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

The sine qua non of a complete understanding of an agent's effects on an
organism, e.g., dose-effect relationships, is the quantitative evaluation of
the agent in some indicator medium and/or physiological parameters associated
with exposure to this agents This ‘said, two questions follow: '

1) What are the most accurate, precise and efficient ways to
carry out such measurements?

2) Which measurements in the case of lead (lead itself or
biological indicators), in which media, are most appropriate
for the particular exposure issue being addressed?

Under the rubric of "analysis” are a number of discrete steps, all of
which are important contributors to the relative quality of the final analyti-
cal result: (1) collection of sample and its transmission to the point of
analysis; (2) laboratory manipulation of the sample, physically and chem-
ically, prior to delivery to a given instrumentation system; (3) the instru-
mental analysis and quantitation of the level; and (4) establishment of re-
levant criteria for accuracy and precision, to include internal and external
quality assurance checks, Each of these steps is discussed in this chapter.

From a historical perspective, it is clear that the definition of “satis-
factory analytical method” for lead has been changing over the years in ways
paralleling (1) the evolution of more sophisticated ihstrumentét3oh/procedures,
(2) the greater awareness of such factors as background contamination and loss
of element from sample, and (3) growth of a statistical framework in which to
eva]uéte analytical data. For example, newer methods of lead analysis such as
_anodic stripping voltammetry, background-corrected atomic absorption spectro-
metry, and isotope dilution mass spectrometry (particularly the last named)
are inherently more sensitive and specific than older, classical approaches.
Increasing use of the newer methods would tend to result in lower values being
measured in a given sample for lead. Whether this analytical change can be
discerned in the face of such variables as temporal changes 1in exposure to
lead of sample source is another matter.

Following closely upon the above is the issue of minimal criteria for
analytical quality to be applied to an element such as lead, which is also
ubiquitously distributed as a contaminant. Obviously, the constraints placed

upon a laboratory attempting éqafysié of geochemical samples of pristine
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origin, or extremely low lead levels in blo]og1ca1 samples such as plasma,
i.e., ultra-clean, ultra-trace analysis, are quite severe and very few labora-~
tor1es in the world can lay credible claim to such capab111ty '

Ideally, similar standards should be aphered to as closely as possible
across the rest of the analytical spectrum. With many ciinical; epidemio-
logical, and experimental studies, however, this may be unrealistic interms of
realities and goals of the studies. For one thing, laboratory performance is
but one part of the quality equation, the problems of sampling being equally
important but relatively less subject to tight control. The;necessity of
rapidly obtaining a blood sample in cases of suspected lead. éoisoning or the
field collection of hundreds (or thousands) of blood samples in urban popula-
tions limits the number of sampling safeguards to ‘those which aré realistic-
ally achievable. 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 in a framework of're1ativi€y, such
as in experimental studies concerned with the relative increase in tissue
burden(s) of lead with increases in dosing or effect severity. In addition,
any major compromising of an analytical protocol may be statistically dis-
cernible. Thus, analysis of biological media for lead must be done with
protocols minimizing the relative risk of inaccuracy. Specific accuracy and
precision characteristics of 2 method used in a particu]ér report should be
noted, to permit some judgment. on the part of the reader about the impact of
methodology on the results reported.

The choice of measurement (Question 2, ébove) and medium for analysis is
dictated by both the type of information desired and by techn1ca1/]ogist1ca1
considerations. As noted elsewhere, whole blood Jead reflects recent or
ongoing exposure while mineralizing tissuevguch as deciduous teeth push back
the exposure time frame to months and years;*JWhile‘urine lead values are not
particularly good correlates of lead exposure under steady state conditions in
populations at large, such measurements are of considerable clinical value in
tandem with the use of chelating agent challenge in assessing chelatable lead
burdens in an individual. The acquisition of blood samples by venipuncture
versus finger puncture will be governed by such factors as cost and feasibil-
ity, contamination risk, the biological quality of the finger punch sample,
etc. Biological indicators which strongly correlate with lead burden may be
more desirvable in that they evidence actual response and, taken together with
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blood lead data, provide a less risky diagnostic tool for assessment of lead
exposure,

A detailed discussion of the relative diagnostic value of various indica*
tors is beyond the scope of this section and the issue is reviewed elsewhere
in this document,

9.1 DETERMINATIONS OF LEAD IN BIOLOGICAL MEDIA
9.1.1  Sampling And Sample Handl1ng Procedures For Lead In Bio]gg1ca] Media

There are two aspects of lead analysis in biological media which place a
premium on careful coellection and handling of lead-containing samples: (1)
lead occurs at trace levels in most indicators of subject exposure, even under
conditions of high lead exposure; (2) such samples must be obtained against a
backdrop of pervasive contamination, the full extent of which may still be
unrecognized by many laboratories. _ .

The reports. of Speeke 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 Taboratory,
and it is clear from these discussions that the usual, feasible precautions
taken in the course of sample acquisition and detailed below for clinical and
epidemiological studies should not be taken by any means as absolute, but

rather what is practical and feasible in most cases. In light of the above,
furthermore, it may also be the case in many studies that the .inherent sen-
sitivity or accuracy of a given methodology/instrumentation is. less.the deter-
mining factor in overall analysis than the quality of sample co]]eqtign.and
subsequent handling.

9.1.1.1 Blood Sampling--Samples for blood Tead determ1nat10n may be col]ected
by venipuncture (venous blood) or finger tip puncture (capillary blood).
Collection of capillary vs. venous blood will be mandated by a number of
factors, including the feasibility of obtaining samples on a screening basis
for wany subjects and the relative difficulty of securing subject compliance,
particularly in the case of children and their parents.. Furthermore, capil-
tary blood may be collected as discret volumes into small volume, capiliary
tubes, or as spots on filter paper disks. With capillary tubes, obtaining
good mixing with anticoagulant to avoid clotting is an important considera-
tion, as is the problem of lead contamination of the tube, while the use of
filter pahef requires the selection of paper with uniform composition, low
lead content and uniform blood dispersal characteristics.

] : ¢ ¢
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‘ Whether venous or capillary blood is collected, much care must be ex-
ercised in c]ean1ng the puncture site as well as the selection of lead-free

' rece1v1ng containers. Cooke et al. (1974) employed a v1rgorous scrubbing with

" low-lead soap ‘solution and deionized water rinsing, while Marcus et al. (1975)
carried out preliminary cleaning with ethanolic citric acid solution followed
by 70-percent ethanol rinsing. - ‘The vigor in cleaning the puncture site is

" probably as important as any particular choice of cleaning agent. Marcus et
al. (1977) drew attention to the fact that in one procedure for puncture site
prepping, where the site is covered with wet paper hand towels, contamination
will occur in the case of paper towels from recycled paper, owing to s1gn1~
ficant lead retention “in paper prepared this way.

" Capillary and venous blood lead levels, in theory, should be virtually
identical, although the available Titerature indicates that some differences,
mainly reflecting problems of -sampling, do arise int he case of capillary
b]ood,"Also, Tower values of capillary vs. blood lead may reflect "dilution”
of the sample by extracellular fluid owing to excessive compression of the
puncture site. Joselow and Bogden (1972) compared a micro method with finger
puncture and spotting onto filter paper with a macro procedure using venous
blood and the procedure of Hessel (1968) for flame atomic absorption spec-
trometry, obtaining a correlation coefficient of r = 0.9 (range, 20-46 ug/dl).
In & simitar ‘manner, Cooke et al. (1974) only obtained an r value of 0.8 (no
range given), while Mitchell et #1. (1974) obtained a value of 0.92 (10-92
‘ug/dl); Mahaffey et al. (1979) found that capillary blood levels in a test
comparison were ca. 20 percent higher than corresponding venous blood levels
in the same subjects, presumably reflecting sample contamination. Similar
elevations have been described by DeSilva and Donnan (1980). Carter (1978)
has found that-blood samples with lower hemoglobin may spread onto filter
paper differently than non-amenia samples, requiring correction in quantita-
tion to obtain values which are reliable. With pediatric subjects in whom
iron-deficiency anemia may commonly occur, this complication should be kept in
mind. . .

Capillary blood collection done with filter paper, over the capillary
blood tube alternative, included the use of Whatman No. 4 (Cernik and Sayers,
1971; Cernik, 1974) and Schleicher and Schull No. 903 (Joselow and Bogden,
1972.)

Important considerations 4n venous sampling are the relative freedom of
the blood container from interior surface lead, and Tead in the anticoagulant
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used. For studies focused on "normal" ranges, such tubes may still add some . .
lead to blood and still meet certification requirements.  The "low-lead"
heparinized blood tubes commercially available (blue stopper Vacutainer, :
Becton-Dickinson) were found to contribute Tess than 0.2 pg/dl to whole blood jf' f_ .
(Rabinowitz-and.Needleman, 1982). Nackowski et al. (1977) surVeye& a 1argei'ﬂ,_ :
variety of commerically available blood tubes in terms of lead and other metal ..
contamination. Lead uptake by blood over time from the various tubes was seen
to be minimal with the "low-lead" Vacutainer tubes as well as all but 4 of the
remaining typés of tubes. In the large survey of Mahaffey et al. (1979), 5 ml. -
Monoject. (Sherwood) or 7 ml lavender-top Vacutainer (Becton-Dickinson) tubes
were seen to be satisfactory. For more precise work, 1) tubes are best re-
cleaned - in the laboratory and lead-free anticoagulant added (although this
would :involve less convenience in sampling efficiency than the evacuated
tubes) and 2) verification of blank levels by the analyst for every batch of.
samples processed should be carried out.
9.1.1.2 Urine.Samgling-*Urine samples require collection with lead-free
containers and caps as well as the addition of a low-lead bacteriocide if
samples are to be stored for any period. If possible, 24-hour samples should B
be obtained, .as such collection would level any effect of variation in excre- -
tion over the time period. If spot sampling is done, lead levels should be
expressed per unit creatinine. -
9.1.1.3 Hair Sampling--The usefulness of hair lead analysis depends on the,
manner of sampling. Hair samples should be removed from subjects in some
consistent fashion either a predeterimined length from the skin or using the’ -’
entire hair, and should be placed in air-tight containers for shipment or .
storage. For segmental analysis, the entire hair Tength will be required. = .
9.1.1.1 Minera] Tissue--Mineralizing tissue such as deciduous teeth'repre-f' v-
sents a matrix which, Tike hair, is the opposite of blood in stability. A '
numb - of precautions do attend such sample collection.

