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ZUSAMMENTFASSUNG i -

s Untersuchungen iiher die hiologischen Wirkungen ciner ldugere Zeit dauernden Befas-
timg des Measchen durch bleihaltige Luft wurden die Daten beschaflt, die zur Ausarbeitung
vines mathematisclen Modells fiir die Kivetik dev Blcianfiuahme mit dev Atemluft bei Menschen
beudtis wurden. Ménaliche crwochsene Vo, \mlupm.wnen waren sweimal fiir 18 Wochen
wittleren Bleiexpositionen con cinmal 10,9 %3, 1 pg/m wad s anderen 3, Z:H) 6 pgfm® aus-
rpesetzt. N

Die Bleikanzentrationen in der Laft wirde mindestens zweimal Giglich aufiezeichnet. Die
Bleikonzenrationea int Blut warden wochentlich oder alle ziweei Wochen bestimmt. Die Veréin-
devangen im Bluthleispicgel wéalwend der Fxposition wuvden mit dem durchychuittlichen Blui-
bleieehalt vor dev Exposition verglichen: devous swarde fiir die Probauden die durehsehnittliche
Zunahote dos Blurhleigehols wéhrend jeder der heidens Versuchsabschuitte ervechuer. Die poten-
ticlle Zuhnalune dev Bleilast des Karpers wird in Abhéngigheit von Expositionsgrad, Exposi-
tionsdayer, Limgenventilation pnd prozentnaler Retention des eingeatineten Bleis geschétzs, Wir

.. Junden, dali die Zunalimen in der Gesaminenge des Bluthleis, wie sie bei beiden Expasitions-

niveaus beabacltet wurden, eng mit dem Logarithmus des potentiellen Karperbelusinng znsam-
menhingen. Anhand dieser Feststethmgen wurde ein mathematisches Modell enticickelt, dus es
ermiglicht, dic walwscheinliche Verdndering in der Bluthleikonzentration wie auch das Ver-
haltws zwischen dem gesamten Bluthlei und dor potenticllen Zunalme der Kiorperbelastung ent-
sprechend den jeweiligen Expositionshedingungen zu berechnen. Aus dicsem Verhiiftnis lifit sich
die Verteilung zwischen den beiden theoretischen Bercichen mit rascliem und langsamen Umsatz
ableiten,

Die cinlenchiendsten Hypothesen in bezug auf Ventilation und Retention Iaufcn daranf

- hinaus, daff eta 90 % der potenticllen Gesamikarperbelastung anf den langsamen Bereich ent-

Jallen. Wesentliche Erhidhungen des Blutbivis swevden sehon fiiv solche inhalicrien Bleimeagen
torunsgesagt, die erheblich unter denen licgen, wie sie gewshnlich in dev AuBenluft vorgefunden
werden.
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SUMMARY ) .

“Studies of the hiological effects of lang-term human expasure to airborne Iead produced
the date uved jo prepare a mathematical model of hinctios of respivetory lead uptak o, Adult muale
subjects were subjected 10 two 18 week exposnres at lead mean concentraiions of 10,9+ 3.1 pg/m?*
aned of 320,06 pg/m*, '

Air lead levels in the reont were recorded at least twice daily, Blood lead levels were derer-
ntined erery weeh or erery oo weehs: Changes in blood lead during exposure were compared (o
.thre mean blood lead before exposure ‘1o calenlute mean increase in hlood lead for the subjects
through bath siudies. Potential increase in body burden is computed as a function of cxpasure

“level, duration of exposure, pulmonary ventilation, and peveent retention of inhaled lead. Blood

lead concentrations nudtiplicd by iotal blood roliune allow one o estimate the fraction of
patential body hurden appearing in blood. e found that increases in total Moad tead aobserved
at the o Jevels of exposire were closely related to the fogarithun of goreatial hody burden.
mathematical model was developed which enables one to compute the relgtionship heticeen io1al
Hlood lead and potential increase in hody burden. From this relationship, distribution beticeen
two theoretical compartments with rapid and slow turnover can be inferred.

