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“De wagen ging de heirweg,

een stroom van lood door het land.
De chauffeur liet hem uitlopen,
met geweldig ontploffen."

F. Bordewijk
"Knorrende beesten", 1933



0. INTRODUCTION

0.1. Aim and structure of report

Although the concentrations ‘of lead in the air and in man have
declined 1in most industrialized countries in recent years, the
hazards of environmental lead pollution continue to raise inte-
rest and concern.

Several recent studies have documented or suggested that adverse
health effects of lead occur at biood lead Tevels which were
considered safe only a few years ago. Other studies have empha-
sized the importance of ingestion of soil and dust particles as a
mode of lead intake for young children, who form a population at
risk for lead for other reasons too.

The above-mentioned developments call for a re-evaluation of
environmental quality standards for lead. The key elements of
such standards are the blood lead threshold and the impact of
environmental lead exposure on blood lead concentrations of chil-
dren. It may be necessary to adopt a Tower blood lead threshold
whereas at the same time, the impact of environmental lead expo-
sure on children's blood lead is probably greater than was as-
sumed previously.

In The WNetherlands, the natjonal Health Council has already
proposed a guideline for the long term average concentration of
lead in air of 0.5 ug/m3 (Health Council 1984). This guideline is
3-4 times Tower than comparable guidelines used in the United
States, the Federal Republic of Germany and the United Kingdom.
In the U.S., the Ambient Air Quality Standard for 1lead is
currently under revision (EPA 1983, 1984).

In this report, the impact of environmental lead exposure on
children's blood lead is subjected to a detailed study. Chapter 1
provides a summary of the environmental health aspects of 1lead.
In chapter 2, methodological issues in studies on correlations
between environmental lead and blood lead in children are discus-
sed. The report further proceeds along two lines: it contains a
critical review of studies from which quantitative estimates of
the impact of environmental lead exposure on children's blood
lead can be obtained (chapter 3), and it gives an account of a
study on the association between blood lead and lead in the
environment which was performed among a population of Dutch



children 1living in Rotterdam, The Hague and Zoetermeer in 1981
(chapter 4).

0.2. Motivation for a review of studies on the relationship
between env1ronmenta1 Tead and blood 1ead in ch11dren

The relationship‘ between environmental lead exposure and the
concentration of Tlead in blood has been reviewed recently by
several authors (Hammond et al. 1981, Ratcliffe 1981, Snee 1981,
Chamberlain 1983a, Jones and Stephens 1983). These reviews have
concentrated on the relationship between air lead and blood lead
in adults and only limited attention was paid to studies among
children. The focus was on air lead in these reviews, and minimal
attention was paid to the role of ingestion of soil and dust
particles by children as a mode of lead intake from the environ-
ment. As a result, most reviews have assumed that the impact of
environmental Tead on blood Tead is not much larger for children
than it is for adults. When it was suggested that this point of
view should serve as a basis for the development of air quality
standards for lead (Snee 1982a), the author has commented that a
re-evaluation of chitdhood blood Tead studies might result in a
higher estimate of the impact of environmental lead on children's
blood 1lead (Brunekreef 1983). Subsequently, it was decided. to
review the relationship between environmental lead and blood tead
for children in detail, stressing the importance of non-inhala-
tion modes of lead intake from the environment by children.

0.3. Background of environmental impact study in Rotterdam, The
Hague and Zoetermeer

In the spring of 1979, blood Tead levels were measured in a
number of Dutch child populations of nursery school age, within
the framework of the First E.C. Blood Lead Survey (Ligeon et al.
1981). 1In the city centers of Rotterdam and The Hague, children
were found to have blood lead Tevels which slightly exceeded a
guideline which was used by the Dutch Department of Public Health
to evaluate the results of the Survey. In this guideline, it was



stated that at least 50% of blood lead levels found in any popu-
tation of children had to be Tless than 20 pg/100 m1, 90% less
than 25 ug/100 ml and 98% less than 30 ug/100 ml. The 90- and 98-
percentiles of this guideline are 5 pg/100 ml Tower than the
Biological Quality Guide for the concentration of lead in blood
proposed by Zielhuis (1974) and adopted by the E.C. (E.C. 1977)
for the general population; the fact that children are more
susceptible to 1lead than adults was the main reason to use a
Tower guideline.

In the spring of 1981, a Second E.C. Blood Lead Survey was to be
held. At the request of the Department of Public Health, an
environmental exposure study was conducted in conjunction with
the Survey, to investigate to what extent the elevated blood Tead
levels in inner city children could be explained by exposure to
lead in the environment. The study was designed on the basis of
our earlier work in Arnhem, where the surroundings of a secondary
Tead smelter were studied in 1978, to assess the intake routes of
lead from the environment by preschool children (Brunekreef et
al. 1978, 1981, Diemel et al. 1981}).