One factor in deciduous teeth collection is consistency in the tybé,of
dentition collected across various subjects. In the study of Fosse and
Justesen (1978), no difference in lead content between molars and incisors was
seen, while Chatman and Wilson (1975) reported comparable whole tooth levels
for cuspids, fhcisors, and molars. On the other hand, Mackie et al. (1977)
and Lockeretz (1975) saw levels varying with tooth type, showing a statistical.
difference (Mackie_et.al.,'1977)'in going from 2nd motar (lowest) to incisor
(highest). . One factor in this gif(erencé in data is that the former two
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'-_gstudxes found rather 1ow ovgra]] ]ead levels ACross groups, while ‘the Mackie
Liet al. (1977) report concerned h1gher va]ues, _suggesting that tooth type'
'd1fferences in content may be magnified at higher relative 1evels of .exposure.
Delves et a] (1982), in a detailed study of.lead level var1at1on in
' 'lncwsors, have found that ]ead levels may even vary within a specifvc type of
dentition: compar1ng pairs of central incisors or pairs of central and lateral
" incisors all from the same child. These data'suggest the desirablity of
- .acquiring 2. teeth per subject, e.g., lateral incisors, to get an average lead
value. , . : : ,

Teeth containing fillings are best eliminated from analysis, while exten-
sive decay may also compromise: the analytical utility of the tooth. In the
‘report of Mackie et al. (1977), such teeth were discarded if the extent of
‘decay exceeded ca. 30 percent. ' o

-9.1,1.5 - Sample Handling in the Laboratory--With blood samples, there is thé
'botential problem of the effect of storage on the Tead content. Tt is clear
- that .dilute aqueous solutions of lead will surrender a sizable portion of the
“lead content to the container surface, glass or plastic (Issag and Zielinski,
-1974; Unger and Green, 1977), but a comparable effect or the 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 aqueous solutions, but their
data do not describe this, Moore and Meredith (1977) used 1sotopic 1ead
spiking (203Pb) with and without carrier in various containers at various-
© temperatures to monitor lead stability in blood over time. The only material
loss occurred with soda glass at room temperature by 16 days. Nackowski et
al. (1977) found that “low lead" blood tubes, while quite satisfactory in
- terms of sample contamination, began to show transfer of lead to container
~ wall by 4 days. Meranger, et al, (1981) studied movement of 1ead,.spikéd to
various levels, to containers of various composition as a function of tem~

- perature and time, In all cases, lead loss to containers was significant.
There are problems, with the above reports. Spiked samples probabiy are not
. .incorporated into the same biochemical environment as lead inserted in vivo.
. The Nackowsk1 et al. (1977) study did not indicate whether the blood samp’e
were kept frozen or refrigerated between testing intervals.
In the report of Lerner (1975) blood samples (35 originally) were col~
lected from a single subject into lead-free tubes and after freezing were
" forwarded in blind fashion to-a certified testing laboratory over a period of
9 months. Four samp]és were - lost while one was rejected as being grossly
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contaminated (ca. 4 5.D.s of mean). OFf the remaining 30 samples, the mean was
18.3 with an $.D. of £ 3.9. The analytical method used had a precfsion (5.0.)
of + 3.5 g Pb/d1 at normal levels of lead, suggesting that the overall stabi~
lity of the samples in terms of lead content was rather good. In the report
of Boone et al. (1979), samples frozen for periods of less than a year showed
no effect of storage, while Piscator (1982) noted no change in low levels
(< 10 pg/dl) when samples were stored at -20°C for & 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 of the tube during freezing., Teeth and hair samples stored in con-
tainers to minimize contamination are indefinitely stable.

The actual site of analysis should be as lead-free as possible. Failing
‘the unlikely availability of an "ultra-clean" facility such as that described
by Patterson and Settle (1976), the next desirable level of laboratory clean-
liness is the "Class 100" facility, defined as one ih which there are fewer
than 100 airborne particles >0.5 p, employing high efficiency particulate air
(HEPA) filtering and Taminar air flow (withmmovement away from sample handling
areas). Totally inert surfaces in the working area and an antechamber for.
contaminated clothes hanging, appliance cleaning, etc. are other features.

A1l plastic and glass ware coming into contract with samples should be
rigofbus]y cleaned of lead and stored away from dust contact, and materials
such as ashing vessels, etc., should be such as to permit minimal lead leach-
ing. In this connection, Teflon ware is more desirable than glass or other
plastics (Patterson and Settle, 1976). ‘

‘Reagents, particularly for chemical degradation of bielogical samples,

“should be both certified as such and periodically tested for retention of
quality. Several commerical grades of reagents are avajlable, although pre-
cise work may require doubly-purified materials from the National Bureau of
Standards. Storage of these reagents should be such as to minimize surface
contamination around the top of the containers.

For a more detailed discussion of appropriate laboratory practices, one
may consult the 2-volume NBS monograph, $Sp. Pub1{ #422, Accuracy in Trace
Analyses: Sampling, Sample Handling -and Analysis, 1976.

9.1.2 Methods of Lead Analysis

Detailed technical discussion of the array of instrumentation available

for -measurements of Jlead in blood and other media is outside the purpose of

¥
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this report. . The discussion is structured more apprbpriately to those aspects
of methodology dealing with relative sensitivity, specificity, accuracy, and
precision. _While ‘there is increasing acceptance of. international standardized
units for expressing lead levels in various media (SI units) units familiar to
g]inicians.and,ebidemio1ogists are retained. To connect ug Pb/dl blood to SI
units (umoles/liter) multiply by 10/207, 0.048. : '

Many reports over the years have purported to offer satisfactory analysis

- of lead in bjological -media, many with rather meager adherence to criteria for
accuracy and precision and many showing lack of demonstrable utility across a
rather wide spectrum of analytical applications. Therefore, .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
supplanted colorimetric method. :

Using-the definjtion of Cali and Reed (1976), a definitive method is one
in which.all major or significant parameters are related by solid evidence to
the base or derived units of the SI with a high degree of confidence bounds to
the limits of uncertainty. A reference method, by contrast, is one (1) of
demonstrated accuracy, (2) validated by a definitive method, and (3) arrived
at by concensus through testing of performahce by a number of laboratorie%(

In the case of lead in biological media, the definitive method is isotope-
dilution mass spectrometry (IDMS). IDMS accuracy stems from the fact that é]f
manipulations are on a weight basis-involving simple procedures, and measure-
ments entail only ratios and. not the absolute determinations of the istopes
involved, greatly reducing-instrumental corrections or errors. Reproducible
results to a precision of one part in 104 or 105 are routine with specially
designed. instruments.: R

In terms of reference methods for lead in biological media, such a label
cannot. technically be attached to atomic absorption spectrometry in its vari-’
ous instrumentation/methodology .configurations or the electrochemical tech-
nique, anodic stripping voltammetry, although these have been termed such in
so far as their precision and accuracy can be verified or calibrated against
IDMS. . . .

Other methods which are recognized for trace metal analysis +in general
are not fully applicable to biological lead or have inherent shortcomings.
X-ray fluorescence analysis lacks the requisite sensitivity for media with low
lead content and the associated sample preparation may occasion a high con-
tamination risk. A notable exception may be X-ray fluorescence analysis of
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teeth or bone in situ as discussed below. Neutron activation analysis is the
method of choice with many elements, but is restricted for lead measurement,
since the associated radiochemical transformation with neutron bombardment
produces a species with a half-life of 0.85 seconds.

9.1.2.1 Lead Analysis In Whole Blood~-The first generally accepted technique
for quantitating lead in whole blood and other biological media involved
spectrophotometric measurement based on the binding of lead to a chromogenic
agent to yield a chromophoric complex. Typically, the complexing agent has
heen. dithizone, 1,5-diphenylthiocarbazone, giving a complex with lead which is
spectrally measured at 510 nm,

Two variations of the spectrophotometric technique when measuring rather
low levels of lead have been the USPHS (National Academy of Sciences, 1972)
and APHA (American Public Health Association, 1955) procedures. In both,
venous blood or urine are wet ashed using concentrated nitric acid of low lead
content followed by treatment of the ash with hydroxylamine and sodium citrate
to a pH of 9-10. Cyanide jon is added and the solution extracted with dithi-
zone 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 dithi-
zone at pH 3.4. According to Lerner (1975), the analytical precision (S.D.)
‘in the “normal” range is ca. + 3.5 ug Pb/dl.

