret maximum
at 402 nm. Quantification is carried out using an equation involving the three wavelengths.

9.5 MEASUREMENT OF DELTA-AMINOLEVULINIC ACID DEHYDRASE ACTIVITY

Delta-aminolevulinic acid dehydrase (5-aminolevulinate hydrolase; porphobilinogen synthe-
tase; E.C. 4.2.1.24; 1i.e., ALA-D) is an allosteric sulfhydryl enzyme that mediates the con-
version of two units of &-aminolevulinic acid (86-ALA) to porphobilinogen, a precursor in the
heme bibsynthetic pathway to the perphyrins. Lead's inhibition of the activity of this enzyme
is the enzymological basis of ALA-D's diagnostic utility in assessing lead exposure using
erythrocytes.

A number of sampling precautions are necessary when measuring this enzyme's activity.
ALA-D activity is modified by the presence of zinc as well as lead. Consequently, blood col-
Tection tubes that have high background zinc content, mainly in the rubber stoppers, must be
avoided completely or care must be taken to avoid stopper contact with blood. Nackowski et
al. (1977) observed that the presence of zinc in blood collection tubes is a pervasive prob~
lem, and plastic-cup tubes appear the only practical means to avoid it. To guard against zinc
in the tube itself, one should determine the extent of zinc leachability by blood and use one
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tube lot, if possible. Heparin is the anticoagulant of choice, because the lead binding
agent, EDTA, or other chelants would affect the lead-enzyme interaction. The relative in-
stability of the enzyme in blood makes rapid determinations of activity necessary, preferably

" as soon after collection as possible. Even with refrigeration, analysis of activity should-be

: done within 24 hr (Berlin and Schaller, 1974). Furthermore, porphobilinogen is light labile,

! ﬁﬂhich requires that the assay be done under restricted light.

Various procedures for ALA-D activity measurement are chemically based on measurement of
porphobilinogen generated from the substrate. Delta-ALA porphobilinogen is condensed with p-
dimethylaminobenzaldehyde (Ehrlich's reagent) to yield a chromophore measured at 553 nm in a
spectrophotometer. In the European Standardized Method for ALA-D activity measurement (Berlin
and Schaller, 1974), developed with the collaboration of nine laboratories for use with blood
sampies having relatively low lead content, triplicate blood samples (0.2 ml1) are hemolyzed,
along with a blood blank, with water for 10 min at 37°C. Samples are then mixed with 6-ALA
solution and incubated for 60 min. The enzyme reaction is terminated by addition of a solu-
tion of mercury (II) in trichloroacetic acid, followed by centrifugation and filtration. Fil-
trates are mixed with modified Ehrlich's reagent (p-dimethylaminobenzalehyde in trichloro-
acetic/perch1oric acid mixture) and allowed to react for 5 min, followed by chromophore
measurement in a spectrophotometer at 555 nm. Activity is quantified in terms of uM &-ALA/
min-1 erythrocytes. Note that the amount of phosphate for Solution A in Berlin & Schaller's
(1974) report should be 1.78 g, not the 1.38 g stated. In a microscale variation, Granick et
al. (1973) used only 5 pl of blood and terminated the assay by trichloroacetic acid.

In comparing various reports concerning the relationship between lead exposure and ALA-D
inhibition, attention should be paid to the units of activity measurement employed with the
different techniques. Berlin and Schaller's (1974) procedure expresses activity as pM 6-ALA/
min-1 cells, while Tomokuni's (1974) method expresses activity as pM porphobilinogen/hr/ml
cells. Similarly, when comparing the Bonsignhore et al. (1965) procedure to that of Berlin and
Schaller (1974), a conversion factor of 3.8 is necessary when converting from Bonsignore to
European Standard Method units (Trevisan et al., 1981).

Several factors have been shown to affect ALA-D activity. Rather than measuring enzyme
activity in blood once, Granick et al. (1973) measured activity before and after treatment
ﬁith dithiothreitol, an agent that reactivates the.enzyme by complexing lead. The ratio of
activated to unactivated enzymes versus blood lead levels accommodates inherent differences in
enzyme activity among individuals due to genetic factors and other reasons. Other agents for
such activation include zinc (Finelli et al., 1975) and zinc plus glutathione (Mitchell et
al., 1977). In the Mitchell et al. (1977) study, nonphysiological levels of zinc were used.
Wigfield and Farant (1979) found that enzyme activity is related to assay pH; thus, reduced
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activity from such a pH-activity relationship could be misinterpreted as lead inhibition.
These researchers find that pH shifts away from optimal, in terms of activity, as blood lead
content increases and the incubation step proceeds. '

9.6 MEASUREMENT OF DELTA-AMINDLEVULINIC ACID IN URINE AND OTHER MEDIA

Delta-aminolevulinic acid (86-ALA) levels increase with elevated lead exposure, because of
the inhibitory effect of lead on the activity of ALA dehydrase and/or the increase of ALA syn-
thetase activity by feedback derepression. The result is that this intermediate in heme bio-
synthesis rises in the body and eventually results in increased urinary excretion. The meas-
urement of this metabolite in urine provides an indication of the level of lead exposure.

The ALA content of urine samples (ALA-U)is stable for approximately 2 weeks or more if
urine samples are acidified with tartaric or acetic acid and kept refrigerated. Values of
ALA-U are adjusted for urine density if concentration is expressed in mg/1 or is measured per
gram creatinine. As noted in the case of urinary lead measurement, 24-hr collection is more
desirable than spot sampling.

Five manual procedures and one automated procedure for urinary ALA measurement are most
widely used. Mauzerall and Granick (1956) and Davis and Andelman (1967) described the most
involved procedures, requiring the initial chromatographic separation of ALA. The approach of
Grabecki et al. (1967) omitted chromatographic isolation, whereas the automated variation of
Lauwerys et al. (1972) omitted prechromatography but included the use of an internal standard.
Tomokuni and Ogata (1972) omitted chromatography but employed solvent extraction to isolate
the pyrrole intermediate. 7 ‘

Mauzerall and Granick (1956) condensed ALA with a B-dicarbonyl compound, acetylacetone,
at pH 4.6 to yield a pyrrole intermediate (Knorr condensation reaction), which was further re-
acted with p-dimethylaminobenzaldehyde in perchloric/acetic acid. The samples were then read
in a spectrophotometer at 553 nm 15 min after mixing. In this method, both porphobilinogen
and ALA are separated from urine by means of a dual-column configuration of cation and anion
exchange resins. The latter retains the porphobilinogen and the former separates ALA from
urea. The detection 1imit is 3 pmol1/1 urine. 1In the modification of this method by Davis and
Andelman (1967), disposable cation/anion resin cartridges were used, in a sequential configu-

ration, to expedite chromatographic separation and increase the sample ana]ys{s rate. Commer-

cial (Bio-Rad) disposable columns based on this design are now available and appear satis-
factory. ‘

In these two approaches (Mauzerall and Granick, 1956; Davis and Andelman, 1967), the pro-
blem of interference due to aminoacetone, a metabolite occurring in urine, is not taken into
account. However, Marver et al. (1966) used Dowex-1l in a chromatographic step subsequent to
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the condensation reaction to form the pyrrole. This step separates the ALA derivative from
that of the aminoacetone. Similarly, Schlenker et al. (1964) used a cation-exchange column to
retain aminoacetone. A

Tomokuni and Ogata (1972) condensed ALA with ethylacetoacetate and extracted the re-
§u1ting pyrrole with ethyl acetate. The extract was then treated with Ehrlich's reagent and
the resulting chromophore measured spectrophotometrically. Lauwerys et al. (1972) developed
an automated ALA analysis method for lead worker screening in which ALA was added in known
amount as an internal standard and the prechromatography was avoided. They feported a high
correlation (r = 0.98, no range available) with the procedure of Mauzerall and Granick (1956).

Roels et al. (1974) compared the relative proficiency of four methods--those of
Mauzerall and Granick (1956), Davis and Andelman (1967), the Lauwerys et al. (1972) automated
version, and the Grabecki et al. (1967) method, which omits chromatographic separation and is
normally used with occupational screening. The chromatographic methods gave identical resulis
over the range of 0-60 mg ALA/1 urine, while the automated method showed a positive bias at <b
mg/1. The Grabecki et al. (1967) technigue was the least satisfactory of the procedures com-
pared. Roels et al. (1974) also noted that commercial ion-exchange columns resulted in low
variability (<10 percent).

Della Fiorentina et al. (1979) combined the Tomokuni and Ogata (1972) extraction method
with a correction equation for urine density. Up to 25 mg ALA/1, the C.V. was £4 percent
along with a good correlation (r = 0.937) with the Davis and Andelman (1967) techniqué. While
avoiding prechromatography saves time, one must prepare a curve relating urine density to a
correction factor for quantitative measurement.

Although ALA analysis 1is normally done with urine as the indicator medium, Haeger-Aronsen
(1960) reported a similar colorimetric method for blood and MacGee et al. (1977) described a
gas-liquid chromatographic (GLC) method for ALA in plasma as well as urine. Levels of ALA in
plasma are much lower than those in urine. In the latter method, ALA was isolated from
ptasma, reacted with acetyl-acetone, and partitioned into a solvent (trimethylphenyl-
hydroxide), which also served for pyrolytic methylation in the injection port of the gas-
liquid chromatograph; the methylated pyrrole was more amenable to chromatographic isolation
than the more polar precursor. For quantification, an internal standard, 6-amino-5-oxohexa-
;%oic acid, was used. The sample requirement is 3 ml plasma. Measured levels ranged from 6.3
to 73.5 ng ALA/m1 plasma, and yielded values that were approximately tenfold lower than the
colorimetric technigues (0'Flaherty et al., 1980).

In comparing the Haeger-Aronsen (1960) and MacGee et al. (1977) methods, a number of dif-
ferences should be pointed out. First, the colorimetric approach of Haegar-Aronsen does not
employ chromatographic steps to separate the ALA from other aminoketones, specifically amino-
acetone and porphobilinogen. While these other aminoketones are hot known to be positively
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correlated with blood lead, they would add a positive bias to the accuracy of the levels ob-
tained. The GLC method of MacGee and coworkers does not measure simultaneously these amino-
ketones in either plasma or urine, and a reading of the published methodology and its applica-
tion (0'Flaherty et al., 1980) indicates the procedure is acceptable for urinary ALA and
levels of ALA in plasma associated with relatively high blood lead values, i.e., >40 pg/dl.
The suitability of the GLC approach for relatively low levels of plasma ALA, i.e., at blood
lead levels below 40 pg/dl, remains to be fully evaluated in the field. A careful reading of
the MacGee et al. report suggests potential interferences with'1ow levels of ALA measurement,
while the methodology has not had wide use or multi-laboratory evaluation. Despite its added
cost, a good overall method for assessing the relationship of plasma ALA to blood lead levels
below 40 pg/dl, now an issue of controversy (see Chapter 12.3), would be use of the MacGee
method in tandem with computerized multiple-ion monitoring in a mass spectrometer. This
method is an absolute means of ALA identification as well as a sensitive means of quantifica-
tion.

9.7 MEASUREMENT OF PYRIMIDINE-5'-NUCLEOTIDASE ACTIVITY

Erythrocyte pyrimidine-5'-nucleotidase (5'-ribonucleotide phosphohydrolase, E.C. 3.1.3.5,
i.e., PybN) catalyzes the hydrolytic dephosphorylation of the pyrimidine nucleotides uridine
monophosphate (UMP) and cytidinemonophosphate (CMP) to uridine and cytidine (Paglia and Valen-
tine, 1975). Enzyme inhibition by lead in humans and animals results in incomplete degrad
ation of reticulocyte ribonucleic acid (RNA) fragments, accumulation of the nucleotides, and
increased cell hemolysis (Paglia et al., 1975; Paglia and Valentine, 1975; Angle and McIntire,
1978; George and Duncan, 1982). '

Two methods are available for measurement of PySN activity. @ne is quite laborious in
terms of time and manipulation, while the other is shorter but requires the use of radioiso-
topes and radiometric measurement. In Paglia and Valentine's (1975) method, heparinized
venous bliood was filtered through cotton or a commercial cellulose preparation to separate
erythrocytes from platelets and leukocytes. Cells were given multiple saline washings, packed
Tightly, and subjected to freeze hemolysis. The hemolysates were dialyzed against a saline-
Tris buffer containing MgCl, and EDTA to remove nucleotides and other phosphates. The assay
system consists of dialyzed hemolysate, MgCl,, Tris buffer at pH 8.0, and either UMP or CMP;
incubation is for 2 hr at 37°C. Activity is terminated by treatment with 20 percent trichlo-
roacetic acid, followed by centrifugation. The supernatant inorganic phosphate, Pi’ is meas-
ured by the classic method of Fiske and Subbarow (1925), and the phesphomolybdic acid complex
is measured spectrophotometrically at 660 nm. A unit of enzyme activity is expressed as
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pmol Pi/hr/g hemoglobin. Hemolysates appear to be stable (90 percent) with refrigeration at
4°C for up to 6 days, provided that mercaptoethanol is added at the time of assay. Like the
other method, activity measurement requires the determination of hemoglobin.

In the simpler approach of Torrance et al. (1977), which can be feasibly applied to much
larger numbers of samples, eryﬁhrocytes were separated from leukocytes and platelets with a
1:1 mixture of microcrystalline and alphacelluleose, followed by saline washing and hemolysis
with a solution of mercaptoethanol and EDTA. Hemolysates were incubated with a medium con-
taining purified '4C-CMP and MgCl, for 30 min at 37°C. The reaction was terminated by sequen-
tial addition of barium hydroxide and zinc sulfate solution. Proteins and unreacted nucleo-
tide were precipitated, leaving the labeled cytidine in the supernatant. Aliquots were
measured for 1%C-activity in a liquid scintillation counter. Enzyme activity was expressed as
nM CMP/min/g hemoglobin. The blank activity was determined for each sample by carrying out
the precipitation step as soon as the hemolysate was mixed with the labeled CMP, i.e., t = 0.
This procedure shows a good correlation (r = 0.94; range: 135-189 enzyme units) with the
method of Paglia and Valentine (1975). The two methods express units of enzyme activity dif-
ferently, so that one must know which method is used when comparing enzyme activity.

9.8 MEASUREMENT OF PLASMA 1,25-DIHYDROXYVITAMIN D

The active form of vitamin D in bone mineral metabolism, including absorption of calcium
and phosphorus as well as bone resorption of these minerals, is the hormonal metabolite,
1,25-dihydroxyvitamin D (1,25-(0H),D). Given the growing interest in the adverse effects of
lead on the biosynthesis of this crucial metabolite (see Chapters 10, 12 and 13), a brief
discussion of the quantitative measurement of this metabolite is merited. Techniques for
measurement of 1,25-(0H),D are all of recent vintage, are all rather lengthy procedurally, and
all require a rather high level of laboratory expertise and proficiency.

Reported methodology, whatever the differences in specific details, can be broken down
into three discrete steps: (1) isolation of the metabplite from plasma or serum by liquid-
liquid extraction using solvents common in lipid analysis; (2) preconcentration of the ex-
tracts and chromatographic purification using Sephadex LH-20 or Lipidex 5000 columns along
with, in some cases, HPLC; and (3) subsequent guantitation by either of two radiometric bind-
ing techniques: the more common competitive protein binding (CPB) assay or radioimmunoassay
(RIA). The CPB assay normally involves the use of a receptor protein in the intestinal cyto-
so1 of chicks made vitamin D-deficient.

Most illustrative of 1,25-(0H),D measurement is the technique of Shepard et al. (1979),
which also includes steps for the analysis of other metabolites. not discuésed here. Human

9-30



plasma, 3-5 ml, to which tritiated metabolite is added as tracer internal standard, is ex-
tracted with a mixture of methanol and methylene chloride, followed by separation of the
(OH),D fraction (to include the 24,25- and 25,26-(0H), metabolites) from other metabolites
using a Sephadex LH-20 column. Subsequent use of HPLC (straight phase, Zorbax-SIL) separates
the 1,25-(0H), metabolite from the other two dihydroxylated products. Quantification is by
CPB assay. 1In human adults, the mean metabolite Tevel is 31 picograms/ml. Limit of detection
is 5 picograms/analytical tube, mean recovery is 58.4 percent, and the within-run and between-
run coefficients of variation are 17 and 26 percent, respectively.

Two interlaboratory surveys of methodology for vitamin D metabolite analysis have recent-
ly been described (Jongen et al., 1982; Jongen et al., 1984). In the more recent and compre-
hensive of the two (Jongen et al., 1984), 15 laboratories carried out analyses of eight plasma
samples and two standards for 1,25-(0H),D. Mean interlaboratory coefficient of variation for
analysis of 1,25~(0H),D in the plasma samples was 52 percent. 1In this survey, nine labora-
tories used the CPB assay, with six using RIA for quantitation. The major reason, however,
for the variance appeared to be differences in methods of purification. The upshot of this
survey is that results for a given sample will vary with specifics of procedure. Thus each
laboratory should establish its own reference values.