The most reasonable assumptions concerning ventilation and reteation indicate that about
90% of the total poteniial body burden goes into a slow compartiment. Substantial increases in
blood lcad are predicted cven for respiratory doses well below those commonly encommtered in

- anblent air,

RESUME

" Des études des effets biologiques exercés sur I'hommp par une exposition de lougne durée
au plomb aunosphérique ont permis d'obtenir les données utilisées pawr élahorer 1w maodéle
mathématique de la cinétique de Uabsorption respiratoire de plomb. Des adultes de sexe masculin
ant été soumis & deux expositions de 18 semaines chacune ¢ des concenirations moyennes en
plomb de 10,9%3,1 pg/m?® dans le premier cas et de 3,2 %6 pgim?® dans le second. '

Les niveaux de plomb atmosphérique présent dans la pidce ont 816 enregistrds an moins
deux fois par jour. Les niveaux de plomb sangunin ont 6té détermings toutes les semaines ou deux.
Pour chacune des études on a établi ine ¢omparaison entre les changements intervenus dans e
plomb sanguin-an cowrs de Pexpérience et le taux mayen de plomb sanguin arant 'expérience.
pour chacun des sujets. On a calcule Uaugmentation patenticlle de la charge du corps comni

Jouction du niveau de I'exposition, de sa durée, de la ventilation pulmanaire et de la rétention de

plomb exprimée en powrcentage du plomb inhalé. On a trouré que les augimentations de ploml’
total dans le sang enregistrées aux denx niveaux d’exposition corvesponudent pratiquement an
agarithie de la charge patenticlle du corps. On a élaboré un modéle mathématique qui permet

“de calculer la relation existant entre le plomb taral contenn dans le sung ot Paccroissenent

potentivl de o charge du corps. Sur I base de ecotee velation, il est. possible de calewler Ta distri-
hution entre deax compartitients théevigues & tetalisation rapide ot lente des vésultaes. Eu génde
ral, les vésultdts obtenus a partiv de modéle corvespondent remarquablement bicn aux edsultats
alteuns par & autres chereheors & partie de données trés différentes, 1w ce o copeerne la ventis
lation et o vétention, les hypothdses fes plus raisounobles indigquent que Y0% environ de Ja
charge potentiolle totale du cocps cutrent dans un compartiment fent. On pense que meme des
doses respiratolres aettement inféricures @ celles que Uon cencontee géndéralement dans oir
ambiant peurent provoquer un aceroissement considérable du taux de plawb sanguin.
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"I — INTRODUCTION _ ' . i

Toxic propertics of lead have been recognized sinee antiquity. Modern industrial
usc of lead and compounds containing lead has. however, made human exposure to
amounts of lcad exceeding the normal “background level™ aimost universal. In
particular, since introduction of tetracthyl lead ns a motor fucl additive about fifty
years ago, there has heen a widespread dissemination of lead particles of respirable
size into the atmosphere. Goldsmith and Hexter have argued that absorption of lead
from respiratory exposure may be similar in magnitude to that from gastrointestinal
absorption {1}.

Apart from the plonccrmg work of Kchoe and Cholnl. therc is a paucity of data
relating the body burden of Iead to gastrointestinal or respiratory exposure levels.
A large amount -of information has become available relating human blood levels to
ambient air fead levels in urban and rural areas, but some controversy cxists concerti-

4, ing the interpretation of these data. Most recently, prolonged cxposures of men to
carcfully controllcd levels of lead in the air have been perforined. Although a great
7. deal of information conccrmng biological effccts resulted from these studics, only -
the data related to lunclncs of lead uptake from rcspu*alory exposure are consldercd
in this report. N

e e

R

2 — EXPERIMENTAL DESIGN o F |

e I e
4 l_‘%"m % W

These studics were conducted under the direction of Drs. Frederick Coulston, N
Leon Golherg, and Travis Griflin in cooperation ‘with the State of New York ;
Department of Correctional Services at the Clinton Correction Facility, Damlcmom, ’ \
New Yark. :

The suhjects were carclully sclected to exclude anyone with an acute or chronic .
. discasc. Bascline blood Iead values were determined for several days before the G
controlled exposure began. Th&ii_rlbcn men finally selected for the study inhabited 3