The most accurate and precise method for Tead measurement in blood and
other media, as noted before, is isotope dilution mass spectrometry. As
typified by the report of Machlan et al. (1976), whole blood sampies are
accuraiely weighed and a weighed aliquot of 206Pb isotope solution added.
After sample decomposition with ultra-pure nitric + perchloric acids, samples
are evaporated, residues taken up in dilute lead-free hydrachloric acid and

lead isolated using anion exchange columns. Column eluates are evaporated
with the above acids and lead deposited onto high purity platinum wire from
dilute perchloric acid. The 206Pb/208Pb ratio was then determined by thermal
jonization mass spectrometry. Samples without added isotope and reagent
blanks were also carried through the procedure. In terms of precision, the 95
percent confidence level for Tead samples overall was within 0.15 percent.
Because of expense and high requirements for operator expertise, time, and
level of laboratory cleanliness, IDMS is mainly of practical value in the
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development of standard reférence materials (SRMs) and for the verification of
other analytical methods,

Atomic absorption. spectrometry (AAS) is widely used for lead measurements
in whole blood, with sample analysis involving macro analysis of venous blood
with chemical degradation, micro analysis of liquid samples with or without
degradation, and samptes applied to filter paper. It is thus the most flex-
ible in terms of prior sample collecting or manipulation. By means of a flame
or eWectroghermal excitation, ionic lead in some 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 absorp-
tion Vines at 217.0 and 283.3 mm. After monochrometer separation and photo-
multiplier enchancement of the differential signal, it is measured electron-
ically. . . - . ' '

The earljest methods of atomic absorption spectrometric analysis involved
the aspiration of ashed samples of blood, usually subsequent to extraction
into an organic solvent to enchapce sensitfvity by preconcentration, into a
flame. Some methods did not involve digestion steps prior to solvent extrac-
tion (Kopito et al., 1974). Of these various macro flame AAS methods, that of
Hessel (1968) continues to be used with some frequency.

At present, lead measurement in blood by AAS entails any of several micro
methods which permit greater sensitivity, precision, and economy of sample and
time. e _

The, flame micro method of Delves (1970), termed the Delves Cup- procedure,
usually involves delivery of discrete, small samples of unmodified who]é blood
to nickel cups, with subsequent drying and peroxide decomposition of organic
content prior to positioning in the flame. The marked enhancement of sensi-
tivity over conventional flame aspiration is due to ‘immediate, total consump-
tion of .sample and the generation of a localized population of atoms. In'
addition. to discrete blood volumes, blood-containing filter paper disks have
been used (Joselow and Bogden, 1972; Cernik and- Sayers, 1974; Piomelli et al.,
1980). Several modifications of the Delves. method include that of Ediger and
Coleman .(1972), where dried blood samples in the cups are pre-ignited to
destroy organic matter by placement near the flame in precise, repeatable
fashion, and the variation of Barthel et al. (1973), where blood samples are
mixed with dilute nitric acid in the cups followed by sample drying (200°C) in
an oven and charring at 450°C.on a hot plate.
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The Delves Cup procedures requires correction for background spectral
interference, which is usually achieved by <instrumentation equipped with a
dueterium arc lamp or with dual-channel capabiltity, with one channel operat-
ing at a non-resonance absorption 1ine. While the 217.0 nm line of lead is
less subject to such interference, precise work is best done with correction.

This micro method as applied to whole blood lead appears to have an
operational sensiti#ity of 1.0 ug Pb/dl, or somewhat below when competently
employed, and a relative precision of ca. 5 percent in the range of Tevels
encountered in industrialized areas.

Micro AAS methods employing electrothermal (furnace) excitation in lieu
of a flame can be ca. 10-fold more sensitive than the Delves procedure, and a
number of reports describing whole blood Tead analysis have appeared (see
annual bibliographies in Atomic Spectroscopy, Perkin-Elmer Corp.). Because of
increased sensitivity, the "rlameless” AAS technique permits the use of small
blood volumes (1-5 pl1) with samples undergoing drying and dry ashing in situ.
Physicochemical and spectréi interferences are inherently severe with this
approach, requiring careful background correction. In one Flameless AAS
configuration, background correction exploits the Zeeman effect, where cor-
rection 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 interference up to 1.5 molecular absorbence is claimed with the
Zeeman system (Koizumi and Yasuda, 1976), it is technically preferable to
employ charring prior to atomization. Hinderberger et al. (1981) used dilute
ammonium phosphate solution to minimize chemical interference in their furnace
AAS method.

Precision can be a problem in the flameless technique without careful
attention to the problem of sample diffusibility over and into the graphite
matrix of the receiving receptacle -- tube, cup, or rod. With the use of
diluted samples and larger applied volumes, the relative precision of this
method can approach that of the Delves technique (Delves, 1977).

In addition to the various atomic absorption spectral methods noted
above, electrochemical techniques have been applied to blood lead analysis.
Electrochemical methods, in theory, differ from AAS methods in that the latter
are "concentration" methods regardless of sample volumes available, while
electrochemical analysis involves bulk consumption of sample and hence would
have infinite sensitivity, given an infinite sample volume. This intrinsic
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property is of little practical advantage given sample, instrumentation de-
sign, and.bTank limits. - o .

The most widely used electrochemical method for lead measurement in whole
blood and other biological media is anodic stripping voltammetry (ASV) and it
is probably the most sensitive, involving as it does an elctrochemical pre-
concentration (deposition) step in the overall analysis (Métsdn and Roe, 1966;
Matson, 1970). In this method, samples such as whole blood, 50-100 ul, are
usually wet ashed and reconstituted in dilute acid or mode electro-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 time and at a selected negative voltage. The plated lead is then
réoxidized in the course of anodic sweeping, generating a current peak which
may be chart recorded, or displayed on commerical 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 which displace lead from binding sites
in blood by competitive binding (Morell and Giridhar, 1976; Lee and Meranger,
1980). 1In one commerical preparation, this consists of a solution of calcium,
chromium, and mercuric ions.

The working detection limit of ASV for blood is comparable to that of the
AAS micro methods while the relative precision is best with prior sample
degradation, ca. 5 percent, but less when the blood samples are run directly
with the ion exchange reagents (Morrell and Geridhar, 1376), particularly at
the low end of "normal" blood lead values. While AAS methods require atten-
tion to various spectral interferences to acl’iieve satisfactory performance,
electrochemical methods such as ASV require: consideration of such factors as
agents which complex lead and alter its red-ox potential properties and the
effects of co-reducible metals. Chelants used in therapy, particularly peni-
cillamine, may interfere, as does blood copper in cases where this element is
elevated, as in pregnancy and such disease states as leukemia, lymphoma, and
hyperthyroidism (Berman, 1981). At very low levels of lead in blood, then,
ASV may pose more problems than atomic absorption spectrometric techniques.

It should be noted that correction of whole blood lead values for hema-
tocrit, .although carried out in the past, is not appropriate. Kochen and "
Greener (1973) have demonstrated that there is no correlation between hema-
tocrit and whole blood Tead level, in humans and animals, suggesting that
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erythrocytes serve as a carrier of blood lead, with a ‘binding capac1ty in
excess of those levels associated with even very heavy exposure.

9.1.2. 2 Lead In Plasma--While virtually all of the lead present in whole
blood 1s bound to the erythrocyte (Robinson et al., 1958; Kochen and Greener, g
1973), lead in plasma figures in movement to affected tissues and a number of - :: .
reports have addressed the issue, using a variety of methods. It is of rmport-xz'fﬁ:
ance that every precaution be taken to use non-hemo]yzed blood samples for

p]asma isolation.

Rosen et al. (1974) used flameless atomic absorption spectrometry and
microliter samples of plasma to measure plasma lead, with background correc- -
tion for the smoke signal generated for the unmodified sample.

Cavalleri et al. (1978) used a combination of solvent extraction of .
modified'plaéma with preconcentrating and flameless atomic absorption. These: :
authors noted that the micro method used by Rosen et al. (1974) permitted Tess' -
precisioh'and accuracy than their technique, involving as ft did a signif- .
icantly sma11er amount of lead delivery to the furnace accessory.

DeS11va (1981) used a technique similar to that of Cavalleri et al.

(1978), solvent extraction and flameless AAS, but collected samples in & ™
hepar1n12ed tubes, claiming that the use of EDTA as anticoagulant disturbs the;__f
cell- p]asma distribution of lead enough to yield erroneous data. Much more f;ii’
care was g1ven in this procedure to the issue of background contamination. Iﬁ‘;;_'
both cases, “increasing levels of plasma lead were measured with 1ncrea51ng .
whole blood lead,. suggest1ng an equilibrium ratio in contradiction to the data

of Rosen et al. (1974), who found a fixed level of 2-3 pg Pb/d1 plasma over a -
wide range of blood lead. But in the DeSilva (1981) study, the actual levels . .
in plasma were much Tower than reported by Cavalleri et al. (1978). '

Using istope-dilution mass spectrometry and sample co]lection/manipulatioﬁ
in an "ultra-clean" facility, Everson and Patterson {1980) measured the plasmé
Tead levels in 2 subjects, a control and a lead-exposed worker. The control
had a plasma lead level of 0.002 pg Pb/dl, several orders of magnitude lower
than that seen with §tudies_using other less precise analytical approaches{

The Iead*exposed worker had a plasma level of 0.2 ug Pb/dT Several other
reports 1n the W1terature, using 1sotope—d11ut1on mass spectrometny noted -
somewhat higher values of plasma lead (Manton and Cook, 1979; Rab1now1tz et
al., 1974), which Everson and Patterson have ascr1bed to problems of labora-
tory contamination. However, utilizing trager Tead data to minimize the

S ™ e
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;'fv1mpact of contaminat1on resu]ts ina value of 0 15 pg/d1 (Rab1now1tz, et a]
1074y, SR . |
L Concern1ng appropr1ate plasma lead methodo]ogy, levels are extreme]y Tow,
' '5p'how low varying with the methods employed to measure such concentratxons
',While the data of Everson and Patterson (1980) were obtained from only 2
..subJects it seems un11ke1y that use of more subjects would result in a plasma"
.'i]ead range extend1ng upward to levels seen with ordinary methodo]ogy in ordi-
nary laboratory surroundings. The above discussion is necessary to the
question of what is to be apropriate methodoiogy for plasma anaiysis, and the
nEverson and Patterson (1980) report indicates that some level of doubt will
surround results obtained with convent1ona1 methods. '

A]though not the primary focus of their study, the values obtained by
v'Everson and Patterson (1980) for whole blood lead, unlike the data for plasma,
“are within the range for unexposéd»(ll pg Pb/d1) and exposed (80 pg Pb/d1)

- subjects generally reported with other methods. This would suggest that, for

~ the most part, reported values do indeed reflect in-vivo blood Iead rather

;_than sampling prob]ems or methods inaccuracy.