9.9 SUMMARY

A complete understanding of a toxic agent's biological effects (including any statement
of dose-effect relationships) requires quantitative measurement of either that agent in some
biological medium or a physiological parameter associated with exposure to the agent. Quanti-
tative analysis involves a number of discrete steps, all of which contribute to the overall
reliability of the final analytical result: sample collection and shipment, laboratory hand-
1ing, instrumental analysis, and criteria for internal and external quality control.

From a historical perspective, the definition of "satisfactory analytical method" for
lead has been changing steadily as new and more sophisticated equipment has become available
and understanding of the hazards of pervasive contamination along the analytical course has
increased. The best example of this change is the current use of the definitive method for
lead analysis, isotope-dilution mass spectrometry (IDMS) in tandem with "ultra-clean" facili-
ties and sampling methods, to demonstrate conclusively not only the true extent of anthropo-
genic input of lead to the environment over the years but also the relative limitations of
most of the methods used today for lead measurement.
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9.9.1 Determinations of lLead in Biological Media

-The low levels of lead in biological media, even in the face of excessive exposure, and
the fact that sampling of such media must be done against a backdrop of pervasive Tead contam-
ination necessitates that samples be collected and handled carefully. Blood lead sampling is
best done by venous puncture and collection into lTow-lead tubes after careful cleaning of the
puncture site. The use of finger puncture as an alternative method of sampling should be
avoided, if feasible, given the risk of contamination associated with the practice in indus-
trialized areas. While collection of blood onto filter paper enjoyed some popularity in the
past, paper deposition of blood requires special correction for hematocrit/hemoglobin level.

Urine sample collection requires the use of lead-free containers as well as addition of a
bactericide. If feasible, 24-hr sampling is preferred to spot collection. Deciduous teeth
vary in lead content both within and across type of dentition. Thus, a specific tooth type
should be uniformly obtained for all study subjects and, if possible, more than a single sam-
ple should be obtained from each subject.

Measurements of Lead in Blood. Many reports over the years have purported to offer
satisfactory analysis of lead in blood and other biological media, often with severe inherent
timitations on accuracy and precision, meager adherence to criteria for accuracy and pre-
cision, and a limited utility across a spectrum of analytical applications. Therefore, it is
only useful to discuss "definitive" and, comparatively speaking, "reference" methods currently
in use. V '

In the case of lead in biological media, the definitive method is isotope-dilution mass
spectrometry (IDMS). The accuracy and unique precision of IDMS arise from the fact that all
manipulations are on a weight basis involving simple procedures, and measurements entail only
lead isotope ratios and not the absolute determinations of the isotopes involved, which
greatly reduces instrumental corrections and errors. Reproducible results to a precision of
one part in 10%-10% are routine with appropriately designed and competently operated instru-
mentation. Although this methodology is still not recognized in many laboratories, it was the
first breakthrough, in tandem with "ultra-clean" procedures and facilities, in definitive
methods for indexing the progressive increase in lead contamination of the environment over
the centuries. Given the expense, required level of operator expertise, and time and effort
involved for measurements by IDMS, this method mainly serves for analyses that either reguire
extreme accuracy and precision, e.g., geochronometry, or for the establishment of analytical
reference material for general testing purposes or the validation of other methodologies.

While the term "reference method" for lead in biological media cannot be rigorously ap-
plied to any procedures in popular use, the technique of atomic absorption spectrometry (AAS)
in its various configurations, or the electrochemical method, anodic stripping voltammetry
(ASV), come closest to meriting the designation. Other methods that are generally applied in
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metal analyses are either limited in sensitivity or are not feasible for use on theoretical
grounds for lead analysis.

AAS, as applied to analysis of whole blood, generally involves flame or flameless micro-
methods. One macromethod, the Hessel procedure, still enjoys some popularity. Flame micro-
analysis, the De]ves‘cup procedure, applied to blood lead appears to have an operational sen-
sitivity of about 10 pg/dl blood and a relative precision of approximately 5 percent in the
range of blood lead seen in populations in industrialized areas. The flameless, or electro-
thermal, method of AAS enhances sensitivity about tenfold, but precision can be more proble-
matic because of chemical and spectral interferences.

The most widely used and sensitive electrochemical method for lead in blood is ASV. For
the most accurate results, chemical wet ashing of samples must be carried out, although this
process is time-consuming and requires the use of lead-free reagents. The use of metal ex-
change reagents has been employed in lieu of the ashing step to liberate lead from binding
sites, although this substitution is associated with less precision. For the ashing method,
relative precision is approximately 5 percent. In terms of accuracy and sensitivity, problems
appear at low levels, e.g., 5 pg/dl or below, particularly if samples contain elevated copper
levels.

Lead in Plasma. Since lead in whole blood is virtually all confined to the erythrocyte, :
plasma Tevels are quite low and extreme care must be employed to measure plasma levels relia-
bly. The best method for such measurement is IDMS, in tandem with uitra-clean facility use.
AAS is satisfactory for comparative analyses across a range of relatively high whole blood
values, ’

Lead in Teeth. Lead measurement in teeth has involved either whole tooth sampling or
analysis of specific regions, such as dentine or circumpulpal dentine. In either case, sam-
ples must be solubilized after careful surface cleaning to remove contamination; solubili-
zation is usually accompanied by either wet ashing directly or ashing subsequent to a dry
ashing step.

AAS and anodic stripping have been employed more frequently for such determinations than
any other method. With AAS, the high mineral content of teeth argues for pre]iminary isola-

- tion of Tead via chelation/extraction. The relative precision of analysis for within-run mea-

surement is around 5-7 percent, with the main determinant of variance in regional assay being
the initial isolation step. One change from the usual methods for such measurement is the in
situ measurement of lead by X-ray fluorescence spectrometry in children. Lead measured in
this fashion allows observation of ongoing lead accumulation, rather than waiting for exfolia-
tion. k

Lead in Hair. Hair as an exposure indicator for lead offers the advantages of being non-
invasive and a medium of indefinite stability. However, the crucial problem of external
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surface contamination is such that it is still not possible to state that any cleaning
protocol reliably differentiates between externally and internally deposited lead.

Studies that demonstrate a correlation between increasing hair lead and increasing sever-
ity of a measured effect tend to support arguments for using hair as an external indicator of
exposure. Probably, then, such measurement using cleaning protocols that have not been inde-
" pendently validated will overstate the relative accumulation of "internal" hair lead in terms
of scme endpeint and will also underestimate the relative sensitivity of changes in internal
lead content with exposure. One consequence of this would be, for example, an apparent
threshold for a given effect in terms of hair lead which is significantly above the actual
threshold. Because of these concerns, hair is best used with the simultaneous measurement of
blood Tlead.

Lead in Urine. Analysis of lead in urine is complicated by the relatively low levels of
the element in this medium as well as the comple& mixture of mineral elements present. Urine
lead levels are most useful and also somewhat easier to determine in cases of chelation mobil-
ization or chelation therapy, where levels are high enough to permit good precision and dilu-
tion of matrix interference. \

Samples are probably best analyzed by prior chemical wet ashing, using the usual mixture
of acids. Both ASV and AAS have been applied to urine analysis, with the latter more routine-
ly used and usually with a chelation/extraction step. ‘

Lead in Other Tissues. Bone samples require cleaning procedures for removal of muscle
and connective tissue and chemical solubilization prior to analysis. Methods of analysis are
comparatively limited and flameless AAS is the technique of choice.

In vivo lead measurements in bone of lead workers have been reported using X-ray fluores-
cence analysis and a radioisotopic source for excitation. One probiem with this approach with
moderate lead exposure is the detection T1imit, approximately 20 ppm. Soft organ analysis
poses a problem in terms of heterogeneity in lead distribution within an organ (e.g., brain
and kidney). In such cases, regional sampling or homogenization must be carried out. Both
flame and flameless AAS appear to be satisfactory for soft tissue analysis and are the most
widely used.

Quality Assurance Procedures in Lead Analyses. In terms of available information, the
A‘major focus in establishing quality control protocols for lead has involved whole blood meas-
urements. Translated into practice, quality control revolves around steps employed within the
laboratory, using a varjety of internal checks, and the further reliance on external checks,

such as a formal continuing multi-laboratory proficiency testing program.

Within the laboratory, quality assurance protocols can be divided into start-up and rou-
tine procedures, the former 1involving establishment of detection limits, within-run and

between-run precision, analytical recovery, and comparison with some reference technique
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within or outside the laboratory. The reference method is assumed to be accurate for the par-
ticular level of lead in some matrix at a particular point in time. Correlation with such a
method at a satisfactory level, however, may simply indicate that both methods are equally
inaccurate but performing with the same level of precision proficiency. More preferable is
the use of certified samples having lead at a level established by the definitive method.

For blood lead, the Centers for Disease Control (CDC) periodically survey overall accu-
racy and precisibn of methods used by reporting laboratories. In terms of overall accuracy
and precision, one such survey found that ASV as well as the Delves cup and extraction varia-
tions of AAS performed better than other procedures. These results do not mean that a given
laboratory cannot perform better with a particular technique; rather, such data are of assist-
ance for new facilities choosing among methods.

- Of particular value to laboratories carrying out blood lead analysis are the external
quality assurance programs at both the State and Federal levels. The most comprehensive
proficiency testing program is that carried out by the CBC. This program actually consists of
two subprograms, one directed at facilities involved in lead poisoning prevention and screen-
ing (Center for Environmental Health) and the other concerned with laboratories seeking certi-
fication under the Clinical Laboratories Improvement -Act of 1967 as well as under regulations

- of the Occupational Safety and Health Administration's ({0SHA) Laboratory Improvement Program

Office. Judging from the relative overall improvements in reporting laboratories over the
years of the programs' existence, the proficiency testing programs have served their purpose
well, In this regard, OSHA criteria for laboratory certification require that eight of nine
samples be analyzed correctly for the previous quarter. This level of required proficiency
reflects the ability of a number of laboratories to actually perform at this level.

9.9.2 Determination of Erythrocyte Porphyrin (Free Erythrocyte Protoporphyrin, Zinc
Protoporphyrin)

With tead exposure, erythrocyte protoporphyrin IX accumulates because of impaired place-
ment of divalent iron to form heme. Divalent zinc occupies the place of the native iron.
Depending upon the method of analys{s, either metal-free erythrocyte porphyrin (EP) or zinc
protoporphyrin (ZPP) is measured, the former arising from loss of zinc in the chemical mani-
pulation. Virtually all methods now in use for EP analysis exploit the ability of the por-
phyrin to undergo intense fluorescence when excited by ultraviolet 1light. Such fluorometric
methods can be further classified as wet chemical micromethods or direct measuring fluorometry
using the hematofluorometer. Because of the high sensitivity of such measurement, relatively
small blood samples are required, with liquid samples or blood collected on filter paper.

The most common laboratory or wet chemical procedures now in use represent variations of
several common chemical procedures: (1) treatment of blood samples with a mixture of ethyl
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acetate/acetic acid followed by a repartitioning intc an inorganic acid medium, or (2) solu-
bilization of a blood sample directly into a detergent/buffer solution at a high dilution.
Quantification has been done using protoporphyrin, coproporphyrin, or zinc protoporphyrin IX
plus pure zinc ion. The levels of precision for these laboratory techniques vary somewhat
© with the specifics of analysis. The Piomelli method has a coefficient of variation of 5
' éercent; while the direct ZPP method using buffered detergent sclution is higher and more
variable.

The recent development of the hematofluorometer has made it possible to carry out EP
measurements in high numbers, thereby making population screening feasible. Absoclute calibra-
tion is necessary and requires periodic adjustment of the system using known concentrations of
EP in reference blood samples. Since these units are designed for oxygenated blood (i.e.,
capillary blood), use of venous blood requires an oxygenation step, usually a moderate shaking
for several minutes. Measurement of low or moderate levels of EP can be affected by interfer-
ence with bilirubin. Competently employed, the hematofluorometer is reasonably precise, show-
ing a total coefficient of variation of 4.11-11.5 percent. While the comparative accuracy of
the unit has been reported to be good relative to the reference wet chemical technique, a very
recent study has shown that commercial units carry with them a significant negative bias,
which may lead to false negatives in subjects having only moderate EP elevation. Such a bias
in accuracy has been difficult to detect in existing EP proficiency testing programs. By com-
parison to wet methods, the hematofluorometer should be restricted to field use rather than
becoming a substitute in the laboratory for chemical measurement, and this field use should
involve periodic split-sample comparison testing with the wet method.

9.9.3 Measurement of Urinary Coproporphyrin

Although EP measurement has largely supplanted the use of urinary coproporphyrin (CP-U)
analysis to monitor excessive lead exposure in humans, this measurement is still of value in
that it reflects active intoxication. The standard analysis is a fluorometric technique,
whereby urine samples are treated with buffer, and an oxidant {(fodine) is added to generate CP
- from its precursor. The CP-U is then partitioned into ethyl acetate and re-extracted with
dilute hydrochloric acid. The working curve is linear below 5 pg CP/d1 urine.
7
‘9.9.4 Measurement of Delta-Aminolevulinic Acid Dehydrase Activity

Inhibition of the activity of the erythrocyte enzyme delta-aminolevulinic acid dehydrase
(ALA-D) by lead is the basis for using such activity in screening for excessive lead exposure.
A number of sampling and sample handling precautions attend such analysis. Since zinc (II)
ion will offset the degree of activity inhibition by lead, blood collecting tubes must have
extremely 1low zinc content, which essentially rules out the use of rubber-stoppered blood
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tubes. Enzyme instability necessitates that the activity measurement be carried out within 24
hr of blood collection. Porphobilinogen, the product of enzyme action, is light labile and
requires the assay be done in restricted light. Various procedures for ALA-D measurement are
based on measurement of the level of the chromophoric pyrrole (approximately 555 nm) formed by
condensation of the porphobilinogen with p-dimethylaminobenzaldehyde.

In the European Standardized Method for ALA-D activity determination, blood samples are
hemolyzed with water, ALA solution added, followed by incubation at 37°C, and the reaction
terminated by a solution of mercury (II) in trichloroacetic acid. Filtrates are treated with
modified Ehrlich's reagent (p-dimethylaminobenzaldehyde} in trichlorcacetic/perchloroacetic
acid mixture. Activity is quantified in terms of micromoles &-ALA/min-1 erythrocytes.

One variation in the above procedure is the initial use of a thiol agent, such as dithio-
threotol, to reactivate the enzyme, giving a measure of the full native activity of the en-
zyme. The ratio of activated/unactivated activity versus blood lead levels accommodates
genetic differences between individuals.

9.9.5 Measurement of Delta-Aminolevulinic Acid in Urine and Other Media

Levels of delta-aminolevulinic acid (6-ALA) in urine and plasma increase with elevated
lead exposure. Thus, measurement of this metabolite, generally in urine, provides an index of
the level of lead exposure. ALA content of urine samples (ALA-U) is stable for about 2 weeks
or more with sample acidification and refrigeration. Levels of ALA-U are adjusted for urine
density or expressed per unit creatinine. If feasible, 24-hr collection is more desirable
than spot sampling.

Virtually all the various procedures for ALA-U measurement employ preliminary isclation
of ALA from the balance of urine constituents. 1In one method, further separation of ALA from
the metabolite aminoacetone is done. Aminoacetone can interfere with colorimetric measure-
ment. ALA is recovered, condensed with a beta-dicarbonyl compound, e.g., acetyl acetone, to
yield a pyrrole intermediate. This intermediate is then reacted with p-dimethylaminobenzal-
dehyde in perchloric/acetic acid, followed by colorimetric reading at 553 nm. In one vari-
ation of the basic methodology, ALA is condensed with ethyl acetoacetate directly and the re-
sulting pyrrole extracted with ethyl acetate. Ehrlich's reagent is then added as in other
procedures and the resulting chromophore is measured spectrophotometrically.

Measurement of ALA in plasma is much more difficult than in urine, since plasma ALA is at
nanogram/milliter levels. 1In one gas-liquid chromatographic procedure, ALA is isolated from
plasma, reacted with acetyl acetone and partitioned into a solvent that also serves for pyro-
lytic methylation of the involatile pyrrole in the injector port of the chromatograph, making
the derivative more volatile. For quantification, an internal standard, 6-amino-5-oxohexanoic
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acid, is used. While the method is more involved, it is more specific than the older colori-
metric technique.

9.9.6 Measurement of Pyrimidine-5'~Nucleotidase Activity

Erythrocyte pyrimidine-5'-nucleotidase (Py5N) activity is inhibited with lead exposure.
fCurrent]y, two different methods are used for assaying the activity of this enzyme. The older
method is quite laborious in time and effort, whereas the more recent approach is shorter but
uses radioisotopes and radiometric measurement.

In the older method, heparinized venous blood is filtered through cellulose to separate
erythrocytes from platelets and leukocytes. Cells are then freeze-fractured and the hemo-
lysates dialyzed to remove nucleotides and other phosphates. This dialysate is then incubated
in the presence of a nucleoside monophosphate and cofactors, the enzyme reaction being termi-
nated by treatment with trichloroacetic acid. The inorganic phosphate isolated from added
substrate is measured colorimetrically as the phosphomolybdic acid complex.