. the exposure room nearly 23 hours a day seven days a weck for a’total .cxposure ' i
¥ dwation as long as 18 wecks for c men. Although the subjects were w""“a -
5 encouraged lo participate in the study for .lhc entire period, no cocrcion was exercised ~ >

e denety

et S

4
; and some clected to Ieave before the exposure ended. In order to create as large a !
i data basc as possible with the space limitations of the exposure room, other men were " f 5
§ . entered into the study already in progress. 4 ,E i
L Lead oxide acrosol was gencrated by bubbling propane through a ‘solution of 'l ke
P

tetracthyl Jead in dodecang and burning the resultant vapor in a highly oxidizing !
flame. The combustion products. almost cntirely lead oxides, were introduced into
the separate air conditioning system for the exposurc room. Temperature and
-humidity control. for comlort was maintained and an electrostatic prcmpzlator
removed all particulate matier from incoming outside air, .S

L )
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o " . . . .

) Lead in £ rodm air was monitored through sampling ports located al various
e sites in the room-and analyses performed four times daily. The samples sere split for

_ immediate analysis by a colorimetric method and subsequent analysis by atomic
A i LI absorption spedtrepholometry. Particle size was estimated using & modified Andersen
§ ?,3;?92 'i : . * eascade sampled as well as by cleetron microscopy, Well over 80% of the particles

had a2 mass median diameter of 0.18 micron or less, Most of the particles seen on the
clectron microscope grid were between 0.05 and 0.10 micron in diameter. Electran
diffraction analysis indicated a major fraction of the particulale material was com-
posed of «Pb O, with traces of Pb,C,0,, Ph(OH)Cl..and PbCl, also present. Two
_exposure -sl'udics‘ were conducted. The first resulted in a méan air lead concentration
of 10.9 (+3,1) pg/m®, measured as clementa) lead. The second resulted in a mean
exposure of 3.2 {£0.67) ug/m>. Blood samples were drawn in lead-frec Vacutainers
and biood lead concentration determined by atomic absorption spectrophotometry
“according to the method of Hessel [2]. : '

it

'3 — MATHEMATICAL METHODS

Mathematical procedures used in this initial data analysis were selected for theis
rclative simplicity and because they could be programmed on a small computer
Preliminary results of much more detailed and complex mathematical modeling nov
in progress support ‘the general conclusions of the simpler model presented here

Potential daily intake oflcad by inhalation is caleulated by multiplying the mear
air fead concentration cach day by pulmonary ventilation. Potential daily increas:
in body burden is calculated by multiplying potential daily intake by lh Q
inhaled feaqas o be retained. Total blood fead content is calculated by muilti
plying bload Icad concentration by total blood volume. Cumulative potential increas.

" in body burden was calculated Tor each interval for which blood lead determinatior
were available. Mean increases in total blood lead content were plotied against mea
potential increases in body burden for the same exposure interval. These plots relat.
total blood lead content to potential increase in body burden at a given daily rate o

"~ respiratory intake of lead.

When increasc_in_blood Jead content is plotted against_ the logarithm o

" polentigl increase in body burden, a pood linear relationship_results. Therefore

increase in blood lead concentration or content can be reasonably well predicted for an
respiratory exposure at a given level of pulmonary ventilation and percentage retention

-

4. — RESULTS AND CONCLUSIONS

The fellowing abbreviations will be used:

IBL (pg/100 ml)
BB (myg)

Predicled increase i blood lead concentration;

Potential increase in total body burden;
) _

i
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pg’ m') =-Air lead concentration:; -

fm’/day) = Pulmonary ventiktion:
: " = Fraction of inhaled Icad that i retained ;
D. (days) = Duration of cxposure. '

Potential increase in total body burden: 88=L-V-R-D- lb“ 3,
Arbitearily setting V=15, R= 0,37, for the 10.9 pg/m® exposure:
ABLy = i+ by logJQ'BB: ; . .
1By = 6.80318+10.8101 log,q B5; o .
’ . r=097). . — .
Similarly for the 3.2 pg/m* exposure:
1Bl = my + b, log,, BB:
CIBL = 42834 3.7 bog, BE:
(r=0.92). o

In order to calculate increases in blood lead concentrations resulting from air
lead levels lying heh\u.n lhoac used in this study, the following ml.ﬂmnslnm are
used: .