© 9.1.2.3 Lead In Teeth--When carrying out analysis of shed deciduous or ex-
“tracted permanent teeth, some reports have empioyed the whole tooth after
surface cleaning to remove contaminating lead (e.g., Moore et al., 1978; Fosse
et al., 1978; Mackie et al., 1977), while others have measured lead in dentine
(e.g., Shapiro et al., 1973; Needléman et al., 1979; Al-Naimi et al;; 1980).
Several reports (Grandjean et al., 1979; Shapiro et al., 1973) have also
described the analysis of secondary, or circumpulpal, dent1ne, the port1on of
the tooth having the h1ghest relative fract1on of Tead.

Dentine separation in the procedure of Needleman et al. (1979)-invo}Ves
embedding the tooth in wax, followed by thin central sagittal sectioning, the
"dentine ‘being isolated from the sawed sections by careful chise?ing.

The mineral and organic¢ composition of teeth and their components re-
‘quires the use of thorough chemical decomposition techniques, including wet

‘ashing and/or drying ashing steps, sample pulverizing or grinding, etc. In
. the procedure of Steenhout and Pourtois (1981), teeth are dry ashed at 450°C,
;'powdered'and dry ashing repeated. The powder.is then disso]ved_in nitric
"acid. Fosse and Justesen (1978) reduced tooth samples to a coarse powder by
~crushing in a vise, followed by acid dissolution. Oehme et al. (1978) crushed
":sampTes to a fine powder in an agate mortar and dissolved the Samples in
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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 et al. (1978) found that acid wet ashing of tooth samples gave
better results if carried out in a heated Teflon bomb at 200°C. _

With regard to instrumental methods of lead measurements in teeth, atomic
absorption spectrometry and anodic stripping voltammetry have been emplqyed'
more frequently than other methods.

With the atomic absorption spectrometry methods, the high minera] content
of teeth tends to argue for preliminary isolation of lead from this matrix
prior to analysis. In the method of Needleman et al. (1974) and Chatman and
Wilson (1975), ashed residues in nitric acid are treated with ammonium nitrate
and ammonium hydroxide to a pH of 2.8, followed by dilution and extraction
with a methy]isobuty1ketone solution of ammonium pyrrolidinecarbodithioate.
Analysis is by flame AAS using the 217.0 nm lead absorption ]ine: A similar
procedure was employed by Fosse and Justesen (1978).

Anodic stripping voltammetry has been successfully used in tooth lead
measurement {Shapiro et al., 1973; Needleman et al., 1979, Oehme et al.,
1978). As typified by the method of Shapire et al. (1973), samples of dentine
are dissolved in a small volume of low-lead concentrated perchloric acid and
diluted (5.0 m1) with lead-free sodium acetate solution. With deoxygenation,
samples were analyzed in a commercial ASV unit, using a plating time of 10
minutes at a plating potential of -1.05 V. Anodic sweeping was at a rate of 60
mV/sec. and a variable current of 100-500 pA.

Since lead content of teeth is higher than in most sampling media .of
biological origin, the relative precision of analysis with appropriate accomo-
dation of the matrix effect, such as the use of matrix-matched standards, in
the better studies indicates a value of ca. 5-7 percent.

A1l of the above methods involve shed or extracted teeth and as a con-
sequence represent retrospective determination of Tead exposure. 1In the
procedure of Bloch et al. (1976), tooth lead is measured in-situ using an
X-ray fluorescence technique. Multiple measuring by this approach is attrac-
tive in terms of detécting the "on“going" rate of jincrease in blody lead
burden. and when combined with serial blood sampling provides data for blood
lead-tooth lead relationships, and would be very useful in prospective studies.
A collimated beam of radiation from 57Co is allowed to irradiate the upper
cenral incisor teeth of .the subject. .Using a relatively safe 100-second
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irradiation time and measurement of K a1 and K 2 1ead 1ines via a germanium
diode and a pulse height analyzer for s1gna] proceSSIng, lead levels of 15
parts per million or higher can be measured.

9.1.2.4 -lead In Hair--Hair constitutes a non-invasive sampling method with
virtually no problems with sample stability on extended storage. However, the
advantages of accessibility and stability are offset by the problem of assess~
ing external contamination of the hair surfce by datmospheric fallout, hand
dirt, lead in hair preparations, etc¢., and is probab1y of less value, overall,
than measurements Using other media.

The various methods which have been employed for removal of external lead
have been réviewed (Chatt et af,, 1980; Gibson, 1980; Chattopadhyay et al.
1977) Cleaning techniques, obviously, should be vigorous enough to remove
surface Tead but not such as to remove the endogenous fraction. To date, it
remains to be demonstrated that ‘any published cleaning procedure is reliable
enough to permit acceptance of reported levels of lead in hair. Such a demon-
stration would have to employ Tead isotopic studies with both surface and:
endogenous 1sotop1c Jead remova] being monitored as a function of some par—
ticular cleaning techn1que
9.1.2.5 Lead In Urine--Analysis of Tead in urine is complicated by the rel~
at1ve1y Tow concentratxons of this element occurring in the medium (lower than
in blood in’ many ‘cases) as well as the complex mixture of mineral elements |
present. ‘Lead levels are higher, 8f course, in cases where lead ‘mobilization
or ther&py with chelants is carried out, but in these cases, samples must be
analyzed so as to account for lead bound to chelants such as EDTA. This
requires either sample ashing or standards containing the chelant.

Although analytical methods have beér published which carry out direct
analysis of lead in this medium, samples are probably best wet ashed prior to
analysis, using the usual mixtures of nitric + sulfuric and/or perchloric
acids. ! '

Both atomic absorption spectrometric -and anddic stripping voltammetric
methods have been applied to urine lead analyses, the former entailing 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 pyrrolidinecarbodithioate in methylisobutylketone to
achieve reasonably satisfactory results. Direct analysis, furthermore, creates
mechanical problems with burnér operation, owing to the high mineral content,

v
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and resulting in considerable down time. The procedure of Lauwerys et al.
(1975) s typ1ca1 of flame AAS methods with preliminary lead isolation. SRR

Owing ‘to the relatively greater sensitivity of graphite furnace (flame-ir“f '
Tess) ‘AAS, this variation of the method has been applied to urine analys1s 1n?.*ﬁ'
scattered reports and where it appears that adequate performance for direct B ‘
sample analysis requires steps to minimize matrix interference. Typical of_g-"
the better direct analysis methods is that of Hodges and Skelding (1981).

Urine sambles are mixed with jodine solution and heated, followed by ditution .
with a-épgcial reagent containing ammonium molybdate, phosphoric acid and
ascorbic acid. Small aliquots (5 pl1) are delivered to the furnace accessory
of an AAS unit containing a graphite tube pretreated with ammonium molybdate.
The relative precision of the method is reported to be about 6 percent. In
the method of Legotte et al. (1980), such tube treatment and sample modifica~
tions were hot employed and the average precision figure was 13 percent. ‘
Compared to various atomic absorption spectrometric methods, anodic .
stripping voltammetry has been less frequently employed for urine lead analysis
and it would appear from available electrochemical methods in general that -/
such techniques applied to urine require further development. Franke and de
Zeeuw (1977) employed differential pulse anodic stripping voltammetry as a
screening tool for lead and other elements in urine. Jagner et al. (1879)
described analysis of urine lead using potentiometric stripping, where the o ‘ 
element is preconcentrated at a thin-film mercury electrode as in conventional = -
ASV, but where reoxidation occurs, after disconnecting the circuity, with f?
either oxygen or mercuric jons if deoxygenated samples are used. '

As noted in Section 9.1.1. 2, spot samp]tng of lead in urine should be
expressed per unit creatinine, if it is not poss1b1e to obtain 24 h. col]ec-"”
tion.
9.1.2.6 Lead In Other Tissues--Bone sample of exper1menta1 an1ma] or human
autypsy origin require preliminary cleaning procedures for removal of muscie
and connective tissue, with care being taken to minimize sample contam1nat1on
while doing so. As is the case with teeth, samples must be chemically de-

- composed prior to analysis - L : '

Satisfactory instrumental methods for bone 1ead ana1y51s 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 sampﬁes us{hg flameless atomic absorptﬁon\épectrometry.
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; 5Ashed saMples were we1ghed and dissolved in dv]ute nitrlc ac1d conta1n1ng
,,Ianthanum ion, the . 1atter used to SUPpress 1nterference from bone elements.
:'mea11 volumes (20 u1) ‘and the h1gh calcaum content required that atom1zat1on
. be done at 2400°C. to avoid ‘condensation of calcium within the furnace
>':T,UQuant1tat1on was by the method of add1t1ons _ Relative’ prec1s1on was 6-8 °
ff'fpercent at relatively h1gh lead content (60 ug/g ash) and 10*12 percent at
“ievels of 14 ug/g ash or Tess. .
Ahigren et al. (1980) have descr1bed the app11catlon of X-ray fluores-
:'~cence analysis to in~vivo lead measurement in the human skeleton, using tibia
»‘,ﬂand phalanges. In this technique, irradiation is carried out with dual 57Co
. ;gamma réy source. The generated K ol and J(m2 lead lines are detected with a
11th1um~dr1fted german1um detector. The detection limit is 20 parts per .
‘g.m11710n :
_ Soft organs differ from other biological media in the extent of anatomic
. 'heterogeneity as well as lead distribution, e.g., brain and kidney. Hence,
: fsamp1e‘ana1ysis involves either discrete regional sampling or the homogenizing
- of the organ. The efficiency of the latter can vary considerably, deﬁénding
: fon the dens:ty of the homogenate the efficiency of rupture of the formed
- elements, etc. G]ass*on—gTass homogenizing is to be avoided because of libera-
“tion of lead from glass matrix with abrasion.