In the radiometric assay, hemolysates obtained as before are incubated with pure 14C-CMP.
By addition of a barium hydroxide/zinc sulfate solution, proteins and unreacted nucleotide are
precipitated, leaving labeled cytidine in the supernatant. Aliquots are measured for 1%(C ac-
tivity in a liquid scintillation counter. This method shows a good correlatibn with the ear-
lTier technique.

9.9.7 Measurement of Plasma 1,25-Dihydroxyvitamin D

Measurement techniques for this vitamin D metabolite, all of recent vintage, consist of
three main parts: (1) isolation from plasma or serum by liquid-liquid extraction, {2} precon-
centration of the extract and chromatographic purification using Sephadex LH-20 or Lipidex
5000 columns, as well as high performance liquid chromatography (HPLC) in some cases, and (3)
quantification by either of two radiometric binding techniques, the more common competitive
protein binding (CPB) assay or radioimmunoassay {RIA). The CPB assay uses a receptor protein
in intestinal cytosol of chicks made vitamin D-deficient.

In one typical study, human adults had a mean level of 31 picograms/ml. The limit of
detection was 5 picograms/analytical tube, and within-run and between-run coefficients of

;variation were 17 and 26 percent, respectively. In a recent interlaboratory survey involving
15 laboratories, the level of variance was such that it was recommended that each laboratory
should establish its own reference values.
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10. METABOLISM OF LEAD

}0.1 INTRODUCTION
i This chapter examines the absorption, distribution, retention, and excretion of lead in
humans and animals and the various factors that mediate the extent of the toxicokinetic pro-

l

cesses of lead. While inorganic lead is the form of the element that has been most heavily
studied, organolead compounds are also emitted into the environment and, because they are
quite toxic, they are also included in the discussion. Since the preparation of the 1977 Air
Quality Criteria Document for Lead (U.S. Environmental Protection Agency, 1977), a number of
reports have appeared that have proven particularly helpful in both quantifying the various
processes to be discussed in this chapter and assessing the interactive impact of factors such
as nutritional status in determining internal exposure risk.

10.2 LEAD ABSORPTION IN HUMANS AND ANIMALS

The amounts of lead entering the bloodstream from various routes of absorption are deter-
mined not only by the levels of the element in the particular media, but also by the various
physical and chemical parameters that characterize lead. Furthermore, specific host factors
such as age and nutritional status are important, as is interindividual variability. Addi-
tionally, to assess absorption rates, one must know whether or not the subject is in Yequili-
brium" with respect to a given level of lead exposure.

10.2.1 Respiratory Absorption of Lead

The movement of lead from ambient air to the bloodstream is a two-part process: a frac-
tion of air lead is deposited in the respiratory tract and, of this deposited amount, some
fraction is subsequently absorbed directly into the bloodstream or otherwise cleared from the
respivatory tract. At present, enough data exist to make some quantitative statements about
both of these components of respiratory absorption of lead.

f The 1977 Air Quality Criteria Document for Lead described the model of the International
Radiological Protection Commission (IRPC) for the deposition ahd removal of lead from the
Tungs and the upper respiratory tract (International Radiological Protection Commission,.
1966). Briefly, the model predicts that 35 percent of lead inhaled from ambient air by humans
is deposited in the respiratory tract, with most of the lead going to the parenchyma and air-
ways. The IRPC model predicts a total deposition of 40-50 percent for particles with a mass
median aerodynamic diameter (MMAD) of 0.5 um and indicates that the absorption rate would vary
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depending on the solubility of the particular form. More recent data on Tlead deposition
modeling, however, provide a more precise picture (see next section).

10.2.1.1 Human Studies. Table 10-1 tabulates the various studies of human subjects that pro-
vide data on the deposition of inorganic lead in the respiratory tract. Studies of this type
have used diverse methodologies to characterize the inhaled particles in terms of both size
(and size ranges) and fractional distribution. The use of radioactive or stable lead isotcpes
to directly or indirectly measure lead deposition and uptake into the bloodstream has been
particularly helpful in quantifying these processes.

From the studies of Kehoe (1961a,b,c) and their update by Gross (1981), as well as data
from Chamberlain et al. (1978), Morrow et al. (1580), and Nozaki (1966), the respiratory depo-
sition of airborne lead as encountered in the general population appears to be approximately
30-50 percent, depending on particle size and ventilation rates. Ventilation rate is parti-
cularly important with submicrometer particles, where Brownian diffusion governs deposition,
because a slower breathing rate enhances the frequency of collisions of particles with the
alveolar wall.

Figure 10-1 (Chamberlain et al., 1978) compares data, both calculated and experimentally
measured, on the relationship of percentage deposition to particle size. As particle size
increases, deposition rate decreases to a minimum over the range where Brownian diffusion pre- -
dominates. Subsequently, deposition increases with size (>0.5 um MMAD) as impaction and sedi-
mentation become the main deposition factors.

In contrast to the ambient air or chamber data tabulated in Table 10-1, higher deposition
rates in some occupational settings are associated with relatively large particles. However,
much of this deposition is in the upper respiratory tract, with eventual movement to the gas-
trointestinal tract by ciliary action and swallowing. Mehani (196€) measured total deposition
rates of 28-70 percent in battery workers and workers in marine scrap yards. Chamberlain and
Heard (1981) calculated an absorption rate of approximately 47 percent for particle sizes en-
countered in workplace air.

Systemic absorption of lead from the lower respiratory tract occurs directly, while much
of the absorption from the upper tract involves swallowing and some uptake in the gut. From
the radioactive isotope data of Chamberlain et al. (1978) and Morrow et al. (1980), and the
stable isotope studies of Rabinowitz et al. (1977), one can conclude that lead deposited in
the lower respiratory tract is totally absorbed.

Chamberlain et al. (1978) used 293Pb jn engine exhaust, lead oxide, or lead nitrate
aerosols in experiments where human subjects inhaled the lead from a chamber through a mouth-
piece or in wind-tunnel aerosols. By 14 days, approximately 90 percent of the label was re-
moved from the lung. Lead movement into the bloodstream could not be described by a simple
exponential function; 20 percent was absorbed within 1 hr and 70 percent within 10 hr.
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TABLE 10-1. DEPOSITION OF LEAD IN THE HUMAN RESPIRATORY TRACT
Form Particle size Lead Exposure Percent deposition Reference
Pb,0; aerosols 0.05 pm median Chamber studies; 10, 20, 30-70% (mean: 48%) Kehoe (196la,b,c);
from engine count diameter or 150 pug/m3; 3 hr on for mainly Gross (1981)
exhaust in 38 studies; alternate days; 0.05-pum particles
5 subjects ex- 12 subjects
posed to average
_ of 0.9 um
Lead "fumes" 0.05-1.0 pm mean Mouthpiece/aerosol 42% 0.05 pm; Nozaki (1966)
made in induc- diameter chamber; 10 mg/m3; 63% 1.0 pm
tion furnace adult subjects
203pp,04 Mean densities Mouthpiece/aerosol 80% 0.02 pm; Chamberlain et al.
aerosol of 0.02, 0.04, chamber; adult 45% 0.04 pum; (1978)
0.09 pum subjects 30% 0.09 pm
Ambient air Mainly 0.1 pm 2-10 pg/m3; adult 60% fresh exhaust; Chamberlain et al.
lead near subjects 50% other urban (1978)
motorway and area
other urban
areas in U.K.
203ph(QH), or Both forms at 0.2 pCi/liter for 5 min 23% chloride; Morrow et al. (1980)
203pp(l, 0.25 pm MMAD or <50 liters air; 26% hydroxide
aerosols adult subjects
Lead in work- Not determined; 3 adult groups: 47% battery warkers; Mehani (1966)
place air; defined as fumes, 23 pg/m® - controls 39% shipyard and
battery fine dust, or 86 ug/m3 - battery controls
factory and coarse dust workers
shipbreaking 180 pg/m® - scrap yard

operations workers
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Figure 10-1. Effect of particle size on lead deposition rate in the lung. Broken lines
derived by calculation from reported data. Tidal volume equals 1000 cm? except for
line 4b, where it equals 500 cm3. Breathing cycle equals 4 sec.

Source: Chamberlain et al. (1978).



Rabinowitz et al. (1977) administered 294Pb tracer to adult volunteers and determined (by
isotope tracer and balance data) that 14 ug lead was absorbed by these subjects daily at am-.
bient air lead levels of 1-2 pg/m3. Assuming a daily ventilation rate of 20 m3, a deposition
rate of 50 percent of ambient air (Chamberlain et al., 1978), and a mean air lead level of 1.5
pg/m3 (2.0 pg/m® outside the study unit, 1.0 pg/m3 inside, as determined by the authors), then
15 ug lead was available for absorption. Hence, better than 90 percent of deposited lead was |
absorbed daily. '

Morrow et al. (1980) followed the systemic uptake of 293Pb in 17 adult subjects using
either lead chloride or lead hydroxide aerosols with an average size of 0.25 (£0.1) um MMAD.
Half of the deposited fraction of either aerosol was absorbed in 14 hr or less. The radio-
label data described above are consistent with the data of Hursh and Mercer (1970), who
studied the systemic uptake of 212Pb on a carrier aerosol. ,

Given the apparent invariance of absorption rate for deposited lead in the above studies
as a function of the chemical form of the element (Chamberlain et al., 1978; Morrow et al.,
1980), inhaled lead lodging deep in the respiratory tract seems to be absorbed equally, re-
gardless of form. Supporting evidence for total human systemic uptake of lead comes from
autopsy tissue analysis for lead content. Barry (1975) found that lead was not accumulated in
the lungs of lead workers. This observation is corroborated by the data of Gross et al.
(1975) for nonoccupationally exposed subjects. :

Dependence of the respiratory absorption rate for lead in humans on the level of lead in
air has not been extensively studied, although the data of Chamberlain and coworkers (1978),
using human volunteers, show that the lung clearance rate in the adult for single lead pulses
did not vary over a lung burden range of 0.3 to 450 pg. In occupational settings, a curvi-
Tinear relationship between workplace airborne lead and blood lead results at least partly
from particle size changes, i.e., with increasing dust concentration, particle aggregation
rate increases and the effective fraction of submicron particles (those penetrating to the
lung) compared to total particles steadily lessens (Chamberlain, 1983).

A1l of the available data for lead deposition and uptake from the respiratory tract in
humans have been obtained with adults, and quantitative comparisons with the same exposures in
children are not possible. Although children 2 years of age weigh one-sixth as much as an
adult, they inhale 40 percent as much air lead as adults (Barltrop, 1972). James (1978) has
taken into account differences in airway dimensions in adults versus children, and has esti-
mated that, after controlling for weight, the 10-year-old child has a deposition rate 1.6- to
2.7-fold higher than the adult.

Recent studies support the above estimates of James (1978). Hofmann and coworkers
(Hofmann, 1982; Hofmann et al., 1979) reported dose calculations for the respiratory tract as
a function of age using airway length estimates from the literature and determined that intake
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of radioactive nuclides into both the tracheobronchial and pulmonary regions was highly age-
dependent, with maximal intake occurring at about age six.
10.2.1.2 Animal Studies. Experimental animal data for quantitative assessment of lead depo-
sition and absorption for the lung and upper respiratory tract are lTimited. The available in-

iformation does, however, support the finding that respired Tead is extensively and rapidly

iad%orbed. ' -

' Morgan and Holmes (1978) exposed adult rats, by nose-only technique, to a 203Pb-labeled
engine exhaust aerossl generated in the same manner as by Chamberlain et al. (1978) over a
period of 8 days. Exposure was at a level of 21.9 to 23.6 nCi label/liter chamber air. Ad-
justing for deposition on the animal pelt, 20-25 percent of the label was deposited in the
lungs. Deposited lead was taken up extensively in blood (50 percent within 1 hr and 98 per-
cent within 7 days). The absorption-rate kinetic profile was similar to that reported for
humans (Chamberlain et al., 1978).

Boudene et al. (1977) exposed rats to 219Pb-labeled aerosols at a level of 1 pg label/m3

.and 10 pg label/m3, the majority of the particles being 0.1-0.5 pm in size. At 1 hr, 30 per-
‘cent of the label had left the lung; by 48 hr, 90 percent was gone.

Bianco et al. (1974) used 212Pb aerosol (£0.2 pm) inhaled briefly by dogs and found a
clearance half-time from the lung of approximately 14 hr. Greenhalgh et al. (1979) found that
direct 1instillation of 293pb-labeled lead nitrate solution into the lungs of rats led to an
uptake of approximately 42 percent within 30 min, compared with an uptake rate of 15 percent
within 15 min in the rabbit. These instillation data are consistent with the report of Pott
and Brockhaus (1971), who noted that intratracheal instiilation of lead in solution (as bro-
mide) or in suspension (as oxide) serially over 8 days resulted in systemic lead levels in
tissues indistinguishable from injected lead levels. Rendall et al. (1975) found that the
movement of lead into blood of baboons inhaling a lead oxide (Pbs04) was more rapid and resul-
ted in higher blood lead levels when coarse (1.6 pm mean diameter) rather than fine (0.8 pm
mean diameter) particles were used.

10.2.2 Gastrointestinal Absorption of lLead

Gastrointestinal (GI) absorption of lead mainly involves uptake from food and beverages,
a%fwe11 as lead deposited in the upper respiratory tract that is eventually swallowed. It
also includes ingestion of nonfood material, primarily in children via normal mouthing activ-
ity and pica. Two issues of concern with lead uptake from the gut are the comparative rates
of such absorption in developing versus adult organisms, including humans, and how the bio-
availability of lead affects such uptake.
10.2.2.1 Human Studies. Based on long-term metabolic studies with adult volunteers, Kehoe
(1961a,b,c) estimated that approximately 10 percent of dietary lead is absorbed from the human
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gut. According to Gross (1981), various balance parameters can vary considerably among sub-
jects. These studies (Kehoe, 196la,b,c) did not take into account the contribution of biliary
clearance of lead into the gut, which would have affected measurements for both absorption and
total excretion. Chamberlain et al. (1978) determined that the level of endogenous fecal lead
;s approximately 50 percent of urinary lead values. They have estimated that 15 percent of
idietary lead is absorbed, if the amount of endogenous fecal lead is taken into account.

Following the Kehoe studies, a number of reports determined GI absorption using both sta-
ble and radicisotopic labeling of dietary lead. Generally, these reports support the observa-
tion that in the adult human the absorption of lead is limited when taken with food. Harrison
et al. (1969) determined a mean absorption rate of 14 percent for three adult subjects ingest-
ing 293Pb in diet, a figure 1in accord with the results of Hursh and Suomela (1968).
Chamberlain et al. (1978) studied the absorption of 293Pb in two forms (as the chloride and as
the sulfide) taken with food. The corresponding absorption rates were 6 percent (suifide) and
7 percent (chloride), taking into account endogenous fecal excretion. Using adult subjects who
ingested the stable isotope 294Pb in their diet, Rabinowitz et al. (1974) reported an average
gut absorption of 7.7 percent. In a later study, Rabinowitz et al. (1980) measured an ab-
sorption rate of 10.3 percent.

A number of recent studies indicate that lead ingested under fasting conditions is absor-
bed to a much greater extent than lead taken with or incorporated into food. For example,
Blake (1976) measured a mean absorption rate of 21 percent when 11 adult subjects ingested
203pp-1abeled lead chloride several hours after breakfast. Chamberlain et al. (1978) found
that lead uptake in six subjects fed 293Pb as the chloride was 45 percent after a fasting
period, compared to 6 percent with food. Heard and Chamberlain (1982) obtained a rate of 63.3
percent using a similar procedure with eight subjects. Rabinowitz et al. (1980) reported an
absorption rate of 35 percent in five subjects when 204Pb was ingested after 16 hr of fasting.
These isotope studies support the observations of Barltrop (1975) and Garber and Wei (1974)
that lead in between-meal beverages is absorbed to a greater extent than is lead in food.

Dependence of the lead absorption rate from the human GI tract on the concentration of
lead in diet or water has not been well studied. Recent data from the reports of Blake
(1980), Flanagan et al. (1982), and Heard and Chamberlain (1983), however, indicate little
éoncentration dependency across the range of dietary lead content encountered by the general
population. For example, Flanagan et al. (1982) found that human volunteers absorbed 4, 40,
and 400 pg of ingested lead at about the same rate.