My~ ’

= I’"."',hl._‘:

109 pg/m*se

3.2 pg/m;

A;. = Ly— Ll.

3 .
Am-i-m, + [T Ah+h,] logyy B85,

S&eR
[N

L~
Bl =

1. 1.
-Simplifying and substituting:

IBL = 0.327L+3.236+ io 914 L+0.85) log, BE.

Figurc 1 shows a scmi-log plot of increase in fotal blood Icad” content and
polential increase in body burden. Again. pulmonary ventilation is arbitrarily set
at 15 m*/day, retention at 37% and blood volume at 4.9 liters, For the exposure to
a mgan level of 10.9 pg/m?® of Icad acrosol: y = 0.33+0.53 log,q x. For cxposure to,

a mean level of 3.2fig/m? of Iead acrosol: p=0.21+0.18 log,, x. Figure 2 shows the
Janmie plots ‘without tramfommlmn as \scll as two curves predicting the results of

inteemediate exposures. Those plots indicate that toward the end ol the actual expo-
sures, approaimadely 10% of the potential increase in body burden could be accounted
for by increased (otal blood leud content. This figure agrees in gencral with the
ohwenations of Schroeder and Tipton that as equitibrium is approached. about 90%
of the total body turden of lead is in the skeleton [3]. IT one assumes that circulating
Mowd volume represents @ compartment with a turnover rate considerably greater
than that for bone, it is scen that this fast compartment reflects snwll increases ‘in
budy burden at the beginning of exposure, but as exposure is prolonged a continuousty
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TABLE |

Predicted increase in bloud lead (ug/100 mli
Jor represcutative exposures®

. Days of exposure

Air lead :

i (ng/m?) . oo
i _ 25 50 75 100
& 4 a4 a7 5.5 6.l X
.- 6 4.7 6.6 7.7 8.5 I
. & 6.2 8.7 10.1 i o

10 . 19 09, . 12.7 13.9

* Pulmonary ventiliation = 15 m*/day
Retention = 37%

e e a5 .o —

increasing fraction of increased body burden can be accomodated in the slow com-
partment. Thus continued exposure to even low levels of atmospheric fead may result
in significant increases in total body burden without proportionate increases in blood
3* lead levels. This concepl supports the observations of those investigators who have
found age-related increases in bone Icad concentrations [3, 4] and the conclusions of
. tracer studies in animuls [S-8]. Similar age-related increases in blood lead have not
been found 9, 10). ’

u

5§~ DISCUSSION

, Interpretation of data in a way that allows one to predict the outcome of future’

experiments is a pastime that is oflen amusing, at times helpful, but always hazardous,
Assumptions inherent in development of the argument may go unrecognized or be
misinterpreted. The templation 1o extrapolate” beyond the data always cxists. Yet,
when experiments as time consuming and costly as these are performed, onc feels*
v!  compelled (o extract as much information as possible from the results. When the
- subsequent experiments cannot be done, a model makes possible best judgment deci-
sions hased on available information. When they can be done, the model should
assist in improving their design efliciency. We hope, therefore. that any predictions
based on the caleulations developed here, will be interpreted with great caution.
- Extrapolation beyond the exposure levels or duration of exposure uscd in this study
:, may not be valid. .
5 Retention rates Tor lead particuliste of respirable size has been cstimaied by
'z several authors [1~13]). These rates may range from about 30% to 50%, but 37% is

[4
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frequently used as an arbitrary intermediate figure. Pulmonary ventilation depends
on level of metabolic activity and can range from 10.8 m*/day for a sedentary man
to 22.8 m*/day for one engaged in lightactivity [14]). The men in this study ‘were not
entirely sedentary. but space restrictions prevented normal activity, We chose to use
an intermediate value of 15 m*/day. Bloed volunic was not measured in the subjects

.participating in this study. The valug of 4.9 liters was used for the calculations

presented here,

In this report we have emphasized increascs in blood lead content because we
wished (o study its relationship 1o potential fncrease in total body burden. We could
not measure bascline total body burden in these subjects, so only potential changes
could be used in the modeling. We il measure baseline blood lead concentration
before exposure began (19.6 £4.8 pe/100 ), This is a level somewhere hetween
that reported for rural and city dwellers [10].. For this reason we believe predictions
based on this model will be relevant to a large fraction of the general population.