Atomic ‘absorption spectrometry, in its flame or flameless variat1ons,
appears to be the method of choice-in many studies. In the procedure of
Slavin et al. (1975), tissues were wet ashed, the residues taken up in dilute

“acid and analyzed with the furnace accessory of an AAS unit. A large number

~-of reports rehrésantihg slight variations of this basic technique have appeared

'1bver the years (see Ahnuaeribliograbhies_of Atomic. Spectroscopy, Perkin-E]mer
" Corp.). Flame procedures, being less sensitive than the graphite furnace
method, require more sample than may be available or are restricted to measure-
ment 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) are lyophilized and solubilized at room temperature with nitric

~acid. Following neutralization, lead is extracted into methylisobutylketone
with ammonium pyrrolidinecarbodithioate and aspirated into the flame of an AAS

. unit, The reported relative precision was 8 percent.

-..-9.1.3 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: (1)
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poor accuracy and poor precision; (2) poor accuracy and good precision; and
(3) good accuracy and 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 4 assumptions: (1) the validity of the specific procedure
for lead in some matrix has been estabiiShed; (2) the stability of the factors
going to make up the method has been both established and manageable; (3) the
validity of the calibration process and the calibrators with respect to the
media being analyzed has been established; and (4) surrogate quality control
materials of reliably determined analyte content can be provided.

The above assumptions, when transiated into practice, revolve around

steps employed within the laboratory, using a battery of "internal checks" and
the further reliance on "external checks" such as a formal, well-organized
milti-laboratory proficiency testing program. : : '

' Analytical quality protocols can be further divided “into start-up and
routine procedures, the former entailing the establishment of detection limits,
"within-run" and "between-run" precision, recovery of analyte, etc. With
adoption of a new method desirable for some particular analytical advantage,
the method is usually compared in the 1aborétory or outside the laboratory for
relative performance. For example, Hicks et al. (1973) and Kubasik et al.
(1972) reported that microc techniques for measuring lead in whole blood were
found to have a satisfactory correlation:with results using conventional flame
procedures. Matson (1970) noted a good agreement between anodic stripping
voltammetry and both atomic absorption spectral and the dithizone co]or1metr1c
techniques. - » ’

The problem with such a means for method comparison and using ordinary
samples is that the reference method is assumed to be accurate for the partic-
ular level of lead in that given matrix at that point in time.- Good correla-
tion data obtained in this fashion may simply indicate that two inaccurate
methods .are simultaneously performing with the same level of precision profi~-
ciency.

Preferable approaches for assessing accuracy are the use of certified
samples as to lead content, obtained by a definitive method, or by direct
comparison using a given group of samples and different techniques with a
definitive procedure.
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. Eller-and Haartz (1977):compared‘prgcision and accuracy of 5 available
methods for measuring lead in blood: dithizone spectrometric, extraction +
tantalum bgat,AAS, extraction + flame aspiration-AAS, direct aspiration AAS,
and the gréphite furnace AAS.-techniques. Porcine whole blood ¢ertified by the
MBS using isotope-dilution mass spectrometry at 1.00 ug Pb/g (+ 0.023) was
tested and. all methods were found to be equally accurate, while precision of
the tantalum boat technigue was found to be the least among the methods. The
obvious Timitation of these data is- that they relate to a rather high blood
lead content, suitable for use in exposure of lead workers of some other
occupational context, but less appropriate for clinical or epidemiological
investigations. . ’ L :

. Boone et al. (1979) compared the analytical performance of 113 Taborator-
ies using various methods and 12 whole blood samples (bovine blood from animals
fed a lead salt) certified as to lead content using isotope-dilution mass
spectrometiry at the NBS. Lead content ranged from 13-102 ug Pb/dl and the
methods included anodic stripping voltammetry and 5 variations of AAS.

The order. of agreement with NBS values, i.e., relative accuracy, was
extraction > ASY > tantalum strip > graphite furnace > Delves Cup > carbon
rod. The AAS methods all tended to show bias, being positive at values less
than 40 pg Pb/d1 and negative at levels greater than 50 pg Pb/dl. ASV tended
to show less of a positive bias problem, although it was not bias-free with
.either of the blood lead ranges. 1In terms of relative precision; the ranking
is ASV> Delves Cup>tantalum strip>graphite furnace>extraction>carbon rod. The
overall ranking in accuracy and precision indicates ASV>Delves Cup>extrac-
tion>tantalum strip> graphite furnace>carbon rod. As the authors cautfon,‘the
above data should not serve to indicate that any established laboratory using
one particular technique would not perform better. .than this; rather, it should
be used as assistance for newer facilities choosing among methods., =

There are a.number of steps.in quality assurance with the routine measure-
ment of lead that are both necessary and should -be used in an ongoing program.
With respect to internal checks of routine performance, these include calibra-
tion, precision and accuracy testing. With biological matrices, the use of
matrix-matched standards is quite important, as is an understanding of the
range of linearity and variation of calibration curve slopes from day to day.
It is common practice to analyze a given sample in duplicate, further replication
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being carried out if the first two determinations vary beyond a predetermined.
amount.. A second desirable step is the analysis of samples collected in o
dup11cate but analyzed “bl1nd" to avoid analyst bias. _

Mon1tor1ng of. accuracy within the laboratory is limited to tbe avail- |
ability of control samp]es having a cert1fied lead content and in the same f
medium as the samples being analyzed, Standard reference materials (SRMs)
such as orchard leaves and lyophilized bovine liver are of help in some cases,
but such materials are not available for important media such as whole blood
generally. Recourses can be had to commercially available whole blood samples,
prepared and certified by the marketing facility (TOX-EL, A.R. Smith Co., Los
Angeles, CA; Kaulson Laboratories, Caldwell, NJ). With these sources, atten-
tion must be paid to the reliability of methods used by their reference labor-
atories. The use of such materials, from whatever source, must be done in a
way to minimize analyst bias, so that the attention given control specimens '
reflects that given routine samples.

Final]y, the most important form of quality assurance is the ongoing -
assessment of laboratory performance by proficiency testing programs using
externally provided specimens for analysis. Earlier interlaboratory surveys
of 1ead measurement in blood (and urine) indicated that a number of labora*_f
tories had exhibited unsatisfactory performance, even at re]at1ve1y high
leVels of lead (Keppler et al., 1970; Donovan et al., 1971, Berlin et al.,-
1973), although it may have been the case that there were problems in the
preparation and state of the blood samples during and after distribution (WHO,
1977). :

These earlier programs for proficiency indicated that: (1) many 1abora‘ .
tories were able to achieve a good degree of precision within their own fac1- 
Tities; (2) that the greater the number of samples routinely analyzed by é :
facility, the better the performance; and (3) that 30 percent of the 1aboré-

" torier routine]y analyzing blood lead reported values differing by more than
15 percent from the true level (Pierce et al., 1976).

In the more recent, but very limited, study of Paulev et al. (1978), 5
facilities participated in a survey, using samples to which known amounts of
‘lead were added. For lead in both whole blood and urine, the interlaboratofy
coefficient of variation was reported to be satisfactory, ranging from 12.3:to
17.2 percent for blood and urine samples. Aside from its Timitation of scope,
this study used “sbiked“ vs. in~vivo lead, so that -extrdctiotn techniques usgd

]
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 ?1n most of ‘the: Iaboratorzes surveyed would have g1ven mvslead1n91y better
if»results in terms of actual’ recovery .