The relationship of lead biocavailability in the human gut to the chemical/biochemical
form of lead can be determined from available data, although interpretation is complicated by
the relatively small amounts administered and the presence of various components of food
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already present in the gut. Harrison et al. (1969) found no difference in lead absorption
from the human gut when lead isotope was given either as the chloride or incorporated into al-
ginate. Chamberlain et al. (1978) found that labeled lead as the chloride or sulfide was ab-
sorbed to the same extent when ingested with food, but the sulfide form was absorbed at a rate
of 12 percent compared with 45 percent for the chloride under fasting conditions. Rabinowitz
et al. (1980) obtained similar absorption rates for the chloride, sulfide, or cysteine complex
forms when administered with food or under fasting conditions. Heard and Chamberlain (1982)
found no difference in absorption rate when isotopic lead (293Pb) was ingested with unlabeled
meat (sheep's liver and kidney) or when the label was incorporated into the food prior to
slaughter.

The data of Moore et al. (1979) are of interest with respect to relative GI uptake of
lead in adult males and females. Human volunteers (seven males, four females) were given
203pp in water and whole-body counting was carried out at time points. It appeared that
females absorbed somewhat more of the label than males, but the difference did not reach sta-
tistical significance.

Two reports have focused on the question of differences in Gl absorption rates between
adults and children. Alexander et al. (1973) carried out 11 balance studies with eight chil-
dren, aged 3 months to 8 years. Daily intake averaged 10.6 ug Pb/kg body weight (range 5-17).
The mean absorption rate determined from metabolic balance studies was 53 percent. A two-part
investigation by Ziegler et al. (1978) comprised a total of 89 metabolic balance studies with
12 normal infants aged 2 weeks to 2 years. In the first part, 51 balance studies using 9
children furnished a mean absorption rate of 42.7 percent. In the second, six children were
involved in 38 balance studies involving dietary lead intake at 3 levels. Diets were closely
controlled and lead content was measured. For all daily intakes of 5 pg Pb/kg or higher, the
mean absorption rate was 42 percent. At low levels of lead intake the data were variable,
with some children apparently in negative balance, probably because of the difficulty in con-
trolling low lead intake.

In contrast to these reports, Barltrop and Strehlow (1978) found that the results for
children hospitalized as orthopedic or "social" admissions were highly variable. A total of
104 balance studies were carried out in 29 children ranging in age from 3 weeks to 14 years.
Fifteen of the subjects were in net negative balance, with an average dietary absorption of
-40 percent or, when weighted by number of balance studies, -16 percent. Closely comparing
these data with those of Ziegler et al. (1978) is difficult. Subjects were inpatients, repre-
sented a much greater age range, and were not classified in terms of mineral nutrition or
weight-change status. As an urban pediatric group, the children in this study may have had
higher prior lead exposure so that the "washout” phenomenon (Kehoe, 196la,b,c; Gross, 1981)
may have contributed to the highly variable results, The calculated mean daily lead intake in
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the Barltrop and Strehlow group (6.5 pg/kg) was lower than that for all but one study group
described by Ziegler et al. (1978). In the latter study, data for absorption became more
variable as the daily lead intake was lowered. Finally, in those children classified as or-
thopedic admissions, whether skeletal trauma was without effect on lead equilibrium between
bone and other body compartments is unclear.

As typified by the results of the second National Health Assessment and Nutritional Eval-
uation Survey (NHANES II) (Mahaffey et al., 1979), children at 2-3 years of age show a small
peak in blood lead. The question arises whether this peak indicates an intrinsic biological
factor, such as increased absorption or retention when compared with older children, or whe-
ther this age group is exposed to lead in some special way. Several studies are relevant to
the question. Zielhuis et al. (1978) reported data for blood lead leveis in 48 hospitalized
Dutch children, who ranged in age from 2 months to 6 years. Children up to 3 years old had a
mean blood lead level of 11.9 pg/dl versus a level of 15.5 in children aged 4-6 years. A sig-
nificant positive relationship between child age and blood lead was calculated {(r = 0.44,
p <0.05). In the Danish survey by Nygaard et al. (1977), a subset of 126 children represent-
ing various geographical areas and age groups yielded the following blood lead values by mean
age group: children (N = 8) with a mean age of 1.8 years had a mean blood lead level of 4.3
pg/dl; those with a mean age of 3.7-3.9 years had values ranging from 5.6 to 8.3 pg/dl; and
children 4.6-4.8 years of age had a range of 9.2 to 10 pg/dl. These authors note that the
youngest group was kept at a nursery, whereas the older kindergarten children had more inter-
action with the outside environment. Sartor and Rondia (1981) surveyed two population groups
in Belgium, one of which consisted of groups of children aged 1-4, 5-8, and 9-14 years.
Children under the age of 1 year had a mean blood lead level of 10.7 pg/dl. The 1- to 4-year
and 5- to 8-year age groups were comparable, 13.9 and 13.7 pg/dl, respectively, while those
9-14 years old had a blood lead level of 17.2 pg/dl. A1l of the children in this study were
hospital patients. While these European studies suggest that any significant restriction of
children in terms of environmental interaction, e.g., in hospitals or nurseries, is associated
with an apparently different age-blood lead relationship than the U.S. NHANES II subjects,
whether European children in the 2- to 3-year age group show a similar peak remains to be
demonstrated. The issue merits further study.

The normal mouthing activity of young children, as well as the actual ingestion of non-
food items (i.e., pica), is a major concern in pediatric lead exposure, particularly in urban
areas with deteriorating housing stock and high automobile density and in nonurban areas con-
tiguous to lead-production facilities. The magnitude of such potential exposures is discussed
in Chapter 7, and an integrated assessment of impact on human intake appears in Chapter 13.
Such intake is intensified for children with p1ca‘and would include paint, dust, and dirt.
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Drill et al. (1979), using data from Day et al. (1975) and Lepow et al. (1974), have at-
tempted to quantify the daily intake of soil/dust in young children from such mouthing activi-
ties as thumb sucking and finger 1icking. A total of 100 mg/day was obtained for children 2-3
years old, but the amount of lead in this ingested quantity varied considerably from site to
site. In the report, a GI absorption rate of 30 percent was estimated for lead in soil and
dust. Of relevance to this estimate are the animal data discussed in the next section, which
show that lead of variable chemical forms in soil or dust is as available for absorption as
lead in food. The in vitro studies relating lead solubility in street dusts with acidity
clearly demonstrate that the acidity of the human stomach is adequate to extensively solubi-
lize lead assimilated from soil and dust. To the extent that ingestion of such material by
children occurs other than at mealtime, the fasting factor in enhancing lead absorption from
the human GI tract (vide supra) must also be considered. Hence, a factor of 30 percent for
lead absorption from dusts and soils is not an unreasonable value.

A National Academy of Sciences (NAS) report on lead poisoning in children has estimated
that paint chip ingestion by children with pica occurs with considerable frequency (National
Academy of Sciences, 1976). In the case of paint chips, Drill et al. (1979) estimated an ab-
sorption rate as high as 17 percent. This value may be compared with the animal data in Sec-
tion 10.2.2.2, which indicate that lead in old paint films can undergo significant absorption
in animals. . _
10.2.2.2 Animal Studies. Lead absorption via the gut of various adult experimental animal
species appears to resemble that for the adult human, on the order of 1-15 percent in most
cases. Kostial and her coworkers (Kostial and Kello, 1979; Kostial et al., 1978, 1971) re-
ported a value of 1 percent or less in adult rats maintained on commercial rat chow. These
studies were carried out using radioisotopic tracers. Similarly, Barltrop and Meek (1975)
reported an absorption rate of 4 percent in control diets, while Aungst et al. (1981) found
the value to range from 0.9 to 6.9 percent, depending on the level of lead given in the diet.
In these rat studies, lead was ingested with food. Quarterman and Morrison (1978) admini-
stered 293Pb label in small amounts of food to adult rats and found an uptake rate of appro-
ximately 2 percent at 4 months of age. Pounds et al. (1978) obtained a value of 26.4 percent
with four adult Rhesus monkeys given 219Pb by gastric intubation. The higher rate, relative
to the rat, may reflect various states of fasting at time of intubation or differences in
dietary composition (vide infra), two factors that affect rates of absorption.

As seen above with human subjects, fasting appears to enhance the rate of lead uptake in
experimental animals. Garber and Wei (1974) found that fasting markedly enhanced gut uptake
of lead in rats. Forbes and Reina (1972) found that lead dosing by gastric intubation of rats
yielded an absorption rate of 16 percent, which is higher than other data for the rat indi-
cate. Intubation was likely done when little food was in the gut. The data of Pounds et al.
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(1978), as described above, may also suggest a problem with administering lead by gastric in-
tubation or mixed with water as opposed to food.

The bioavailability of lead in the GI tract of experimental animals has been the subject
of a number of reports. The designs of these studies differ in regard to how "biocavailabi-
1ity" is defined. In some cases, the dietary matrix was kept constant, or nearly so, while
the chemical or physical form of the lead was varied. By contrast, other data described the
effect of changes in bioavailability as the basic diet matrix was changed. The latter case is
complicated by the simultaneous operation of Tlead-nutrient interactive relationships (de-
scribed in Section 10.5.2).

Allcroft (1950) observed comparable effects when calves were fed lead in the form of the
phosphate, oxide, or basic carbonate (PbCOz-Pb(0H),), or incorporated into wet or dry paint.
By contrast, lead sulfide in the form of finely ground galena ore was less toxic. Criteria
for relative toxicity included kidney and blood lead levels and survival rate over time.

In the rat, Barltrop and Meek (1975) carried out a comparative absorption study using
lead in the form of the acetate as the reference substance. The carbonate and thallate were
absorbed to the greatest extent, while absorption of the sulfide, chromate, napthenate, and
octoate was 44-67 percent of the reference agent. Barltrop and Meek (1979) also studied the
relationship of the size of lead particles (as the metal or as lead octoate or chromate in
powdered paint films) to the amount of gut absorption in the rat; they found an inverse rela-
tionship between uptake and particle size for both forms.

Gage and Litchfield (1968, 1969) found that lead napthenate and chromate can undergo con~
siderable absorption from the rat gut when incorporated into dried paint films, although less
than when given with other vehicles. Ku et al. (1978) found that lead in the form of the ace-
tate or as a phospholipid complex was equally absorbed from the GI tract of both aduit and
young rats at a level of 300 ppm. Uptake was assessed by weight change, tissue levels of
lead, and urinary aminolevulinic acid (ALA) levels.

In a study relevant to the problem of lead bioavaiiabi]ity in soils and dusts, particu-
larly in exposed children, Dacre and Ter Haar (1977) compared the effects of lead as acetate
with lead contained in roadside soil and in house paint soil, at a level of approximately 50
ppm, in commercial rat chow, Uptake of lead was indexed by weight change, tissue lead con-
tent, and inhibition of aminolevulinic acid dehydrase (ALA-D) activity. None of these para-
meters differed significantly across the three groups, suggesting that neither the geochemical
matrix in the soils nor the vérious chemical forms (basic carbonate in paint soil, and the
oxide, carbonate, and basic carbonate in roadsfide soil) affect lead uptake. ‘

These data are consistent with the behavior of lead in dusts upon acid extraction as re-
ported by Day et al. (1979), Harrison (1979), and Duggan and Williams (1977). In the Day et
al. study, street dust samples from England and New Zealand were extracted with hydrochloric

10-11



acid (HC1) over the pH range of 0-5. At an acidity that may be egualled by gastric secre-
tions, i.e., pH of 1, approximately 90 percent of the dust lead was solubilized. Harrison
{1979) noted that at this same acidity, up to 77 percent of lLancaster, England, street-dust
lead was soluble, while an average 60 percent solubility was seen in London dust samples
(9uggan and wWilliams, 1977). Because gastric solubilization must occur for lead in these
media to be absorbed, the above data are useful-in determining relative risk.

Kostial and Kello (1979) compared the absorption of 203ph from the gut of rats maintained
on commercial rat chow versus rats fed such "human" diets as baby foods, porcine liver, bread,
and cow's milk. Absorption in the latter cases varied from 3 to 20 percent, compared with
<1.0 percent with rat chow. This range of uptake for the nonchow diet compares closely with
that reported for human subjects (vide supra). Similarly, Jugo et al. (1975a) observed that
rats maintained on fruit diets had an absorption rate of 18-20 percent. The generally ob-
served lower absorption of lead in the adult rat compared to the adult human appears, then,
less reflective of a species difference than of a dietary difference.

A number of studies have documented that the developing animal absorbs a relatively
greater fraction of ingested lead than does the adult, thus supporting studies showing this
-age dependency in humans. For example, the adult rat absorbs approximately 1 percent lead or
less via diet versus a corresponding value 40-50 times greater in the rat pup (Kostial et al.,
1971, 1978; Forbes and Reina, 1972). 1In the rat, this difference persists through weaning
(Forbes and Reina, 1972), at which point uptake resembles that of aduits. Part of this dif-
ference can be ascribed to the nature of the diet {mother's milk versus regular diet), ail-
though the extent of absorption enhancement with milk versus rat chow in the adult rat found
by Kello and Kostial (1973) fell short of what is seen in the neonate. An undeveloped, less
selective intestinal barrier may also exist in the rat neonate. In nonhuman primates, Munro
et al. (1975) observed that infant monkeys absorbed 65-85 percent via the gut versus 4 percent
in adults. Similarly, Pounds et al. (1978) noted that juvenile rhesus monkeys absorbed appro-
ximately 50 percent more lead than adults.

The question of the relationship of level of lead intake through the GI tract and rate of
Tead absorption was addressed by Aungst et al. (1981), who exposed adult and suckling rats to
doses of lead by intubation over the range 1-100 mg/kg or by variable concentrations in drink-
iﬁg water. With both age groups and both forms of oral exposure, lead absorption as a percent-~
age of dose decreased, suggesting a saturation phenomenon for lead transport across the gut
wall. .

Similar data were obtained by Bushnell and Deluca (1983) for weanling rats given 203Pb by
intubation along with carrier doses of 1, 10, 100, or 1000 ppm in diet. The GI absorption
rate was observed to decrease significantly between 10 and 100 ppm carrier lead. Using iso-
lated duodenal Tloop preparations, Conrad and Barton (1978) reported that lead uptake across
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the gut wall was constant from 0.001 to 10 ppm lead, but fell off to 40 percent of the 10-ppm
level at the 100-ppm dosing.

The above concentration dependency is consistent with a saturable, active transport pro-
cess for lead in the mammalian gut, based on the kinetic data of Aungst and Fung (1981).
Mykkdnen and Wasserman (1981) also noted that lead uptake by chick fntestine occurs in two
&inetic phases; a rapid uptake is followed by a rate-limiting slow transfer of lead. These
kinetic observations agree with an increasingly retarded active transport process as lead con-
tent increases in the gut; i.e., lead affects its own transport, manifested as an increasingly
Tower absorption rate at higher lead intake.

Of interest here is the comparison of the kinetic behavior of blood lead as a function of
oral versus parenteral dosing. With single intravenous injections of 0.5, 1, 5, 10, and 15 mg
Pb/kg lead in the rat, Aungst et al. (1981) did not observe any dose dependency of the kinetic
rate coefficients governing lead in blood. Integrated exposure, i.e., area under the blood
lead curves, increased linearly with dose. On the other hand, injection of lead into rabbits
at levels of 5, 10, 25, 50, and 500 pg/kg, by single daily injections for 6 days, resulted in
clear curvilinearity to the dose-blood Tead curve (Prpicé-Maji¢ et al., 1973). The differences
in these two reports probably reflect dosing regimen differences: Aungst et al. (1981) used a
higher dosing level as single exposures.

The implication of these experimental findings for human oral Tead exposure is not clear,
As noted earlier, lead intake crally by human subjects up to 400 pg is associated with a
rather fixed absorption rate. Direct extrapolation of the animal data described above indi-
cates that humans would have to ingest 20 to 200 mg lead per day (assuming a 2-kg diet/day at
lead contents of 10 or 100 ppm) to have a lowered absorption rate. This value is up to 4500-
fold above the upper oral intake guideline for lead (National Academy of Sciences, 1980).

10.2.3 Percutaneous Absorption of Lead

Absorption of inorganic lead compounds through the skin appears to be cbnsiderably less
significant than uptake through the respiratory and GI routes. This observation contrasts
with observations for lead alkyls and other organic derivatives (see Section 10.7). Rastogi
and Clausen (1976) found that cutaneous or subcutaneous administration of lead napthenate in
{ht skin was associated with higher lead tissue levels and more severe toxic effects than was
the case for lead acetate. Laug and Kunze (1948) applied lead as the acetate, orthoarsenate,
oleate, and ethyl lead to rat skin and determined that the greatest levels of kidney lead were
associated with the alkyl contact.

Moore et al. (1980) studied the percutaneous absorption of 203Pb-labeled lead acetate in
cosmetic preparations using eight adult volunteers. Applied in wet or dry forms, absorption
was indexed by blood, urine, and whole body counting. Absorption rates ranged from 0 to 0.3
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percent, with the highest values obtained when the application sites were scratched. These
researchers estimated that the normal use of such preparations would result in an absorption
of approximately 0.06 percent.