‘I is very diflicult to compure the results of these analyses with those done by
others: The Kinds of assumptions and manner of presenling data are so varied that
we have clected not o attempt comparison. Validation of the model will depend on
future experiments. In the meantime, however, internal consistency of the model has
been demonstrated by different methods of analyzing the same data which results in

" substantially the same prulu.mms. Détails and results of lhcec analyses will be the

subjcsl of future reports.
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DISCUSSION

WILLIAMS (U.K.) . v :

The speaher refers (o one papes which says it symptoms and signs oceur at blood leads of 40-50 pg/
100.G. This is a rather freak paper. T would deass his attention Lo paperin the B.M.3. signed by dbout
IR eaperts who said that symptams and signs do not oceur at blowd leads of less than 80 pg. 100 G.
Abo,coutd his results ditfer from those found with antiknock Jead becavse of dilferences in the acrosol 7
RNELSON (LLS.AD )

Lappreciite your convern with arbitrurily delining a narrow range of bload lead concentration al
which symptoms may begin to occur in some indivishuals and recognize this point is stilt o subject of
controversy. On the other hand, in the NAS monograph attention was drawn to the Tact that chinical
sipns and synsptoms ure ot always reliably related to binod fead copcentrations. Many occapationa iy
e\;\mul \\m-hn appear o he symptom-free at [0vels above 80 pg/100 G- whereas overt toxicity occurs
in other individuals at substantially fower levels,

With respect to composition of the icrasol generated in tis study compired (o that veeurring as a
sesult of automotise emizsivons, | woutd like to make these abservations: 1. LAwim & just showed us
many pictures demonsirating the great variability of fead-containing pasticles ocearsing “natorally *,
Flécteon micragraphs made.of the artiticiatly gencrated particles show many of the samie cha
tios of agpregation. Thene is mof, of course, any organic mateix in the chamber acrosol. Neither is there
. anappreciable amount of fead halide compounds. At the concentrations of Tead aerosol in this study,
.aml thase osenrring naturally, however, it secems likely that any pucticles will cither go very qurckly
. into sofution or be ingested .md d:gcslul by pulmonary alveolur macrophages.

CRAMER (Sweden)

Twould fike to say to Dr. Wittiavs that l am sorry that { can no lom__er suppori the view that no fead
poisening occurs befow 80 pe- 100 ml, 10 occuss, according 1o my opinion, although it may be rare.
The dita of Pr. Knirson once more make me doubtful about the conclusions from the Seven City
Study. preseated by Dr. Cov yesterdivy on beliall of ILZRO. If you omit the point at the extreme right
of his-figure 5, there must exist.a positive carrelation between Jead in air and lead in blovd. How valid
are the data from Pasadend, Le. your point with the highest lead exposure?

COLE (U.S.A
Referring 10 Dr. CraMIR's suggestion that elimination of the uppér right hand value in (he wir-lead
ss. bload-lead curse of the Seven City Study would give a significant regression, 1 feel that it is not
ately 200 of 2000 data points without seientific justification.

The particle stze and {orm of the lead particles and the fack of extrancous particulate material in the

-, inhalation chambyet was quite ditlferent from that ‘qaoted by Law Do in his samples of atmospheric ¢
: fead particies. Would this sot alfect the absorpticn of IL.nl from the lung,
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RENNEDY (.50 :
What was the gencral health of the volunteers prior (o and following exposure to lead in the chambgers?
(Excluding the eficts such as increased Jead Jevels, ALAD activity 7) . .

KNELSON (LS. A\ ' .

Their health was novmal as determined by routine medical Ristory, physical exsmination amd clinal

chemistrics, None of these parameters deviated from.normat {imits throughout cither exposure period
. for any subject, :

RENNEDY (U.S.A) . : ’ .