-.,‘ ~ Maher et al. (1979) described ‘the outcame of a profic1ency study 1nvo1v-
. '“3ing up to 38 Iaboratorles ana]yzing who1e b1ood poo1ed from a 1arge number of
"fiasamp1es submitted for blood lead ‘testing. The De]ves Cup m1cro techn1que was
551;fthe most heav11y represented followed by chelation-extract1on + f]ame AAS ‘and

‘graph1te furnace AAS. Anod1c stripping vo]tammetry was used by only ca. 10
percent’ of the laboratories, so that the results really portray AAS methods.
A11 laboratories had about the same degree of accuracy, with no evidence of
_consistent bias, while the interlaboratory coefficient of variation was ca. 15
'"gpercent A subset of this group, certified by the American Industrial Hyg1ene
fﬂ_tAssocwat1on for air lead, showed a correspondlng precxs1on f1gure of ca, 7
'fpercent, Over time, the subset of AIHA-certwfwed Taboratories rema1ns ab0qt
the same in proficiency while the other facilities show continued 1mprovement
_ in both accuracy and precision. This study indicates that program participa-
f'5t1on does help the relative performance of a laboratory doing b]ood Tead
“determinations. ' '
The most comprehensive prof1c1ency testing program is that carried out by
' j1the Centers for Disease Control, USPHS. This consists of two operat1ona1]y
'~ and administratively distinct subprograms, that conducted by the Center for
Environmental Health (CEH) and the other by the lLicensure and Proficiency
- Testing Division, Laboratory Improvement Program Office (LIPO). CEH is
directed at facilities 1nvoTvediin']ead,poisoningﬂprevention and screening
while LIPO is concerned with laboratories seeking certification under the
Clinical Laboratories Improvement Act of 1967 as well as regu]at1ons of the
Occupational Safety and Health Administration. Both the CEH and LIPO protocols
involve the use of boyine whole blood certified as to content by the means of
the reference laboratories (6 in the CEH program, 20-23 in that of LIPO) and
- with an ad-hoc target range of + 6 pg Pb/d1 for values of 40 pg Pb/d1 or less
and £ 15 percent for higher levels. Samples (3) are provided monthly'with
CEH, for a total of 36 yearly, while LIPO participants receive 3 sampies'
" “quarterly, 12 samples yearly.- Use of a fixed range rather than a standard
.deviation has the advantage of allowing the mon1tor1ng of overall laboratory
~ improvement. : : '
', For Fiscal Year 1981, 114 fac111t1es were in the CEH program, 92 of these
A' participating for the entire’year. Of these, 57 percent each month reported
T an 3 samples within the target range, and 85 percent on average reported 2
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out of 3 samples correctly. Of the facilities reporting throughout the year,
95 percent had a 50 percent or better performance, i.e., 18 blood samples or
better. o
If one compares these summary data for FY 1981 with earlier annual
reports, it would appear that there has been considerable improvement in the
number of laboratories achieving higher levels of proficiency. For the in-
terval FY 1977-FY 1979, there was a 20 percent increase in the number cor-
rectly analyzing >80 perbenﬁ of all samples and a 33 percent decrease in those
reporting <50 percent correct. In the last several years, FY 1979~ FY 1981,
overall performance appears to have more or less stabilized.

With the LIPO program for 1981 (Dudley and Boone, 1982), the overall
laboratory performance, averaged across all quarters, was 65 percent of the
laboratories analyzing all samples correctly and ca. 80 percent performing
well with 2 of 3 samples. Over the 4 years of this program, an increasing
ability to correctly analyze lead in blood appears to have been demonstrated.

Current OSHA criteria for certification of laboratories doing occupa-
tional blood lead measurements require 8 of 9 samples be correctly analyzed in
the previous quarter (U.S. OSHA, 1982). These criteria appear to reflect the
ability of a number of laboratories to perform at this level.

It should be noted that most proficiency programs, including the CEH and
LIPO surveys, are appropriately concerned with biood lead levels encountered
in such cases as pediatric screening for excessive exposure to lead or in
occupational exposure. As a consequence, there does appear to be an under-
representation of lead values in the low end of "normal” range. In the CEH
distribution for FY 1981, 4 samples were below 25 pg Pb/dl, or 11 percent.
The relative performance comparison of the 114 facilites with these samples
indicates outcomes much better than with the whole sample range.

9.2 DETERMINATION OF ERYTHROCYTE PORPHYRIN (FREE ERYTHROCYTE PROTOPORPHYRIN,
ZINC PROTOPORPHYRIN) ‘

.9.2.1 Methods Of Erythrocyte Porphyrin Analysis

With lead exposure, the final step in héme_biosynthesis -- insertion of
jron into protoporphyrin IX to form heme -- is inhibited, leading to am accu-
mulation of the porphyrin, with zinc (II) occupying the position normally
filled by iron. Depending on the particular method of analysis, zinc proto-
porphyrin (ZPP) itself or the metal-free form, free erythrocyte protoporphyrin
(FEP) is measured. FEP generated as a consequence of chemical manipulation
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should be kept distinct from the metal-free. form b]ochem1ca1]y produced in the
porphyria, erythropoietic protoporphyria.

Porphyrins are labjle to photochemical decomp051t1on and hence samples
must be collected and handled with protect1on from 1ight and analyzed as soon
thereafter as possible. Hematocrits must also be obtained to normalize levels
in blood samples from anemic subjects to the normal hematocrit values.

In terms of methodological approaches for EP analysis, virtually all
methods now in use exploit the ability of porphyrins to undergo intense fluo-
rescence when excited at the appropriate wavelength of light. Such fluoro-
metric techniques can be further classed as to laboratory or wet chemical
micro methods or micro methods using recently developed instrumentation, the
hematofluorometer. The latter involves direct measurement in whole blood.
Since 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 analyt-
'ica11y expedient.

Owing to the relatively high sensitivity of fluorometric measurement for
FEP or ZPP, laboratory methods for spectrofluorometric analysis requiﬁe a
relatively small sample of blood; hence, micro techniques are currently the
most popular in most laboratories. These involve either liquid samples or
blood collected on filter paper, the latter of use particularly in field
sampling.

In the micro procedure of Piomelli and Davidow (1972), small volumes of
whole blood, analyzed directly or after collection on filter paper, are
treated with a suspension of Celite in saline followed by a 4:1 mixture of
ethyl acetate: glacial acetic acid. After agitation and centrifugation, the
supernatant is extracted with 1.5N HCl. The acid layer is analyzed fluoro-
metrically using an excitation wavelength of 405 nm and measurement at 615 nm.
Blood collected on filter paper discs is -eluted with 0.2 ml HZO first., The
filter paper method was found to work just as well as liquid samples of whole
blood. Protoporphyrin IX is employed as quantitation standard. '

In the variation of Chisolm and Brown (1975), volumes of 20 ul of whole
blood are treated with ethyl acetate/acetic écjd (3:1) and briefly mixed. The
acid extraction step is done with 3 N HC1 followed by a further step of dilu-
tion with more acid. In this procedure, protoporphyrin IX is used as the
working standard with coproporphyrin used to monitor the calibration of the
fluorometer and any variance with:the protoporphyrin standard.
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The abave micro fluorometric methods all involve double extraction. In .
the sihgie?eXtraction variation of Orfanos et al. '(1977), 1iquid samples‘of,
whole blood . (40 p1) or blood on filter paper are treated with acidified S
ethano1 the m1xtures agitated and centr]fuged and the supernatants analyzed’
directly in fluorometer cuvettes. For blood samp1es on filter paper, blood 15;»? L
first leached from the paper with saline by soaking for 60 minutes. Copropor-ﬂ;i}f.,
phyrin is used as the quantitating standard. The correlation coefficient wﬁth'f’““
the Piomelli and Davidow procedure (v1de supra) over ‘the range 40-650 Hg EP/dl'f“ o
RBCs was i = 0.98. Co

Lamola et al. (1975) ana]yzed the zinc protophyr1n (ZPP) as such 1n the1r '
procedure. Small volumes of blood, 20 ul, are worked up in a detergent (dwmethy]
dodecylamine oxide)-phosphate buffer solution and fluorescence measured at 594
nm with excitation at 424 nm. In the variation of Joselow and Flores (1977), ) f_
10 p1 of whole blood is diluted 1,000-fold, aang'With protoporphyrin (Zn) a
standards, with the detergent-buffer solution. It should be noted that it is .
diffiéglt,to obtain the ZPP standard in pure form, and Chisolm and Brown
(1979):report the use of protophyrin IX plus zinc salt for such standards.

, Hahna et al. (1976) compared 4 micromethods for EP ana]ysis' Double ;
extraction with ethyl acetate/acetic acid and HC1l (Piomelli and Davidow,
1§72), s1ng1e extraction with ethanol, s1ng?e extract1on with acetone (Ch1so]m
et al. 1974), and direct solubilization with detergent (Lamola et al., 1975)
Of these, the ethyl acetate and ethanol procedures were satisfactory with j:
complete extraction occurring with the ethylacetate/acetic acid method. o

The levels of precision with these wet micro methods appears to dlfferﬂ'q" e
with the specifics of analysis. Piomelli (1973) reported a coefficient of :;"
variation (C., of V.) of 5 percent, compared to Herber's observation of 2- 4:'e
percent (Herber, 1980) and 6-11 percent for total C. of V., which inc]udedff
precision of samples, standards, and day-to-day variation. The Lamola et al.

(197%) method for ZPP measurement was found to have a C. of V. of 10 percent
(same day, presumably), while Herber (1980) reported for this method a day-
to~day €. of V. of 9.3-44.6 percent

Herber: (1980) found that the wet chemical micro method of P10me111 (1973)
had a detect1on 1imit bf 20 pg EP/dI whole blood, while that of Lamola et al.
(1975) was sensitive to 50 pg EP/d1 whole blood. .

The recent development of dlrect instrumental measurement of ZPP, using
the hematof1uorometer, has added a dimension to the use of EP measurement in
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~ lead exposure in terms of fie1d»2§reening of large groups of subjects. As

. originally developed by Bell Laboratories (Blumberg et al., 1977) and now

- produced commercially, the apparatus employs front-face optics, in which
excitation of the fluorophore ‘is at an acute angle to the sample surface, with

- emitted light emerging from the same surface and being detected. Routine -

- calibration requires a stab]é fluorescing material with spectra comparable to
 ZPP"and the triphenylmethane dye Rhodamine B s employed for the purpose.