10.2.4 Transplacental Transfer of Lead

Lead uptake by the human and animal fetus occurs readily, based on such indices as fetal
tissue lead measurements and, in the human, cord blood Jead levels. Baritrop (1963) and
Horiuchi et al. (1959) demonstrated by fetal tissue analysis that placental transfer in the
human occurs by the 12th week of gestation, with fetal Tlead uptake increasing throughout
development. The highest lead levels occur in bone, kidney, and liver, followed by blood,
brain, and heart. Cord blood contains significant amounts of lead, which generally correlate
with maternal blood values and are slightly but significantly lower in concentration than the
mother's (Scanlon, 1971; Harris and Holley, 1972; Gershanik et al., 1974; Buchet et al., 1978;
Alexander and Delves, 1981; Rabinowitz and Needleman, 1982).

A cross-sectional study of maternal blood lead levels carried out by Alexander and Delves
(1981) showed that a significant decrease in maternal blood lead occurs throughout pregnancy,
a decrease greater than the dilution effect of the concurrent increase in plasma volume.
Hence, during pregnancy there is either an increasing deposition of lead in p1acenta1 or fetal
tissue or an increased loss of body lead via other routes. Increasing absorption by the fetus
during gestation, as demonstrated by Barltrop (1969), implies that the former explanation is
likely. Hunter (1978) found that summer-born children showed a trend toward higher blood Tead
levels than those born in the spring, suggesting increased fetal uptake in the summer result-
ing from increases in circulating maternal lead. This observation was confirmed in the report
of Rabinowitz and Needleman (1982). Ryu et al. (1978) and Singh et al. (1978) both reported

that infants born to women having a history of lead exposure had significantly elevated blood
lead values at birth.

10.3 DISTRIBUTION OF LEAD IN HUMANS AND ANIMALS

A quantitative understanding of the sequence of changes in lead levels in various body
pools and tissues is essential in interpreting measured lead levels with respect to past expo-
sure as well as present and future risks of toxicity. This section discusses the distribution
kinetics of lead in various portions of the body (blood, soft tissues, calcified tissues, and

the "chelatable" or toxicologically active body burden) as a function of such parameters as
exposure history and age.
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A given quantity of lead taken up from the GI tract or the respiratory tract into the
b1oodstréam is initially distributed according to the rate of delivery by blood to the various
organs and systems. Lead is then redistributed to organs and systems in proportion to their
respective affinities for the element. With consistent exposure for an extended period, a
near steady state of intercompartmental distribution is achieved.

Fluctuations in the near steady state will occur whenever short-term lead exposures are
superimposed on a long-term uptake pattern. Furthermore, the steady-state description is im-
perfect because, on a very short (hourly) time scale, intake is not constant. Lead intake
with meals and changes in ambient air lead (outside to inside and vice versa) cause quick
changes in exposure levels that may be viewed as short-term alterations in the small, labile
Tead pool. Metabolic stress could remobilize and redistribute body stores, although documen-
tation of the extent to which this happens is very limited (Chisolm and Harrison, 1956).

10.3.1 Lead in Blood A

Viewed from different time scales, lead in whole blood may be seen as residing in several
distinct, interconnected pools. More than 99 percent of blood lead is associated with the
erythrocytes (DeSilva, 1981; Everson and Patterson, 1980; Manton and Cook, 1979) under typical
conditions, but it is the very small fraction of lead transported in plasma and extracellular
fluid that provides lead to the various body organs (Baloh, 1974).

Although the toxicity of lead to the erythrocyte (Raghavan et al., 1981) is mainly asso-
ciated with membrane lead content, most of the erythrocyte lead is bound within the cell.
Within erythrocytes from‘nonexposed subjects, lead is primarily bound to hemoglobin, in par-
ticular HbA;, which binds approximately 50 percent of cell lead while constituting only 1-2
percent of total hemoglobin (Bruenger et al., 1973). A further 5 percent is bound to a
10,000-dalton molecular-weight fraction, about 20 percent to a much heavier molecule, and
about 25 percent is considered "free" or bound to lower-weight molecules (Ong and Lee, 1980a;
Raghavan and Gonick, 1977). Raghavan et al. (1980) have observed that, among workers exposed
to lead, those who develop signs of toxicity at relatively low blood lead levels seem to have
a diminished binding of intracellular lead with the 10,000-dalton fraction. This reduction in
binding suggests an impaired biosynthesis of a protective species. According to Ong and Lee
(1980b), fetal hemoglobin has a higher affinity for lead than adult hemoglobin.

Whole blood lead in daily equilibrium with other compartments was found to have a mean
1ife of 35 days (25-day half-life) and a total lead content of 1.9 mg, based on studies with a
small number of subjects (Rabinowitz et al., 1976). Chamberlain et al., (1978) established a
similar half-life for 2°3Pb in blood when volunteers were given the label by ingestion, inha-
Tation, or injection. The lead inhalation studies in adults described by Griffin et al.
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(1975) permit calculation of half-lives of 28 and 26 days for inhalation of 10.4 and 3.1 pg
Pb/m3, respectively. These estimates of biological half-life, based as they are on isotopic
study, do not reflect the impact of mobile body burden on half-life. The higher the mobiliza-
ble lead burden, the greater will be the length of the half-1ife, as clearly seen in the
report of O'Flaherty et al. (1982), where half-l1ife in lead workers was a function of cumula-
tive occupational exposure.

Alterations in blood lead levels in response to abrupt changes in exposure apparently oc-
cur over somewhat different periods, depending on whether the direction of change is greater
or smaller. With increased lead intake, blood Tead Tevel achieves a new value in approxi-
mately 60 days (Griffin et al., 1975; Tola et al., 1973). A decrease may involve a longer
period of time, depending on the magnitude of the past higher exposure (0'Flaherty et al.,
1982; Rabinowitz et al. 1977; Gross, 1981).

In adulthood, the human's blood lead level appears to increase moderately. Awad et al.
(1981) reported an increase of 1 pug for each 14 years of age. However, in the NHANES II sur-
vey (see Chapter 11), white adults showed increasing blood lead until 35-44 years of age, fol-
lowed by a decrease. By contrast, blacks showed increasing blood lead after 44. 1In the case
of reduced exposure, particularly occupational exposure, the time for re-establishing near
steady state depended more upon the extent of lead resorption from bone and the total guanti-
ty deposited, either of which can extend the 'washout" interval.

Lead levels in newborn children are similar to but somewhat Jower than those of their
mothers: 8.3 versus 10.4 pg/d1 (Buchet et al., 1978) and 11.0 versus 12.4 pg/dl (Alexander
and Delves, 1981). Maternal blood lead levels decrease throughout pregnancy, the decrease
being greater than the expected dilution via the concurrent increase in plasma volume
(Alexander and Delves, 1981). This decrease in maternal blood lead levels suggests increased
fetal uptake during gestation (Barltrop, 19638). Increased tissue retention of lead by the
child may also be a factor,

Levels of lead in blood are sex related; adult women invariably show lower levels than
adult males (e.g., Mahaffey et al., 1979). Of interest in this regard is the study of Stuik
(1974) showing lower blood lead response in women than in men for an equivalent level of lead
intake.

The small but biologically significant lead pool in blood plasma has proven technically
difficult to measure, and reliable values have become available only recently (see Chapter 9).
Chamberlain et al. (1978) found that injected 2°3Pb was removed from plasma (and, by infer-
ence, from extracellular fluid) with a half-1ife of less than 1 hr. These data support the
observation of DeSilva (1981) that lead is rapidly cleared from plasma. Ong and Lee (1980a),
in their in vitro studies, found that 293Pb is virtually all bound to albumin and that only
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trace amounts are bound to high-weight globulins. To state which binding form constitutes an
"active” fraction for movement to tissues is not possible.

Although Rosen et al. (1974) reported that plasma lead did not vary across a range of
whole blood levels, the findings of Everson and Patterson (1980), DeSilva (1981), and
Cavalleri et al. (1978) indicate that there is an equilibrium between red blood cells (RBCs)
and plasma, such that levels in plasma rise with levels in whole blood. This observation is
consistent with'the data of Clarkson and Kench (1958), who found that lead in the RBC is rela-
tively labile to exchange and a logical prerequisite for a dose-effect relationship in various
organs. Ong and Lee (1980c), furthermore, found that plasma calcium is capable of displacing
RBC membrane lead, suggesting that plasma calcium is a factor in the cell-plasma lead equilib-
rium.

Several studies concerning the relative distribution of lead between erythrocytes and
plasma or serum indicate that the relative percentage of blood Tead in plasma versus erythro-
cytes is relatively constant up to a blood lead concentration of about 50-60 pg/dl, but
becomes increasingly greater above this level, i.e., the overall blood lead/plasma lead rela-
tionship is curviiinear upward.

DeSilva (1981) found that the relative fraction of plasma lead versus erythrocytes in 105
Australian lead workers increased at ~60 pg/dl. Similarly, Manton and Malloy (1983) observed
that a subject having Tead intoxication had serum lead values ranging from 1.6 to 0.3 percent
as blood concentration changed from 116 to 31 pg/dl. More recently, Manton and Cook {(1984)
demonstrated a curvilinear relationship between serum and whole blood lead levels. As de-
picted in Figure 10-2, the curve indicates that there is a linear segment up to ~50 ug/dl,
followed by rather steep increases in relative serum lead content at higher levels.

Measurement of lead in plasma by these investigators was carefully carried out, and the
Mahton reports involved the definitive lead ana]yéis technique of isotope-dilution mass spec-
trometry (IDMS, see Chapter 9). Given the increased erythrocyte fragility with increasing
blood lead content {see Section 12.3), slight hemolysis during sampling might contaminate
plasma or serum with high erythrocyte lead and complicate such analyses; however, the reports
did not indicate that hemolysis was considered a problem.

The biological basis for higher levels of plasma versus whole blood lead with increasing
blood lead burden may be related to marked changes in the binding capacity of the erythrocyte
at high lead content. These changes may result from alterations in binding sites or in the
efficiency of lead movement from membrane to erythrocyte interior. Fukumoto et al. (1983)
have demonstrated changes (in the form of a decrease) in lead-worker erythrocyte-membrane pro-
teins that may have a role in lead transport. Perhaps more important are the long-known ef-
fects of lead exposure on erythrocyte morphology and destruction rate (see Section 12.3).
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SERUM LEAD, ugidi

BLOOD LEAD, ng/di

Figure 10-2. The curvilinear relationship of serum lead to blood lead.
Cross-hatched area represents several overlapping points.

Source: Manton and Cook (1984).
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Changes in cell morphology with increasing blood lead may alter accessibility to binding sites
or the relative stability of these sites. Increased cell destruction may increase protein-
bound cell lead in plasma, which is only slowly transferred back to cell membrane.

In vitro data concerning the concentration dependency of lead partitioning between ery-
tgrocytes and plasma are of interest. Keep in mind, however, that such in vitro data have em-
ployed normal erythrocytes. Clarkson and Kench (1958) showed that the relative partitioning
between normal erythrocytes and plasma is relatively constant up to the highest level tested,
equivalent to 100 pg Pb/d1. In the related study of Kochen and Greener (1973), tracer plus
carrier lead was added to blood of varying hematocrit up to a maximum addition of 1000 pg/dl.
At a normal hematocrit and a higher value (0.65), the percent uptake of lead label by the
cells diminished at around 100 ug/dl, consistent with the Clarkson and Kench (1958) data.
Onset of curvilinearity at a lower blood lead level in vivo in lead-exposed subjects below the
in vitro value of ~100 pg/dl probably reflects in part altered cell morphology and stability
(DeSilva, 1981; Manton and Malloy, 1983; Manton and Cook, 1984).

The curvilinear relationship of plasma to whole blood lead may well be a factor in
Chamberlain's (1983) observation that the relative rate of urinary excretion of lead in human
adults increases with blood lead content, as determined from various published reports provid-
ing both blood and urinary lead data (see Section 10.4). It may also figure in the apparently
better proportionality of tissue lead burdens to dose than blood lead (vide infra) and,
equally important, the curvilinear relationship of chelatable lead to blood lead. That is, at
increasing blood lead, the higher relative rate of plasma lead movement to soft tissues and
bone is greater than would be anticipated from simple inspection of blood lead content, the
latter rising at a slower rate relative to the increase in plasma lead.

10.3.2 Lead lLevels in Tissues

Of necessity, various relationships of tissue lead to exposure and toxicity in humans
generally must be obtained from autopsy samples, although in some studies biopsy data have
been described. The 1inherent question then is whether such samples adequately represent the
behavior of lead in the living population, particularly in cases where death was preceded by
proionged iliness or disease states. Also, victims of fatal accidents are not well character-
izéd as to exposure status and are usually described as having no "known" Tlead exposure.
Finally, these studies are necessarily cross-sectional in design, and, in the case of body ac-
cumulation of lead, different age groups are assumed to have been similarly exposed. Some im-
portant aspects of the available data include the distribution of lead between soft and cal-
cifying tissue, the effect of age and development on lead content of soft and mineral tissue,
and the relationship between total and "active" lead burdens in the body.
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10.3.2.1 Soft Tissues. In humans over age 20 most soft tissues do not show age-related
changes in lead levels, in contrast to the case with bone (Barry and Mossman, 1370; Barry,
1975, 1981; Schroeder and Tipton, 1968; Butt et al., 1964). Kidney cortex also shows in-
creases in lead with age that may be associated with formation of lead nuclear inclusion
bodies (Indraprasit et al., 1974). Based on these rates of accumulation, the total body bur-
den may be divided into pools that behave differently. The largest and kinetically slowest
pool is the skeleton, which accumulates lead with age. The much more labile lead pool is in
soft tissue.

Soft-tissue lead levels generally stabilize in early adult 1ife and show a turnover rate
similar to that for blood. This turnover is sufficient to prevent accumulation except in the
renal cortex, which may reflect formation of lead-containing nuclear inclusion bodies (Cramer
et al., 1974; Indraprasit et al., 1974). The data of Gross et al. (1975) and Barry (1975)
indicate that aortic levels rise with age, although this rise may only reflect entrapment of
tead in atherosclerotic deposits, Biliary and pancreatic secretions, while presumably re-
flecting some of the organ levels, have tracer lead concentrations distinct from either blood
or bone pools (Rabinowitz et al., 1973).

For levels of lead in soft tissue, the reports of Barry (1975, 1981), Gross et al. (1975},
and Horiuchi et al. (1959) indicate that soft-tissue content generally is below 0.5 pg/g
wet weight, with higher values for aorta and kidney cortex. The higher values in aorta may or
may not reflect lead in plaque deposits, while higher kidney levels may be associated with the
presence of lead-accumulating tubular cell nuclear inclusions. The relatively constant lead
concentration in lung tissue across age groups suggests no accumulation of respired lead and
is consistent with data for deposition and absorption (see Section 10.2.1). Brain tissue was
generally under 0.2 ppm wet weight and appeared to show no change with increasing age. Since
these data were collected by cross-sectional study, age-related changes in the low levels of
tead in brain would have been difficult to discern. Barry (1975) found that tissues in a
small group of samples from subjects with known or suspected occupational exposure showed
higher lead levels in aorta, liver, brain, skin, pancreas, and prostate. '

Analysis of lead levels in whole brain is less illuminating than regional analysis to the
issue of sensitivity of certain regions within the organ to toxic effects of lead. The dis-
tribution of lead across brain regions has been reported by various laboratories. The rele-
vant data for humans and animals are set forth in Table 10~2. The data of Grandjean (1978)
and Niklowitz and Mandybur (1975) for human adults, and those of Okazaki et al. (1963) for
autopsy samples from young children who died of lead poisoning, are consistent in showing that
lead is selectively accumulated in the hippocampus. The correlation of lead level with potas-
sium level suggests that uptake of lead is greater in cellulated areas. The involvement of
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TABLE 10-2.

DISTRIBUTION

OF LEAD IN BRAIN REGIONS OF HUMANS AND ANIMALS

Subjects Exposure status

Relative distribution

Reference

Humans

Adult males "Unexposed"

Children Fatal lead poisoning

Child, 2 yr old Fatal lead poisoning

Adults 3 subjects "unexposed";
1 subject with Jead
peisoning as child
Animals .
Adult rats "Unexposed"
Adult rats "Unexposed”

Controls and
daily i.p. injection,
5.0 or 7.5 mg/kg

Neonatal rats

Young dogs Controls and dietary
exposure, 100 ppm;

12 weeks of exposure

Hippocampus = amygdala > medulla
oblongata > half brain > optic tract
= corpus callosum. Pb correlated
with potassium.

Hippocampus > frontal cortex >>
occipital white matter, pons

Cortical gray matter > basal ganglia >
cortical white matter

Hippocampus > cerebellum = temporal
lobes > frontal cortex in 3 unexposed
subjects; temporal lobes > frontal
cortex > hippocampus > cerebellum in
case with prior exposure

Hippocampus > amygdala >> whole brain

Hippocampus had 50% of brain lead
with a 4:1 ratioc of hippocampus
to whole brain concentrations

In both treated and control animals
cerebellum > cerebral cortex >
brainstem + hippocampus

Controls: cerebellum = medulla >
caudate > occipital gray > frontal
gray
Exposed: occipital gray > frontal
gray = caudate > occipital
white = thalamus > medulla > cerebellum

Grandjean (1978)

Okazaki et al. (1963)
Klein et al. (1970)

Niklowitz and
Mandybur (1875)

Danscher et al. (1975)
Fjerdingstad et al.
(1974)

Klein and Koch (1981)

Stowe et al. (1973)




the cerebellum in lead encephalopathy in children (see Section 12.4) and in adult intoxication
from occupational exposure indicates that the sensitivity of various brain regions to lead as
well as their relative uptake characteristics are factors in lead neuropathology.