Could you comment on the perivd of eaposure required to reach blood Jead cquilibrium ? 1 would ap.

pear [rom Lthe data (10.9 pg/tm*) that this point was reached between 120-170 days of exposurc.

RNELSON (U.S.A) i

1 don®t know when cquilibrium oceurs, CasuaLinspeetion of the data suggest equilibriom was attained
within the period of study. Madels that are not yet in equilibrivm, however, account for as mugch s
92% of the variance in the experiment. ] think the subjects of this study were nearing eqpilibrium, were
approaching asymptotically a limit, and the distance from such a limit was probably of about the samie
magnitude as the “noise” in the meusurements. ’

KENNEDY (U.S.A) - ’ o
Could you comment on the time required for blood lead levels to return to pre-test levels following
cessation of exposure 1o the Icad in the chambers ? . . .

KNELSON (U.S.A) .
We are still analysing the data concerning return to bascline fevels.

GUINEE (U.S.A)) . :
According to your calculations a lead air concentration of 10 pp/m?® breathed at a rate of 15 m? per
day would yield an exposure of 130 ug per day, one third of which is retained or S0 ug. Why do you
think 50 pg which caters by the girborne route is reflected in the blood whereas an increment of 50 pug
via the dict would probably not cause an incresse in the blood fead level?
KNELSON (U.S.A) . ) .
Well, I don"t pretend to understund all the details of gastrointestinal vs. respiratory lead uplake. Su
1 can only speculate on those relationships. Howcever, the gencratly aceepted figure of 10% retenfion of
. 'Gl-dose must have a considecrable damping cliect on any fluctuations in dictary lead.

- . .

-«

WILLIAMS (U.K.) .

How does Dr. Kneuson account Tor the apparent canllict between his results and those of the Seven
City Survey: And [ might comment that it is more important what happens in citics than in peniten-
tiarics. ' )

KNELSON (U.S.A)) . B
Inteepretition of duta from the “Seven City Study ™ is still under discussion. As for your remark that
what huppens in citics is morc important than in penitentiarics, 1 assumeit is fucetious, One is probubly
‘an important function of the other. With respeet 40 our discussion of Jead uptake, however, ! believe
the problems of simulating ambient exposure conditions for the purpose of carefully controlled
clinical studics arc no greater than the problems inherent in the large number of unconirolied, and
uncontrollable confounding covariates in population studies. * ’

SANSONI (Federal Republic of Germany) ) - .
According 1o the writer, artificielly manulactured fead-containing acrosols chicfly contain « Pb0O);.
i3 1his compound also the main souree of fead in natural lead-contiining dust 7 1fnot, to what exient can
the results obtained be extrapolated? ¢ ' : co
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RNELSON (U.S.AL) .
In uddition to the lead axides, nutural lead containing dust includes some halides i well as a varicty of
other materials that may be contained in street air and included in the particulate weeregate. 1, Lawe
iR discussed these factors with much more authority than can b Because of the comparatively very
fow concentrations of Phia the inhaled air, even the refatively insnluble tead oxides must be expectedd
o go quickly into solution. The mare amorphous particles arc probably ingested and digested by ma-
crophages with resultant ionic Pb rather than any particulsr Pb compound. :

CLAYTON (U.S.A0D , ’
Please bricfly summarize the health status of your subjects especially in refation to time. Even though

your paper’s title does not necessaeily require Us, it would scem to be nepded becuuse of the objoctives

of the symposium, .

KANFLSON (U.8.A0)
Among the many eriteria for inclusion i the study wiere thine concerning the heatth status of the sub-
Jests. I brigl. they were required W have no chronic or-acute discases detectable by ordinary medical
. bistory and physicatexamination. En addition, they ail had sormal buscling £ECG. chest film, vrinanaly-

sis, hemogram, SMA-12screen, vrinary ALA, erythrocyte ALAD, amd hlood lead. Although some of '

these values changed during the study, none were oaiside normal fimits, Any changes in * health status
indices™ were, therefore, subclinical, although in some cases statistically significant changes occurred.