Absolute ‘calibration requires adjusting the microprocessor-controlled readout

system to read the known concentration of ZPP in reference blood sémples; the

- latter calibration being done as frequently as possible.

Hematof]uorometers are designed for the measurement of EP in samples
conta1n1ng oxyhemoglobin, fi.e., capillary blood. Venous b]ood, therefare,

' ‘must first be oxygenated, usually by moderate shaking for ca. 10 minutes
' (Blumberg et -al., 1977; Grandjean and Lintrup, 1978). A second problem with
. - hematofluorometer use, in contrast to wet chemical methods, is interference by

" bilirubin (Karacic et al., 1980; Grandjean and Lintrup, 1978), and this would

- “be a problem with relatively low levels of EP. At levels normally encountered
in lead workers or subjects with anemia and/or non-occupational lead exposure,
Ithe degree of such interference is not considered significant (GrandJean and
Lintrup, 1978). Karacic et al. (1980) have found that carboxyhemogTob1n COHb
may pose a potential problem, but the relevance of this to cases where EP
levels of subjects exposed to lead are obtained 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 hematof]uorometer is affected by
hemolyzed blood.

' Competent]y employed, the h“ematofluorometer appears to be reasonab1y
precise, Blumberg et al. (1977) reported a C. of V. of 3 percent"over the
ehtire range of ZPP values measured, using a prototype apparatus. Karacic et

(1980) found the relative stahdérd deviation to vary from 1 percent (0.92
mmol ZPP/mol Hb) to 5 percent (0.41 mmol ZPP/mol Hb) depending on concentra-
tion. Grapdjean and Lintrup (1978) obtained a day-to-day C. of V. of 5 percent
using blood samples refrigerated for up to 9 weeks Herber (1980) obtained a
total C. of V. of 4.1-11.5 percent.

A number of investigators have compared EP measured by the hematofluoro-
meter with the laboratory or wet chemical techniques, ranging from single,
intralaboratory comparison to interlaboratory performance testing, the latter
including the EP proficiency testing program of the Centers for Disease Control.
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Working with the prototype instrumentation, Blumberg et al. (1977) obtained
correlation coefficients of r = 0.98 (range 50-800 pug EP/d1 RBCs) and 0.99
(range, up to 1,000 ug EP/d1 RBCs) for comparison with the Granick and Piomelli
methods, respectively. Equally good correlation results have been achieved
with the studies of Grandjean and Lintrup (1978), Castoldi et al. (1979), and
Karacic et al. (1980). ,

Several reports (Culbreth et al., 1979; Scoble et al., 1981l; Smith et
al., 1980) have des¢ribed the application of high-performance Tiquid chroma-~
tography (HPLC) to the analysis of either free or zinc protoporphyrin in whole
blood. In one of the methods (Scoble et al., 1981), the protoporphyrins as
well as coproporphyrin and Mesoporphyrin IX are determined on-line fluoro-
metrically in less than a claimed time of 6 minutes using 0.1 ml of blood
sample. The HPLC approach remains to be tested in‘intef~1aboratory pro-
ficiency programs.
9.2.2° Interlaboratory Testing Of Accuracy And Precision In EP Measurement

In a relatively early attempt to assess interlaboratory broficiency in EP
measurement, Jackson (1978) reported results of a survey of 65 facilities
analyzing 10 whole blood samples by one or more available methods for EP, in
the form of direct measurement with.the~hematof1uor0meter or one of the wet
chemical methods. In this survey, the instrumental methods had a Tow bias
compared to the extraction techniques but tended to show better interlaborato-
ry correlation, ’ ' .

At present, the ongoing EP proficiency testing program of CDC constitutes
the most comprehensive assessment of laboratory performance. Everf‘month, 3
samples of whole blood prepared at the University of Wisconsin Laboratory of
Hygiene are forwarded to participants, 36 éamples/year. 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 Fiscal Year 1981 (1981 Data -
Suwmary, Erythrocyte Protoporphyrin: Proficiency Testing, CDC), 198 laborato-
ries participated, of which 139 were involved for the entire year. Three of
the 36 samples were not included. Of the year-long participants (139 facili-
ties), 93.5 percent had better than half the samples within the target range,
84.2 percent performed satisfacfori]y with 70 percent or more of the samples,
and about- half (50.4 percent) of all laboratories had 90 percent or better
correct results.
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-Comparativew, the participants as a Qroup showed greater proficiency
than in the previous year. Of thie various methods in current use, the hemato-
f]uorometer d1rect measurement technique is most heavily represented. For the
January, 1982, survgy, for example, 154 participants used the hematofiuor-
ometer, followed by 30 using the Piomelli and 7 using the Chisolm/Brown methods
as the 3 major techniques.

9.3 MEASUREMENT OF URINARYVCOPROPORPHYRIN

The éﬁgvation of urinary coproporphyrin (CP-U). with lead intoxjcation
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
erythro;yte protoporphyrin. "It still possesses the advantage of showing
active intoxication (Piome11i and Graziano, 1980).

The standard method of CP-U determination is the fluorometric procedure
of S:ch\‘Va‘?-tzVancﬂ coworkers (1951). Urine samples are treated with acetate
buffer and aqueous jodine, the latter converting coproporphyrinogen to CP,
The porphyrin is paritioned into ethyl acetate and back-extracted (4.X) with
1.5 N HC1. Copropbrphyrin is employed as quantitating standard. Working
curves are linear below 5 pg CP/d) urine. :

In the absarption ‘spectrometric technique of Haeger- Aronsen (1960),
jodine is also used to convert coproporphyrinogen to CP. The extractant is
ethyl ether, from which the CP is removed to 0.1 N HC1l. Absorption is read at
3 wave]engths, 380, 430 and the Soret maximum at 402 nm, and quantitation
carried out using an equation involving the 3 wave lengths.

9.4 MEASUREMENT OF DELTA-AMINOLEVULINIC ACID DEHYDRATASE ACTIVITY

Delta-aminolevulinic acid dehydratase (5-aminolevulinate hydrolase;

'porphob}]¥nogeh‘synthase; E.C, 4.2.1.24; ALA-D) is an allosteric sulfhydry]
enzyme that qed?ates the conversion of two units of d-aminolevulinic acid to
prophobiiinogen, a precursor in the heme bfosynthetic pathway to the porphyrins.
Inhibition of the activity of this enzyme by lead is the enzymological basis
of its diagnostfc'utiIity in assessing lead exposure, using erythrocytes.

' A number of sampling precautions attend the -measurement of this enzyme's

_activity. ALA-D activity is modified by the presence of zinc as well as lead
and consequently blood collection tubes which have high background zinc content,
mainly in the rubber stoppers, must be avioded completely or care taken to
avoid stopper-blood cpntact. Nackowski et al. (1977) observed that the presence
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of zinc in b]ood collection tubes is a pervasive prob]em, and it appears that.
p]astlc-cup tubes are the only practical means of avoiding the problem VTo'Q;‘
guard aga1nst zinc in the tube 1tse1f, it would appear prudent to determine iffq
the extent of z1nc leachibility by blood and to use one tube Jot, if posszb]e _
Heparin is the ant1coagu1ant of choice, since the lead binding agent, EDTA, or‘,ﬁzﬂﬁ'
other. chelants would affect the ]ead-enzyme interaction. : : E
The re}atxve stability of the enzyme in blood is such that determ1nat1ons?r};f'
of act1v1ty should be carried out as soon after the collection as possible.
Even’wlth_refrlgerat1on, analysis of act1v1ty should be done within 24 hours-. .
(Berlin and Schaller, 1974). Furthermore, porphobilinogen is 119ht—1ab11e and )
requires the assay be done with restriction of light. -"
Various procedures for ALA-D activity measurement are chem1cal1y based onff"")
measurement of porphob111nogen generated from the substrate d-ALA, the former"’
bewng condensed with p—dImethylamlnobenza]dehyde (Ehrlich's reagent) to yxe]d‘q ,:37
a chromophore measured at 553 nm in a spectrophotometer. S
’In the European Standardized Method for ALA-D activity measurement (Ber11n
‘iand Schaller, 1974), developed with the collaboration of 9 1aborator1es and:’
' deVeloped for yse with blood samples having re]at1ve1y Tow lead content,
tr1p11cate blood samples (0.2 ml) are hemolyzed, along with a blood blank
with water for 10 minutes at 37° C. Samples are then mixed with d-ALA solu-.
tion. followed by a 60-minute incubation. The enzyme reaction is term1nated by
'add1t1on of a solution of mercury (II) in tr1ch1oroacet1c acid. followed by
centr1fugat10n and filtration, Filtrates are mixed with modified Ehrlich's
reagent (p-d1methy]am1nobenza]ehyde in tr1ch]oroacetic/perch1or1c acid mlxture)
with react1on for 5 minutes, followed by chromophore measurement in a spectro-: g_;:
photometer at 555 nm. Activity is quantified in terms of pmol d-ALA/min, /1
erythrpzvtes. It should be noted that the amount of phosphate for Solution A
in this report should be 1.78g, not the 1.38g stated. ' 4
Tn a.micro scale variation, Granick et al. (1973a) used only 5 ul of
blood with termination of the assay by trichloroacetic acid. \ ’
~ In comparing various reports dealing with the relationship of lead ex-
posure and d-ALA-D inhibition, attention shou]d_be.paid to“tneﬂunits of acti-
vity measurement employed with the several techniques. The Standard pro- .
cedures of Berlin and Schaller (1974) expresses activity as pmol ALA/min/1
cells, while the method of Tomokuni (1974) expresses pmol porphob111nogen/h/m1
cells. Similarly, when comparing the Bonsignore et al. (1965) procedure to
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that of Berlin and Schaller (1974), a conversion factor of 3.8 is necessary in
going from 80ns1gnore to European Standard Method units (Trev1san et al.
1981). ‘ e e
, Several factors have been shown to affect d-ALA-D act1v1ty Rather than
i.s1ngle measurement. of _enzyme activity in b]ood Granlck et al. (1973b) measured
- activity before and after treatment with dithiothreotol, an agent which re-
activates the enzyme by lead complexing. The ratio of activated/unactivated
.activity vs. blood lead levels accommodates inherent differences .in enzyme
activity among individuals due to genetic and other reasons. Other agents for
such activation include zinc (Finelli et al., 1975)‘and zinc + glutathione
N (Mitchell et al., 1977). Wigfield and Farant (1979) found that enzyme activity
" is related to assay pH in a way that reduced activity from such a pH-activity
relationship can be misinterpreted as lead inhibition. These workers find
~ that pH shifts away from optimal, in terms of activity, with 1ncreas1ng blood
. lead content and as the incubation step proceeds.
9.5 MEASUREMENT OF DELTA-AMINOLEVULINIC ACID IN URINE AND OTHER MEDIA ,
‘ Delta~aminolevulinic acid (d-ALA) levels dncrease with elevated lead
‘exposure, owing to the inhibitory effect of lead on the activity of ALA
 dehydratase and/or the increase of ALA synthase activity by feedback dere-
pression, with the result that this intermediate in heme biosynthesis rises in
‘the body and eventually results in ‘increased urinary excretion. The measure-
‘ment of this metabolite in urine provides an indication of the level of lead
exposure. '
The ALA content of urine samples is stable for ca. two weeks.or more if
urine samples are acidified with tartaric or acetic acid and kept refrigerated.
Values of ALA-U measured are adjusted for urine density, if concentration
is percent volume, . or 1s measured per unit creat1n1ne As noted in the case
of urinary lead measurement 24 h, co]lect1on is more des1rab1e than' spot
sampling.