In adult rats, selective uptake of lead is shown by the hippocampus (Fjerdingstad et al.,
1974; Danscher et al., 1975) and the amygdala (Danscher et al., 1975). By contrast, lead-
exposed neonate rats show greatest uptake of lead into cerebellum, followed by cerebral cor-
tex, then brainstem plus hippocampus. Hence, there is a developmental difference in lead dis-
tribution in the rat with or without increased lead exposure (Klein and Koch, 1981).

In studies of young dogs, "unexposed" animals showed highest levels in the cerebellum.
Increased lead exposure was associated with selective uptake into gray matter, while cerebel-
lar levels were relatively low. Unlike the young rat, then, the distribution of lead in brain
regions of dogs appears dose-dependent (Stowe et al., 1973).

The relationship of lead distribution to various tissues with changes in lead exposure
has not been well researched. Available information does suggest that the nature of lead ex-
posure in experimental animals influences the relationship of tissue lead level to both blood
lead level and level of intake. Long-term oral exposure of experimental animals at relatively
moderate dosing would appear to result in tissue values that show more proportionality to dose
than do blood lead values, although tissue versus blood Tead relationships still appear to be
curvilinear. Such is the case with dogs exposed to dietary lead for 2 years (Azar et al.,
1973) and rats exposed in utero and postnatally up to 9 months of age (Grant et al., 1980).

By contrast, short-term exposure at various dosing levels yields highly variable data
(see Section 12.4.3.5 and Table 12-8). Bull et al. (1979) have reported brain and blood lead
data for dam-exposed suckling rats that show marked deviation from linear response to dose
when lead was administered in drinking water at 0.0005 to 0.02 percent lead. Over this 40-
fold oral dosing range, brain lead levels increased only approximately threefold at 21 days of
age. Whether this low absorption of lead by brain reflects tissue distribution curvilinearity
in the pups or reflects a function of nonlinear milk lead versus maternal dosing relationships
cannot be determined. Collins et al. (1982) reported that rats orally exposed to lead from 3
days of age for 4-8 weeks showed a two- to threefold increase in brain regions when the dosing
level was increased to 1.0 mg/kg from 0.1 mg/kg. Blood lead at these two dosing levels showed
a concentration ratio of ~2.5, indicating that both brain tissue and blood showed similar non-
linear response over this 10-fold change in oral exposure.

Barry (1975, 1981) compared lead levels in soft tissues of children and adults. Tissue
lead of infants under 1 year old was generally lower than in older children, while children
aged 1-16 years had values that were comparable to those for adult women. In Barry's (1981)
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study, the absolute concentration of Tlead in brain cortex or the ratios of brain cortex to
blood lead levels did not appear to be different in infants or older children compared to
adults. Such direct comparisons do not account for relative tissue mass changes with age, but
this factor is comparatively less with soft tissue than with the skeletal system (see Section
10.4). ‘ ‘

Subcellular distribution of lead in soft tissue is not uniform, with high amounts of lead
being sequestered in the mitochondria and nucleus. Cramer et al. (1974) studied renal biopsy
tissue in. lead workers having exposures of variable duration. They observed lead-binding
nuclear inclusion bodies in the renal proximal tubules of subjects having short exposure, with
all showing mitochondrial changes. A considerable body of animal data (see Section 10.3.5)
documents the selective uptake of lead into these organelles. Pounds et al. (1982) describe
these organeliar pools in kinetic terms as having comparatively short half-lives in cultured
rat hepatocytes, while MclLachlin et al. (1980) found that rat kidney epithelial cells form
lead-sequestering nuclear inclusions within 24 hr.
10.3.2.2 Mineralizing Tissue. Biopsy and autopsy data have shown that lead becomes localized
and accumulates in human calcified tissues, i.e., bones and teeth., The accumulation begins
with fetal development (Baritrop, 1969; Horiuchi et al., 1959).

Total lead content in bone may exceed 200 mg in men aged 60 to 70 years, but in women the
accumulation is somewhat lower. Various investigators (Barry, 1975; Horiguchi and Utsunomiya,
1973; Schroeder and Tipton, 1968; Horiuchi et al., 1959) have documented that approximately 95
percent of total body lead is lodged in bone. These reports not only estabiish the affinity
of bone for lead, but also provide evidence that lead increases in bone until 50-60 years of
age, the later fall-off reflecting some combination of diet and mineral metabolism changes.
Tracer data show accumulation in both trabecular and compact bone (Rabinowitz et al., 1976).

In adults, bone lead is the most inert pool as well as the largest, and accumulation can
serve to maintain elevated blood lead levels years after past, particularly occupational, ex-
posure has ended. This fact accounts for the observation that duration of exposure correlates
with the rate of reduction of blood lead after termination of exposure (0'Flaherty et al.,
1982). The proportion of body lead lodged in bone is reported to be lower in children than in
adults, although concentrations of lead in bone increase more rapidly than in soft tissue
during childhood (Barry, 1975, 1981). 1In 23 children, bone lead was 9 mg, or 73 percent of
total body burden, versus 94 percent in adults. Expression of lead in bone in terms of con-
centration across age groups, however, does not accommodate the "dilution" factor, which is
quite large for the skeletal system in children (see Section 10.4). ,

The isotope kinetic data of Rabinowitz et al. (1976) and Holtzman (1978) indicate biolog-
ical half-lives of lead in bone on the order of several decades, although it appears that
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there are two bone compartments, one of which is a repository for relatively labile Tlead
(Rabinowitz et al., 1977).

Tooth lead levels also increase with age at a rate proportional to exposure (Steenhout
and Pourtois, 1981), and are also roughly proportional to blood lead levels in man (Winneke et
al., 1981; Shapiro et al., 1978) and experimental animals (Kaplan et al., 1980). Dentine lead
ig perhaps the most responsive component of teeth to lead exposure because it is laid down
from the time of eruption until the tooth is shed. Needleman and Shapiro (1974) have docu-
mented the usefulness of dentine lead as an indicator of the degree of subject exposure.
Fremlin and Edmonds (198G), using alpha-particle excitation and microautoradiography, have
shown dentine zones of lead enrichment related to abrupt changes in exposure. The rate of
lead deposition in teeth appears to vary with the type of tooth. Deposition is highest in the
central incisors and lowest in the molars, a difference that must be taken into account when
using tooth lead data for exposure assessment, particularly for low levels of lead exposure
(Mackie et al., 1977; Delves et al., 1382). '

10.3.3 Chelatable Lead

Mobile Tlead in organs and systems is potentially more "active" toxicologically in terms
of being available to sites of action. Hence, the presence of diffusible, mobilizabie, or ex-
changeable lead may be a more significant predictor of imminent toxicity or recent exposure
than total body or whole blood burdens. In reality, however, assays for mobile lead would be
quite difficult.

In this regard, chelatable urinary 1lead has been shown to provide an index of this
mobile portion of total body burden. Note that "chelatable" lead refers here to the use of
calcium disodium ethylenediaminetetraacetic acid (CaNayEDTA) and body compartmehts accessible
to this chelant. Based mainly on the relationship of chelatable lead to indices of heme bio-
synthesis impairment, chelation challenge is now viewed as the most useful probe of undue body
burden in children and adults (U.S. Centers for Disease Control, 1978; World Health Organiza-
tion, 1977; Chisolm and Barltrop, 1979; Chisolm et al., 1976; Saenger et al., 1982; Hansen et
al., 1981). In adults, chelation challenge is the most reliable diagnostic test for assess-
ment of lead nephropathy, particularly when exposure is remote in time (Emerson, 1963; Wedeen
q& al., 1979) or unrecognized (Batuman et al., 1981, 1983).

A A quantitative description of inputs to the fraction of body lead that is chelatable from
various body compartments is difficult to define fully, but it very likely includes a sizable,
fairly mobile compartment within bone as well as within soft tissues. This assertion is based
on several factors. First, the amount of lead mobilized by chelation is age-dependent in non-
exposed adults (Araki, 1973; Araki and Ushio, 1982), while blood and soft-tissue lead levels
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are not (Barry, 1975). This difference indicates a lead pool labile to chelation but kineti-
cally distinct from soft tissue. Second, studies of chelatable lead in animals (Hammond,
1971, 1973) suggest removal of some bone lead fraction, as does the response of explanted
fetal rat bone lead to chelants (Rosen and Markowitz, 1980). Third, the tracer modeling esti-
mates of Rabinowitz et al. (1977) suggest a mobile bone compartment, and fourth, there is a
gomplex, nonlinear relationship of lead intake by air, food, and water (see Chapter 11) to
blood lead, and an exponential relationship of chelatable lead to blood lead (Chisolm et al.,
1976).

The logarithmic relationship of chelatable lead to blood lTead in children (Chisoclm et
al., 1976) is consistent with the studies of Saenger et al. (1982), who reported that levels
of mobilizable 1lead in "asymptomatic" children with moderate elevations in blood lead were
quite similar in many cases to those values obtained in children with signs of overt toxicity.
Hansen et al. (1981) reported that lead workers challenged with CaNa,EDTA showed 24-hr urine
lead levels that in many cases exceeded the accepted 1imits even though blood Tead was only
moderately elevated in many of those workers. The action level corresponded, on the regres-
sion curve, to a blood lead value of 35 ug/dl.

Several reports provide insight into the behavior of labile lead pools in children treat-
ed with chelating agents over varying periods of time. Treatment regimens using CaNa,EDTA or
CaNayEDTA + BAL (British anti-lewisite, or dimercaprol) for up to 5 days have been invariably
associated with a "rebound" in blood lead, ascribed to a redistribution of lead among mobile
lead compartments {Chisolm and Barltrop, 1979). Marcus (1982) reported that 41 children given
oral D-penicillamine for 3 months showed a significant drop in blood lead by 2 weeks (mean
initial value of 53.2 pg/dl), then a slight rise that was within measurement error with a peak
at 4 weeks, and a fall at 6 weeks, followed by no further change at a blood lead level of
36 pg/dl. Hence, there was a near steady state at an elevated level for 10 of the 12 weeks
with continued treatment. This observation could have indicated that re-exposure was occur-
ring, with oral peniciliamine and ingested lead leading to increased lead uptake, as seen by
Jugo et al. (1975a). However, Marcus (1982) stated that an effort was made to limit further
lead intake as much as possible. From these reports, a re-equilibration does appear to occur,
varying in characteristics with type and duration of chelation. The rebound seen in short-
term treatment with CaNayEDTA or CaNagEDTA + BAL, although attributed to soft tissue, could
wéll include a shift of lead from a larger mobile bone compartment to soft tissues and blood.
The apparent steady state between the blood lead pool and other compartments that is achieved
in the face of plumburesis, induced by D-penicillamine (Marcus, 1982), suggests a rather siza-

ble labile body pool which, in quantitative terms, would appear to exceed that of soft tissue
alone,
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Several studies of EDTA mobilization of lead in children (Saenger et al., 1982; Piomelli
et al., 1984) indicate the relative merit of assessing chelatable lead burden in children
otherwise characterized as having mild or moderate lead exposure as indicated by blood lead
levels. Saenger et al. (1982) noted that significant percentages of children having mild or
moderate lead exposure as commonly indexed were found after EDTA challenge to have levels of
plumburesis that would qualify them for chelation therapy under U.S. Centers for Disease
Control (CDC) guidelines. .

In the most comprehensive evaluation of this issue to date (Piomelli et al., 1984), 210
children from four different urban lead-poisoning treatment centers were evaluated by EDTA
provocation testing. The results showed that at a blood lead level of 30-39 pg/dl, 12 percent
(6/52) of children exceed the ratic of 0.6 for pg Pb excreted per mg EDTA per 8 hr. This
ratio was selected by the study clinicians as differentiating children with mobile lead bur-
dens who require further evaluation and/or treatment. Thirty-eight percent of children with
blood lead levels of 40-49 ug/d1 exceeded the action ratio of 0.6.

As indicated in Section 10.3.1, one basis for the curvilinear relationship between chela-
table lead and blood lead may be the curvilinear relationship of plasma lead to blood lead.
The former increases at a faster rate with exposure increases than blood lead, permitting an
increasingly greater rate of lead transfer to the chelatable lead compartment.

10.3.4 Mathematical Descriptions of Physiological Lead Kinetics

To account for observed kinetic data and make predictive statements, a variety of mathe-
matical models have been suggested, including those describing "steady-state" conditions.
Tracer experiments have suggested compartmental models of lead turnover based on a central
blood pool (Holtzman, 1378; Rabinowitz et al., 1976; Batschelet et al., 1979). These experi-
ments have hypothesized well-mixed, interconnected pools and have used coupled differential
equations with linear exponential solutions to predict blood and tissue lead exchange rates.
Were Tead to be retained in these pools in accordance with a power-law distribution of resi-
dence times, rather than being uniform, a semi-Markov model would be more appropriate (Marcus,
1979). , |

In the model proposed by Rabinowitz et al. (1976), based on the use of stable lead iso-
tope tracer in adult volunteers, lead biokinetics is envisioned in terms of three body com-
partments. These compartments, consisting of a central blood compartment as well as soft-
tissue and bone compartments, differ as to biological half-lives or mean-lives (half life =
mean-1ife x 0.693). Blood shows the shortest biclogical half-1ife, followed by soft tissue
and then the bone compartment. Bone contains most of total body lead burden.
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A more recent approach has been that of Kneip et al. (1983) for multi-organ comparimen-
talization of lead, based on data obtained with infant and juvenile baboons administered sin-
gle and chronic lead doses orally. The model proposed for infant baboons is depicted in
Figure 10-3. Figure 10-3 acknowledges differences in certain features of lead biokinetics
that differ in the developing versus adult organism. One of these differences is the lead
transfer rate from blood to bone. 1In addition, an extracellular space-gut (ECS5-Gut) compart-
ment is incliuded in Figure 10-3. The emphasis is on Tead intake through the gut, and a
respiratory intake component is not included. 1In common with other attempts at modeling, the
blood compartment in the approach of Kneip et al. (1983) is not further characterized kineti-
cally, which is a Timitation in view of the data base concerning such relationships as the
curvilinear one between plasma and blood lead (see Section 10.3.2).

Most extant steady-state models are deficient because they are based on small numbers of
subjects and neglect a dose dependency for some of the interpool transfer coefficients. 1In
this case, a nonlinear dose-indicator response model would be more appropriate when consid-
ering changes in blood lead levels. For example, the relationship between blood lead and air
lead (Hammond et al., 1981; Brunekreef, 1984) as well as that between diet (United Kingdom
Central Directorate on Environmental Pollution, 1982) and tap drinking water (Sherlock et al.,
1982) are all nonlinear in mathematical form. In addition, alterations in nutritional status
or the onset of metabolic stresses can complicate steady-state relationships.

In a series of papers, Marcus (1985a,b,c,d) has discussed Tinear and nonlinear multicom-
partmental models of lead kinetics and has addressed in particular the relationship between
plasma lTead and blood lead and the relationship between blood lead and total lead intake. As
shown in Figure 10-4, Marcus (1985d) differentiated four discrete pools within the blood com-
partment: diffusible lead in plasma, protein-bound lead in plasma, a "shallow” red blood cell
pool (possibly the erythrocyte membrane), and a "deep" red blood cell pool {probably within
the erythrocyte). This model was based on previously published data from a volunteer subject
who ingested Jlead under controlled experimental conditions (DeSiiva, 1981). Different ver-
sions of the model, all assuming steady-state conditions for lead in all tissues, were ana-
lyzed in terms of three possible mechanisms that might underlie nonlinear blood kinetics:
site-Timited lead uptake, saturated active absorption, and increased urinary elimination
(Marcus, 1985c). The site-limited absorption model provided the best description of a non-
Tinear relationship between plasma lead and blood lead. Figure 10-5 shows the fit of the
model to data from 103 subjects studied by DeSilva (1981). At relatively high blood lead
levels, the fit appears quite satisfactory, but plasma lead is underestimated below 30 pg/di
blood lead (see solid line in Figure 10-5). Adding an intercept term of 0.25 (see broken line
in Figure 10-5) improves the fit at low blood lead values. The need for an intercept term can
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be attributed to possible analytic error due to contamination of the plasma samples or to
transient fluctuations in plasma lead due to lead exposure just prior to sampling (Marcus,
1985¢). In any event, curvilinearity is modest below 30 ug/dl. For individuals without oc~
cupational or other excessive exposure to lead (>30 pg/dl blood lead), it is not possible to

distinguish Tinear and nonlinear kinetic models (Marcus, 1985c).
#

§
10.3.5 Animal Studies

The relevant questions to be asked of animal data are those that cannot be readily or
fully satisfied by data from human subjects. What is the effect of exposure level on distri-
bution within the body at specific time points? What is the relationship of age or develop-
mental stage on the distribution of lead in organs and systems, particularly the nervous sys-
tem? What are the relationships of physiological stress and nutritional status to the redis-
bution kinetics? Can the relationship of chelatable lead to such indicator lead pools as
blood be defined better?

Administration of a single dose of lead to rats produces high initial lead concentrations
in soft tissues, which then fall rapidly as the result of excretion and transfer to bone
(Hammond, 1971), while- the distribution of lead appears to be independent of the dose.
Castellino and Aloj (1964) reported that single-dose exposure of rats to lead was associated
with a fairly constant ratio of erythrocyte lead to plasma lead, a rapid distribution to
tissues, and relatively higher uptake in 1iver, kidney, and particularly bone. Lead loss from
“S?ﬁgﬁé and tissues follows first-order kinetics except from bone. The data of Morgan et al.
(1977), Castellino and Aloj (1964), and Keller and Doherty (1980a) document that the skeletal
system in rats and mice is the kinetically rate-limiting step in whole-body lead clearance.

Subcellular distribution studies involving either tissue fractionation after in vivo lead
exposure or in vitro data document that lead is preferentially sequestered in the nucleus
(Castellino and Aloj, 1964; Goyer et al., 1970) and mitochondrial fractions (Castellino and
Aloj, 1964; Barltrop et al,, 1974) of cells from lead-exposed animals. Lead enrichment in the
mitochondrion is consistent with the high sensitivity of this organelle to the toxic effects
of lead. ‘

The neonatal animal seems to retain proportionately higher levels of tissue lead compared
yﬁth the adult (Goldstein et al., 1974; Momcilovié and Kostial, 1974; Mykkdnen et al., 1979;
Klein and Koch, 1981) and shows slow decay of brain lead levels while other tissue levels sig-
nificantly decrease over time. This decay appears to result from enhanced entry by lead due
to a poorly developed brain barrier system in the developing animals, as well as enhanced body
retention in the young animals. The effects of such changes as metabolic stress and nutri-
tional status have been noted in the literature. Keller and Doherty (1980b) have documented

10-31



that tissue redistribution of 1lead, specifically bone 1lead mobilization, occurs in
lactating female mice, with both lead and calcium transfer occurring from mother to pups
(Keller and Doherty, 1980c). Changes in lead movement from body compartments, particularly
bone, with changes in nutrition are described in Section 10.5.

In animal studies that are relevant both to the issue of chelatable lead versus lead in-
dicators in humans and to the relative lability of lead in the young versus the adult, Jugo et
al. (1975b) and Jugo (1980) studied the chelatability of lead in neonate versus adult rats and
its lability in the erythrocyte. Challenging young rats with metal chelants yielded propor-
tionately lower levels of urinary lead than in the adult, a finding that has been ascribed to
tighter binding of lead in the young animal (Jugo et al., 1975b). In a related observation,
the chelatable fraction of lead bound to erythrocytes of young animals given 2°3Pb was approx-
imately threefold greater than in the adult rat (Jugo, 1980), although the fraction of dose in
the cells was higher in the suckling rat. The difference in the suckling rat erythrocyte re-
garding the binding of lead and relative content compared with the adult may be compared with
Ong and Lee's (1980b) observation that human fetal hemoglobin binds lead more avidly than does
mature hemoglobin.

10.4 LEAD EXCRETION AND RETENTION IN HUMANS AND ANIMALS ,

Dietary lead that is not absorbed in humans and animals passes through the GI tract and
is eliminated with feces, as is the deposited fraction of air lead that is swallowed and not
absorbed. Lead absorbed into the blood stream and not retained is excreted through the renal
and GI tracts, the latter by biliary clearance. The amounts appearing in urine and feces
appear to be a function of such factors as species, age, and differences in dosing.

10.4.1 Human Studies

Booker et al. (1963) found that 212Pb injected into two adult volunteers led to initial
appearance of the label in urine (4.4 percent of dose in 24 hr), then in both urine and feces
in approximately equal amounts. By use of the stable isotope 294Pb, Rabinowitz et al. (1973)
reported that urinary and fecal excretion of the label amounted to 38 and 8 ug/day in aduit
subjects, accounting for 76 and 16 percent, respectively, of the measured recovery. Fecal ex-~
cretion was thus approximately twice that of all the remaining modes of excretion: hair,
sweat, and nails (8 percent). .

Perhaps the most detailed study of lead excretion in adult humans was done by Chamberlain
et al. (1978), who administered 293Pb by injection, inhalation, and ingestion. After injec-
tion or oral intake, the amounts in urine (Pb-U) and feces (Pb-Fe, endogenous fecal lead) were
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compared for the two administration routes. Endogenous fecal lead was 50 percent of that in
urine, or a 2:1 ratio of urinary to fecal lead. (Increased transit time was allowed for fecal
lead to pass through the GI tract.)

Based on the metabolic balance and isotope excretion data of Kehoe (196la,b,c), Rabino-
witz et al. (1976), and Chamberlain et al. (1978), as well as on some recalculations of the
Kehoe and Rabinowitz data by Chamberlain et al. (1978), short-term lead excretion amounts to
50-60 percent of the absorbed fraction, the balance moving primarily to bone with some sub-
sequent fraction (approximately half) of this stored amount eventually being excreted. The
rapidly excreted fraction was determined by Chamberlain et al. (1978) to have an excretion
half-1ife of about 19 days. This value is consistent with the estimates of Rabinowitz et al.
(1976), who expressed clearance in terms of mean-lives. Mean-lives are multiplied by 1n 2
(0.693) to arrive at half-lives. The similarity of the blood 293Pb half-life with that of
body excretion noted by Chamberlain et al. (1978) indicates a steady rate of clearance from
the body.

The age dependency of lead excretion rates in humans has not been well studied; all of
the above lead excretion data involved only adults. Table 10-3 combines available data from
adults (Rabinowitz et al., 1977; Thompson, 1971; Chamberlain et al., 1978) and infants
(Ziegler et al., 1978) for purposes of comparison. Intake, urine, fecal, and endogenous fecal
lead data from two studies on adults and one report on infants are used. For consistency in
the adult data, 70 kg is used as an average adult weight, and a Pb-Fe:Pb-U ratio of 0.5 is
used. Daily lead intake, absorption, and excretion values are expressed as pg/kg body weight.
For the infant data, daily endogenous fecal lead excretion is calculated using the adult ratio
as well as the extrapolated value of 1.5 pg/kg. The respiratory lead intake value for the
infants is an upper value (0.2 pg/m3), since Ziegler et al. (1978) found air lead to be <0.2
pg/m3.  Compared to the two representative adult groups, infants appear to have a lower total
excretion rate, although the excretion of endogenous fecal lead may be higher than for adults.

In humans, the dependence of lead excretion rate on level of exposure has been studied in
some detail by Chamberlain (1983), who used data from the published reports of King et al.
(1979), Williams et al. (1969), Gross (198l), Devoto and Spinazzola (1973), Azar et al.
(1975), and Chamberlain et al. (1978). Figure 10-6 reproduces Chamberlain's plots of urinary
excretion rate for lead versus blood lead as provided in the various studies. Renal clearance
of lead appears to increase as blood lead increases from 25 to 80 pg/dl, the highest blood
value reported. Given the earlier discussion concerning the increased fractional partitioning
of blood lead into plasma with increasing blood lead burden {see Section 10.3.1), one would
anticipate an increasing renal excretion rate for lead over a broad range of blood Tlead.
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TABLE 10-3. DAILY LEAD EXCRETION AND RETENTION DATA FOR ADULTS AND INFANTS

Adult Adult
Children? group Ab group B®
Dietary intake (ug/kg) 10.76 3.63 3.86
Fraction of intake absorbed 0.46 (0.55)d 0.15° 0.15°
Diet lead absorbed (ug/kg) 4.95 (5.92) 1 0.54 0.58
Air lead absorbed (pug/kg) 0.20 0.21 0.11
Total absorbed lead (ug/kg) 5.15 (6.12) 0.75 0.68
Urinary lead excreted (pg/kg) 1.00 0.47 0.34
Ratio: urinary/absorbed lead 0.19 (0.16) 0.62 0.50
Endogenous fecal lead (ug/kg) 0.5 (1.56)f 0.249 0.179
Total excreted lead (ug/kg) 1.50 (2.56) 0.71 0.51
Ratio: total excreted/absorbed
lead 0.29 (0.42) 0.92 0.75
Fraction of intake retained 0.34 (0.33) 0.01 0.04

aZiegler et al. (1978).
brabinowitz et al. (1977).

cThompson (1971) and estimates of Chamberlain et al. (1978).

Each of the values in parentheses in this column is corrected for
lead at extrapolated value from Ziegler et al. (1978).

€Corrected for endogenous fecal lead (Pb-Fe = 0.5 x Pb-U).
Extrapolated value of 1.56 for endogenous fecal Pb.

d

f
9pb-Fe = 0.5 x Pb-U.
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Data in Figure 10-6 indicate increased renal excretion of lead only. How the correspon-
ding biliary excretion rate changes in the face of increasing lead absorption is not known.
Hence, the overall impact of increasing exposure on total body clearance of the toxicant is
difficult to assess. 1In experimenta1Aan1ma1s, the relative partitioning of lead between renal
and, biliary excretion routes has been shown to be dose- and species-dependent (see Section
10.4.2). |

Lead accumulates in the human body with age, mainly in bone, up to approximately 60 years
of age, when a decrease occurs with changes in intake as well as in bone mineral metabolism.
Total accumulation by 60 years of age ranges up to approximately 200 mg (see review by Barry,
1978), although occupational exposure can raise this figure several-fold (Barry, 1975).
Holtzman (1978) has reviewed the available literature on studies of lead retention in bone.
In normally exposed humans a bioclogical half-1ife of approximately 17 years has been calcula-
ted, while data for uranium miners yield a range of 1320-7000 days (4-19 years). Chamberlain
et al. (1978) have estimated l1ifetime averaged daily retention at 9.5 pg using data of Barry
{1975). Within shorter time frames, however, retention can vary considerably due to such fac-
tors as disruption of the individual's equilibrium with changes in level of exposure, the dif-
ferences between children and adults, and, in elderly subjects, the presence of osteoporosis
(Gross and Pfitzer, 1974).

Lead labeling experiments, such as those of Chamberlain et al. (1978), indicate a short-
term or initial retention of approximately 40-50 percent of the fraction absorbed. Much of
this retention is by bone. Determining how much lead resorption from bone will eventually
occur using labeled lead is difficult, given the extremely small fraction of labeled to
unlabeled lead (i.e., label di?ution) that would exist. Based on the estimates of Kehoe
(196l1a,b,c), the Gross (1981) evaluation of the Kehoe studies, the Rabinowitz et al. (1976)
study, the Chamberlain et al. (1978) assessments of the aforementioned reports, and the data
of Thompson (1971), one can estimate that approximately 25 percent of the lead absorbed daily
undergoes long-term bone storage.

The above estimates relate either to adults or to long-term retention over most of an in-
dividual's lifetime. Studies with children and developing animals (see Section 10.4.2) indi-
cate lead retention in childhood can be higher than in adulthood. By means of metabolic
ba{ance studies, Ziegler et al. (1978) obtained a retention figure (as percentage of total in-
take) of 31.5 percent for infants, while Alexander et al. (1973) provided an estimate of 18
percent. Corrected retention data for both total and absorbed intake for the pediatric sub-
jects of Ziegler et al. (1978) were shown in Table 10-3, using the two values for endogenous
fecal excretion as noted. Barlitrop and Strehlow (1978) calculated a net negative lead reten-
tion in their subjects, but problems in comparing this report with the others were noted
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earlier. Given the increased retention of lead in children relative to adults, as well as the
greater rate of lead intake on a body-weight basis, increased uptake in soft tissues and/or
bone is indicated.

Barry (1975, 1981) measured the lead content of soft and mineral tissues in a small group
toff,autopsy samples from children 16 years of age and under, and noted that average soft-tissue
vdlues were comparable to those in female adults, while mean bone lead values were lower than
in adults. These results suggest that bone in children has less retention capacity for lead
than bone in adults. Note, however, that "dilution" of bone lead will occur because of the
significant growth rate of the skeletal system through childhood. Trotter and Hixon (1974)
studied changes in skeletal mass, density, and mineral content as a function of age, and noted
that skeletal mass increases exponentially in children until the early teens, increases less
up to the early 20s, levels off in adulthood, and then slowly decreases. From infancy to the
late teens, bone mass increases up to 40-fold. Barry (1975) noted an approximate doubling in
bone lead concentration over this interval, indicating that total skeletal lead had actually

-~ increased 80-fold. He also obtained a mean total bone lead content of approximately 8 mg for
children up to 16 years old, compared with a value of approximately 18 mg estimated from both
the bone concentrations in his study of children at different ages and the bone growth data of
Trotter and Hixon (1974). 1In a later study (Barry, 1981), autopsy samples from infants and
children between 1 and 9 years old showed an approximately 3.5-fold increase in mean bone con-
centrations across the three bone types studied, compared with a skeletal mass increase from
0-6 months to 3-13 years old of greater than 10-fold, for an estimated increase in total lead
of approximately 35-fold. Five reports (see Barry, 1981) noted age versus tissue lead rela-
tionships indicating that overall bone lead levels in infants and children were less than in
adults, whereas four reports observed comparable levels in children and adults.

If one estimates total daily retention of lead in the infants studied by Ziegler et al.
(1978), using a mean body weight of approximately 10 kg and the corrected retention rate in
Table 10-3, one obtains a total daily retention of approximately 40 pg. By contrast, the
total reported or estimated skeletal lead accumulated between 2 and 14 years is 8-18 mg (gjgg
supra), which averages out to a daily long-term retention of 2.0 to 4.5 pg/day or 6-13 percent
oi total retention. Lead retention may be highest in infants up to about 2 years of age (the
subjects of the Ziegler et al, study), then decreases in older children. The mean retention
in the Alexander et al. (1973) study was 18 percent, about half that seen by Ziegler et al.
(1978). This difference may result from the greater age range in the former study.

"Normal" blood lead levels in children either parallel adult male levels or are approxi-
mately 30 percent greater than adult female levels (Chamberlain et al., 1978), indicating
(1) that the soft-tissue lead pool in very young children is not greatly elevated and thus,

10-37



(2) that there is a huge labile lead pool in bone that is still kinetically quite distinct
from soft-tissue lead or (3) that in young children, blood lead is a much less reliable indi-
cator of greatly elevated soft-tissue or labile bone lead than is the case with adults. Barry
(1981) found that soft-tissue lead levels were combarab]e in infants £1 year old and children
1-5 and 6~9 years old.

Given the implications of the above discussion-~that retention of lead in young children
is higher than in adults and possibly older children, while at the same time their skeletal
system is less effective for long-term lead sequestration--the very young child is at greatly
elevated risk to a toxicologically "active" lead burden. For further discussion, see Chapter
13.

Rabinowitz et al. (1976) examined the biokinetics of a stable isotope of Jead (294Pb)
entering human hair after absorption, hair being a mode of lead excretion in humans and other
mammals. Feeding adult male volunteers 204Pb daily for about 100 days and analyzing the iso-
tope in facial hair resulted in the observation that hair responds more gradually than blood
to changes in uptake, with a delay of about 35 days. Hair lead values should be interpreted
as the integral of the blood lead values over about 100 days.

10.4.2 Animal Studies o

In rats and other experimental animals, both urinary and fecal excretion are important
routes of lead removal from the organism. The relative partitioning between the two modes is
species- and dose-dependent. Morgan et al. (1977) injected 293Ph into adult rats and noted
that lead initially appeared in urine, followed by equivalent elimination in both urine and
feces. By 5 days, lead was proportionately higher in feces. Castellino and Aloj (1964),
using 21%pb, observed that fecal excretion was approximately twice that of urine (35.7 versus
15.9 percent) by 14 days. In the report of Klaassen and Shoeman (1974), relative excretion by
the two routes was seen to be dose-dependent up to 1.0 mg Pb/kg. Excretion was much higher by
biliary clearance into the gut. At 3.0 mg Pb/kg, approximately 90 percent of the excreted
amount was detected in feces. The relatively higher proportion appearing in feces in the
studies of Castellino and Aloj (1964) and Klaassen and Shoeman (1974), compared with the re-
sults of Morgan et al. (1977), possibly results from use of carrier dosing, since Morgan
et al. (1977) used carrier-free injections. Hence, increasing dose does appear to favor bi-
liary excretion, as noted by Klaassen and Shoeman (1974).