" Five manual and one automated procedures for urinary ALA measurement are
most widely in use. The procedures of Mayzerall and Granick (1956) and Davis
and Andelman (1967) are the most involved, requiring the initial chromatographic
separation of ALA. The approach of Grabeck1 et a1 (1967) om1ts chromatographlc
jsolation while the automated variation of Lauwerys et al. (1972) omits pre-
chromatography but includes the use of an internal standard, In the method of
Tomokuni and Ogata (1972), chromatography is omitted but solvent extraction is
employed to isolate the pyrrole intermediate.
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In the method of Mauzerall and Granick (1956), ALA is condensed with a
B-dicarbonyl compound, acetylacetone, at pH 4.6, to yield a pyrrole inter-
mediate (Knorr Condensation reaction), which is then further reacted with
p-dimethylaminobenzaldehyde in perchloric/acetic acid. The samples are then
read ih a spectrophotometer at 553 nm at 15 minutes after mixing. In this
method, there is separation of both porphobilinogen and ALA from urine using a
dual column configqration of a cation exchange and an anion exchange resin,
the latter refaining the porphdbi]?nojen and the former used to separate ALA
from urea. The detection 1imit is 3 umoles/liter urine.

In the modification of this method by Davis and Andelman (1967), dispos-
able cation/anion resin cartridges were used, in a sequential configuration,
to expedite chromatographic. separation and fncreasé_sgmp]e analysis rate,
Commercial disposable columns based on the design (Bio-Rad) are now available
and appeaf satisfactory. _ o

In these two approaches, the problem of aminoacetone, a metabolite occurr-
ing in urine and reaciing to give an interferent, is not taken into account.
With .the techﬁiqde of Marver et al. (1966), a chromatographic step subsequent
to the condensation reaction to form the pyrrole is inserted, using Dowex-1,
which separates the ALA derivative from that of the aminoacetone.

In the methods of Tomokuni and Ogata (1972), ALA is condensed with
ethylacetoacetate and the resulting pyrrole extracted with ethyl acetate, The
extract is 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 is added in known amount as an finternal
standard and the pre-chromatgraphy avoided. They report 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 4 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 screen-
ing. The chromatographic methods gave identical results over the range of
0-60 mg ALA/L urine, while the automated method showed a positive bias at
levels <6 mg/1. The Grabecki et al. (1967) technique was least satisfactory
of ‘any procedure. Thesé workers also noted that commercial ion-exchange
columns gave low variability (<10 percent) in results.
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Del]a Fiorentina et al. (1979) combined the Tomokuni and Ogata (1972)
extraction method with a correctvon equatwon for urine density. Up to 25 mg
ALA/1, the C. of V. was <4 percent along with a good correlation (r = 0. 937)
.WIth the Davis and Andelman’ (1967) technique. While there is a time saving in
avo1d1ng precﬂromatography, it 1s necessary to prepare a curve re]at1ng urine.

. denslty to a correction factor for quantwtat1ve measurement

A]though ALA analysis is normal]y done with urine as the indicator medium,
Haegar-Aronsen (]960) reported a similar coloremetric method for blood and
McGee et al. (1977) descrxbed a gas-11qu1d chromatographwc method for ALA in
plasma and urine. Levels of ALA in plasma are much lower than that in urine.
In the latter method, ALA is 1so]ated from plasma, reacted with acetyl-acetone

_and part1t1oned into a solvent -- tr1methy]pheny]hydrox1de -~ which ‘alsé
serves for pyro]yt1c "methytation in the injection port of the gas-liquid
chromatograph the methylated pyrrole being more amenable’ to chromatographic
isoIat1on ‘than the more po]ar precursor. For quantitation, an internal’
standard -~ 5-am1no-5-oxohexano1c acid -- is used. The sample requirement is
3 ml plasma. Levels measured ranged from 6.3-73.5 ng ALA/m1 plasma, and yield
values which are ca. 10-fold Tower than the coloremetric techniques (0'Flaherty
et al., 1980).

9.6 MEASUREMENT oF PYRIMIDINE-5'~NUCLEOTIDASE ACTIVITY

Erythrocyte pyr1m1d1ne 5'-nucleotidase (5'-ribonucleotide phosphohydrolase,
E.C. 3.1.3. 5 Py5N) cata?yzes the %ydro1yt1c dephosphorylation of the pyrimidine
nucleotides uridine- and cytidinemonophosphate to uridine and cytidine (Paglia
and Valentine, 1975). Enzyme inhibition by lead in humans and animals results
in incomplete degradation of reticulocyte RNA fragments, accumulation of the
nuclectides, and increased cell hemolysis (Paglia et al., 1975; Paglia and
Valentine, 1975; Angle and McIntire, 1978; George and Duncan, 1982).

There are two methods for measurement of Py5N activity. One is quite
1abor1ous in terms of time and manipulation, while the other is shorter but
requ1res the use of rad1o1sotopes and radiometric measurement.

In the method of Paglxa end Valentine (1875), heparinized venous blood s
filtered through cotton or a commercial cellulose preparation to separate
erythrocytes from platelets and leukocytes. Cells are given multi-saline
washings, packed 1ight]y andSSUbjected‘to freeze hemolysis. The hemolysates
are dialyzed against a saline~Tris buffer containing MgC]2 and EDTA to remove
nucleotides and other phosphates. The assay system consists of dialyzed
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hemonsate MgC12 Tris buffer at pH 8.0, and either UMP or CMP; incdbation isii
for 2 hours 4t 37°C. Activity is terminated by treatment with 20 percent

tr1ch}9roace§1c acid followed by centrifugation. The supernatant inorganic
phosbhaté; P{, is measured by the classic method of Fiske and Subbarow (1925),
the phosphomolybdic acid complex being measured spectrophotometrically at 660 -

nm. A unit of enzyme activity is expressed as umo! Pi/hour/g hemoglobin.
HémbTysates appear to be stable (90 percent) with refrigeration at 4°C.°
for up to 6 days, provided that mercaptoethano] is added at the time of assay. -
Like the other method, activity measurement requxres the determination of -
-hemoqiob1n : ; i
In the s1mp7er approach of Torrance et al. (1977), which can be feaslb]y -~
appl1ed to much larger numbers of samp]es, erythrocytes are separated from g
leukocytes and platelets with a 1:1 mixture of microcrystalline and alpha- -
CP]]U]OSQ followed by saline washing and homo]yrls with a solution of merraptd
eLhanol and EDTA. Hemolysates are incubated with a medium containing pur1f1ed'
C*CMP and Mgc12 for 30 miputes at 37°C. The reaction is terminated by . :
sequential addition of barium hydroxide and zinc su]fdte solution. Proteins. -
and unreacted nucleotide are prec1p1tated Teaving the labeled cytidine in thé'i:
supernatant Aliquots are measured for C activity in a liquid sc1nti1}atvon ;7; k
counter.  Enzyme activity is expressed as nanomoles CMP/minute/g hemog]ob1n
The blank activity is determined for each Samp1e by carrylng out the prec1p1-5
tation: step as soon as the hemolysate is mixed with the labe1ed CMP, i.e.,i .
t =.0. This. procedure shows a good correlation, r = 0.94 (range, 135- 189 A
enzyme unwts), with the method of Paglia and Valentine (1975). The (wo .~
methods express a unit of enzyme activity differently, so that one must know
the method in comparing enzyme activity.
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