With regard to species differences, Klaassen and Shoeman (1974) found that the amount of
biliary clearance in dogs was about 2 percent of that in rats, while rabbits showed 50 percent
of the rate of the rat at equivalent dosing. These data for the dog conflict with the results
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of Lloyd et al. (1975), who observed 75 percent of the excreted lead eliminated through bili-
ary clearance. Note that the latter researchers used carrier-free label while the other in-
vestigators used injections with carrier at levels of 3.0 mg Pb/kg. In mice, Keller and
Doherty (1980a) observed that the cumulative excretion rate of 210Ph in urine was 25-50 per-
cent of that in feces. In nonhuman primates, Cohen (1970) observed that baboons excreted lead
at the rate of 40 percent in feces and 60 percent in urine. Pounds et al. (1978) noted that
the rhesus monkey lost 30 percent of lead by renal excretion and 70 percent by fecal excre-
tion. This discrepancy may also reflect a carrier-dosing difference.

The extent of total lead excretion in experimental animals given labeled lead orally or
parenterally varies, in pdrt due to the time frames for post-exposure observation. In the
adult rat, Morgan et al. (1977) found that 62 percent of injected 293Pb was excreted by 6
days. By 8 days, 66 percent of injected 2°3Pb was eliminated in the adult rats studied by
Momcilovié and Kostial (1974), while the 219Pb excretion data of Castellino and Aloj (1964)
for the adult rat showed 52 percent excreted by 14 days. Similar data were obtained by
Klaassen and Shoeman (1974). Lloyd et al. (1975) found that dogs excreted 52 percent of in-
jected lead label by 21 days, 83 percent by 1 year, and 87 percent by 2 years. In adult mice
(Keller and Doherty, 1980a), 62 percent of injected lead label was eliminated by 50 days. In
nonhuman primates, Pounds et al. (1978) measured approximately 18 percent excretion in adult
rhesus monkeys by 4 days.

Kinetic studies of lead elimination in experimental animals indicate that excretion is
described by two or more components. From the elimination data of Momcilovié and Kostial
(1974), Morgan et al. (1977) estimated that in the rat the excretion curve obeys a two-compo-
nent exponential expression with half-lives of 21 and 280 hr. In dogs, Lloyd et al. (1975)
found that excretion could be described by three components, i.e., a sum of exponentials with
half-lives of 12 days, 184 days, and 4951 days. Keller and Doherty (1980a) reported that the
half-1ife of whole-body clearance of injected 293Pb consisted of an initial rapidvand a much
slower terminal component, the latter having a half-life of 110 days in the adult mouse.

The dependency of excretion rate on dose level has been investigated in several studies.
Although Castellino and Aloj (1964) saw no difference in total excretion rate when label was
injected with 7 or 100 ug of carrier, Klaassen and Shoeman (1974) did observe that the excre-
tion rate by biliary tract was dose-dependent at 0.1, 1.0, and 3.0 mg Pb/kg {urine values were
not provided for obtaining estimates of total excretion). Momcilovi¢ and Kostial (1974) ob-
served an increased rate of excretion into urine over the added carrier range of 0.1 to 2.0 pg
Pb/kg with no change in fecal excretion. In the report of Aungst et al. (1981), excretion
rate in the rat did not change over the injected lead dosing range of 1.0 to 15.0 mg/kg. Rat
urinary excretion rates thus seem dose-dependent over a narrow range less than 7 pg, while
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elimination of lead through biliary clearance is dose-dependent up to an exposure level of 3
mg/kg. ‘

Lead movement from lactating animals to their offspring via milk constitutes both a route
of excretion for the mother and a route of exposure for the young. Investigations directed at
this phenomenon have examined both prior-plus-ongoing maternal lead exposure during lactation
and the effects of immediate prior treatment. Keller and Doherty (1980b) exposed two groups
of female rats to 21%Pb: one group for 105 days before mating; the second before and during
gestation and nursing. During lactation, there was an overall loss of lead from the bodies of
the lactating females compared with controls, while the femur ash weights were inversely re-
lated to level of lead excretion, indicating that such enhancement is related to bone mineral
metabolism. Lead transfer via milk was approximately 3 percent of maternal body burden, in-
creasing with continued lead exposure during lactation. Lorenzo et al. (1977) found that
blood -1ead levels in nursing rabbits given injected lead peaked rather rapidly (within 1 hr),
while milk lead levels showed a continuous increase for about 8 days, at which point the con-
centration of lead was eightfold higher than in blood. This observation indicates that the
transfer of lead to milk can occur against a concentration gradient in blood. Momcilovié
(1978) and Kostial and Momcilovié (1974) observed that transfer of 203Pb in the late stage of
lactation occurs readily in the rat, with higheé overall excretion of lead in nursing versus
control females. Furthermore, the rate of lead movement to milk appeared dose-dependent over
the added lead carrier range of 0.2 to 2.0 Hg. '

The comparative retention of lead in developing versus adult animals has been investigat-
ed in several studies using rats, mice, and nonhuman primates. Momcilovi¢ and Kostial (1974)
compared the kinetics of Jlead distribution in suckling and adult rats after injection of
203ph. Qver an 8-day interval, 85 percent of the label was retained in the suckling rat, com-
pared with 34 percent in the adult. Keller and Doherty (1980a) compared the levels of 219ph
in 10-day-old mice and adults, noting from the clearance half-lives (vide supra) that lead
retention was greater in the suckling animals than in the adults. In both adult and young
mice, the rate of long-term retention was governed by the rate of release of lead from bone,
indicating that in the mouse, skeletal lead retention in the young is greater than in the
adult. With infant and adult monkeys orally exposed to 210Pb, Pounds et al. (1978) observed
that at 23 days the corresponding amounts of initial dose retained were 92.7 and 81.7 percent,
respectively.

The studies of Rader et al. (198la,b) are of particular interest because they demonstrate
not only that young experimental animals continue to show greater retention of Jead in tissue
when exposure occurs after weaning, but also that such retention occurs in terms of either
uniform exposure (Rader et al., 198la) or uniform dosing (Rader et al., 1981b) when compared
with adult animals. With uniform exposure, 30-day-old rats given lead in drinking water
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showed significantly higher lead levels in blood and higher percentages of dose retained in
brain, femur, and kidney, as well as higher indices of hematopoietic impairment (ALA in urine,
-erythrocyte porphyrin) when compared to adult animals. As a percentage of dose retained,
levels of lead retained in the tissue of the young animals were approximately two- to three-
fold higher. 1In part, this difference results from a higher ingestion rate of lead. However,
in the uniform dosing study where a higher ingestion rate was not the case, an increased re-
tention of lead still prevailed, the amount of lead in brain being approximately 50 percent
higher in young versus adult animals. Comparison of values in terms of percent retained is
more meaningful for such assessments, because the factor of changes in organ mass (see above)
is taken into account. Delayed excretion of lead in the young animal may reflect an immature
excretory system or a tighter binding of lead in various body compartments.

10.5 INTERACTIONS OF LEAD WITH ESSENTIAL METALS AND OTHER FACTORS

Deleterious agents, particularly toxic metals such as lead, do not express their toxico-
kinetic or toxicological behavior in a physiological vacuum, but rather are affected by inter-
actions of the agent with a variety of biochemical factors such as nutrients. Growing recog-
nition of this phenomenon and its implications for lead toxicity in humans has prompted a
number of studies, many of them recent, that address both the scope ahd mechanistic nature of
such interactive behavior.

Taken collectively, the diverse human and animal data described in this section make it
clear that there is heterogeneity in pediatric populations in terms of relative risk for lead
exposure and deleterious effects depending on nutritional status. Children having multiple
nutrient deficiencies are at greater risk.

10.5.1 Human Studies

In humans, the interactive behavior of lead and various nutritional factors is appropri-
ately viewed as particularly significant for children, since this age group is not only parti-
cularly sensitive to Tead's effects, but also experiences the greatest flux in relative nutri-
ent status. Such interactions occur against a backdrop of rather widespread deficiencies in a
number of nutritional components in children. While such deficiencies are more pronounced in
lower~income groups, they exist in all socioeconomic strata. Mahaffey and Michaelson (1980)
have summarized the three national nutritional status surveys carried out in the United States
for infants and young children: the Preschool Nutrition Survey, the Ten State Nutrition Sur-
vey, and the Health Assessment and Nutrition Evaluation Survey (HANES I). The most recent
body of data of this type is the second National Health Assessment and Nutrition Evaluation
Survey (NHANES II) study (Mahaffey et al., 1979), although the dietary information from it has
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yet to be reported. 1In the older surveys, iron deficiency was the most common nutritional
deficit in children under 2 years of age, particularly children from low-income groups. Re-
duced vitamin C intake was noted in about one-third of the children, while sizable numbers of
them had significantly reduced intakes of calcium. Owen and Llippman (1977) reviewed the
regional surveys of low-income groups within Hispanic, white, and black populations. In these
g@oﬁ%s, iron deficiency was a common finding, and low intakes of calcium and vitamins A and C
were observed regularly. Hambidge (1977) concluded that zinc intake in low-income groups is
generally inadeqguate relative to recommended daily allowances.

Available data from a number of reports document the association of lead absorption with
suboptimal nutritional status. Mahaffey et al. (1976) summarized their studies showing that
children with blood lead levels greater than 40 pg/dl had significantly (p <0.01) Tower intake
of phosphorus and calcium compared with a control group, while iron intake in the two groups
was comparable. This study involved children 1-4 years old from an inper-city, low-income
population, with close matching for all parameters except the blood lead level. Sorrell et
q].‘(1977), in their nutritional assessment of 1- to 4-year-old children with a range of blood
léad levels, observed that blood lead content was inversely correlated with calcium intake,
while children with blood lead levels >60 pg/dl had significantly (p <0.001) lower intakes of
calcium and vitamin 0.

Rosen et al. (1980, 1981) found that children with elevated blood lead (33-120 pg/d1) had
significantly lower serum concentrations of the vitamin D metabolite 1,25-dihydroxyvitamin D
(1,25-(0H)3D) compared with age-matched controls (p <0.001), and showed a negative correlation
of serum 1,25-(0H)3D with lead over the range of blood lead levels measured (see Chapter 12,
Section 12.5, for further discussion). These observations and animal data (Barton et al.,
1978a; see Section 10.5.2) may suggest an increasingly adverse interactive cycle of
1,25-(0H)3D, lead, and calcium in which lead reduces biosynthesis of the vitamin D metabolite.
This cycle leads to reduced induction of calcium binding protein (CaBP), less absorption of
calcium from the gut, and greater uptake of lead, thus further reducing metabolite levels.
Barton et al. (1978a) isolated two mucosal proteins in rat intestine, one of which bound
mainly lead and was not vitamin D-stimulated. The second bound mainly calcium and was under
vitamin control. The authors suggested direct site-binding competition between lead and cal-
ciuW’in these proteins. Hunter (1978) investigated the possible interactive role of seasonal
vitamin D biosynthesis in adults and children; lead poisoning occurs more often in summer than
in other seasons (see Hunter, 1977, for review). Seasonality accounts for 16 percent of ex-
plained variance of blood lead levels in black children, 12 percent in Hispanic children, and
4 percent in white children. More recently, it has been documented that there is no seasonal
variation in circulating levels of 1,25-(0H),D, the metabolite that affects the rate of lead
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absorption from the GI tract (Chesney et al., 1981). These results suggest that seasonality
is related to changes in exposure.

Johnson and Tenuta (1979) determined that calcium intake was negatively correlated
(r = -0.327, p <D.05) with blood lead in 43 children aged 1-6 years. The high lead group
)cgnsumed less zinc than children with Tower blood levels. Yip et al. (1981) found that 43
children with elevated blood lead (>30 pg/dl) and erythrocyte protoporphyrin (EP) (>35 ug/dl)
had an increased prevalence of iron deficiency as these two parameters increased. Children
classed in CDC categories Ib and I1 had a 79 percent iron deficiency rate, while those in
Class 111 were all 1ron deficient. Chisolm (1981) demonstrated an inverse relationship
between chelatable iron and chelatable body lead levels as indexed by urinary ALA levels in 66
children with elevated blood lead. Watson et al. (1980) reported that adult subjects who were
iron deficient {(determined from serum ferritin measurement) showed a lead absorption rate 2-3
times greater than subjects who were iron replete. 1In a group of 13 children, Markowitz and
Rosen (1981) reported that the mean serum zinc levels in children with plumbism were signifi-
cantly below the values seen in normal children. Chelation therapy reduced the mean level
even further. Chisolm (1981) reported an inverse relationship between ALA 1in urine (ALA-U)
and the amount of chelatable or systemically active zinc in 66 children challenged with EDTA
and having blood lead levels ranging from 45 to 60 pg/dl. These two studies suggest that zinc
status is probably as important an interactive modifier of lead toxicity as is either calcium
or iron,

The role of nutrients in lead absorption has been reported in several metabolic balance
studies for both adults and children. Ziegler et al. (1978), in their investigations of lead
absorption and retention in infants, observed that lead retention was inversely correlated
with calcium intake, expressed either as a percentage of total intake (r = -0.284, p <0.01) or
on a weight basis (r = -0.279, p <0.01). Interestingly, the calcium intake range measured was
within the range considered adequate for infants and toddlers by the National Research Council
(National Academy of Sciences, National Research Council, 1974). These data also support the
premise that severe deficiency need not be present for an interactive relationship to occur.
Using adults, Heard and Chamberlain (1982) monitored the uptake of 293pb from the gut in eight
subjects as a function of the amounts of dietary calcium and phosphorus. Without supplementa-
ti%n of these minerals in fasting subjects, the label absorption rate was approximately 60
percent, compared to 10 percent wfth 200 mg calcium plus 140 mg phosphorus, the amounts pres-
ent in an average meal. Calcium alone reduced uptake by a factor of 1.3 and phosphorus alone
by 1.2; both together yielded a reduction factor of 6. This work suggests that insoluble cal-
cium phosphate is formed and co-precipitates any lead present. This interpretation is sup-
ported by animal data (see Section 10.5.2).
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10.5.2 Animal Studies
Reports of lead-nutrient interactions in experimental animals have generally described

such relationships in terms of a single nutrient, using relative absorption or tissue reten-
tion in the animal to index the effect. Most of the recent data are concerned with the impact
of dietary levels of calcium, iron, phosphorus, and vitamin D. Furthermore, some investiga-
tors have attempted to elucidate the site(s) of interaction .as well as the mechanism(s)
governing the interactions. Lead's interactions involve the effect of the nutrient on lead
uptake, as well as lead's effect on nutrients. The focus of this discussion is on the former.
These interaction studies are tabulated in Table 10-4.
10.5.2.1 Interactions of Lead with Calcium. The early report of Sobel et al. (1940) noted
that variation of dietary calcium and other nutrients affected the uptake of lead by bone and
blood in animals. Subsequent studies by Mahaffey-Six and Goyer {1970) in the rat have demon-
strated that a considerable reduction in dietary calcium was necessary {from 0.7 percent to
0.1 percent), at which level blood lead was increased fourfold, kidney lead content was ele-
vated 23~fold, and relative toxicity (Mahaffey et al., 1973) was increased. The changes in
calcium necessary to alter lead’s effects in the rat appear to be greater than those seen by
Ziegler et al. (1978) in young children, which indicates a species difference in terms of sen-
sitivity to basic dietary differences as well as to levels of all interactive nutrients.
These observations in the rat have been confirmed by Kostial et al. (1971), Quarterman and
Morrison (1975), Barltrop and Khoo (1975), and Barton et al. (1978a). The inverse relation-
ship between dietary calcium and lead uptake has also been noted in the pig (Hsu et al.,
1975), horse (Willoughby et al., 1972), lamb (Morrison et al., 1977), and domestic fowl (Berg
et al., 1980). ’

The mechanism(s) governing lead's interaction with calcium operate at both the gut wall
and within body compartments. Barton et al. (1378a), using everted duodenal sac preparations
in the rat, reported the following: (1) interactions at the gut wall require the presence of
intubated calcium to affect lead label absorption (pre-existing calcium deficiency in the
animal and no added calcium had no effect on lead transport); (2) calcium-deficient animals
show increased retention of 1lead rather than absorption (confirmed by Quarterman et al.,
1973); and (3) lead transport may be mediated by two mucosal proteins, one of which has high
molecular weight and a high proportion of bound lead, and is affected in extent of lead bind-
ing with changes in lead uptake. The second protein binds mainly calcium and is vitamin D-
dependent. ' ‘

Smith et al. (1978) found that lead is taken up at a different site in the duodenum of
rats than is calcium, but absorption does occur at the site of phosphate uptake, suggesting a
complex interaction of phosphorus, calcium, and lead. This observation is consistent with the
data of Barltrop and Khoo (1975) for rats and the data of Heard and Chamberlain (1982) for
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TABLE 10-4. EFFECT OF NUTRITIONAL FACTORS ON LEAD UPTAKE IN ANIMALS
Factor - Species Index of effect Interactive effect Reference
Calcium Rat Lead in tissues and Low dietary calcium (0.1%) Mahaffey-Six and Goyer
effect severity at increases lead absorption (1970); Mahaffey et al.
low levels of dietary and seve