In the Arnhem study, significant associations between some lead
exposure variables and children's blood lead levels were found
although the general level of environmental lead exposure was low
in the study area (when compared to results from smelter studies
performed abroad), and although blood lead Tevels were not higher
than 1in Dutch dnner city children in 1979. It was therefore
considered possible that the elevated blood lead levels in the
inner city children of Rotterdam and The Hague were also re]ated
to exposure to lead in the environment.



1. ENVIRONMENTAL HEALTH ASPECTS OF LEAD
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From prehistoric times, 1lead has been used by mankind. The Tlow
melting point of 1lead makes it easy to mine, and lead is a
workable and durable metal. Its uses for water pipes and as wine
conservation and sweetening agent in the Roman Empire are well
known, and have led to interesting speculations about the role
that Tlead poisoning of Rome's upper classes may have played in
the decline of the Empire (Gilfillan 1965, Nriagu 1983).
For hundreds of years the toxic properties of lead have been
known. A classical example is the "Devonshire Colic", caused by
the consumption of cider in which lead was dissolved due to the
grinding of apples with lead-filled grinding stones, and during
storage in Tlead-glazed vessels. The hazards of Tlead smelting
operations for the environment have also already been appraised
in the past centuries (Meiklejohn 1954, Beritic 1984).
Meiklejohn, for example, cites the article "an account of the
disease called Mi11-Reek" written by J. Wilson, which appeared in
1754 in the Scots Magazine:
"A11 the inhabitants at Leadhills are subject to
this disease; but it mostly seizes and violently
affects the men whose daily business it is to
melt down the lead. The reek or smoake rising
from the melting is believed to be the cause of
the disease; because the melters, who are most
subject to it, are most exposed to the smoake,
which comes out often full in their faces."
And an account by the Rev. C. Crutwell of the same area runs as
follows:
“The appearance of Leadhills is disagreeable in
the extreme: rocky, rude and barren, every vegeta-
ble is raised with difficulty, and seldom brought
to perfection. Spring water is to be obtained of
excellent quality, but that which is below the
smelting mills is poisonous. The lead ore, before
smelting, 1is broke very small and washed from
filth, which frequently contains arsenic. Fowls of
any kind do not live many days at Leadhills;



Production (million tonnes year')

horses, cows, dogs and cats often find 111 effects

of this poisonous mineral.”
Although iead has been used for thousands of years, it took the
industrial revolution to exponentially increase the amount of
lead mined and used to its high, present-day levels (figures 1.1
and 1.2).

Figure 1.1. Smelting of lead in the world
(Reprinted with permission from Harrison and Laxen 1984).

Half of the world production of refined lead is being used for
the fabrication of storage batteries (Harrison and Laxen 1984).
About 15 percent goes into pigments and chemicals, and another 10
percent into the production of tetra-alkylilead which is almost
exclusively used as anti-knock agent in gasoline. It is this
latter use, however, which is to a large extent responsible for
the global emission of lead into the atmosphere. For the US the
relative contribution of vehicular emissions to total atmospheric
emissions has been estimated at more than 90% (Harrison and Laxen
1984) for the year 1975, and this is not different in other
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countries where tetra-alkyllead 1is being used as a gasoline
additive including The Retherlands (Department of Health and
Social Security 1980, Anonymus 1982d). In industrialized areas,
the relative contribution of industrial 1lead sources locally
outweighs vehicular traffic.
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Figure 1.2. World lead production during the last 5500 years.
(Reprinted with permission from Patterson 1982).

Lantzy and Mackenzie (1979) have calculated the ratio between
anthropogenic and natural emissions of 20 different trace ele-
ments into the atmosphere, and their ratio of 346 for lead is the
highest of all.

As a result of woridwide emissions of lead into the atmosphere,
lead polilution has increased in-even the remotest areas of the
world. The lead concentration of Greenland snow has been shown to
have increased about 200-fold in the past 3000 years, with wost
of the increase happening after 1945, i.e. after the use of tetra
-alkyllead in gasoline became widespread (Patterson 1982).

Even though global lead emissions into the atmosphere are mainly



restricted to the northern hemisphere, the lead concentration of
Antarctic snow has also increased more than 10-fold over the past
century (Boutron and Patterson 1983).

The concentrations of lead in prehistoric samples of snow and
other materials are often extremely low, and extreme precautions
are necessary to avoid contamination of samples during handiing
and analysis (Murozumi et al. 1969, Patterson 1982, Boutron and
Patterson 1983).

Although it is now beyond dispute that the lead concentrations of
certain media Tike polar ice and snow have considerably increased
due to atmospheric pollution, it is less clear whether this s
also true for the body burden of man.

Lead is a normal constituent of soils in rather high concentra-
tions of 10-200 mg/kg (Khan 1980, Harrison and Laxen 1984). Even
though most plants do not efficiently take up lead from the soil,
lead 1is naturally present in plants and animals to a certain
extent, and must always have been a constituent of man's diet.
Information on body burdens of prehistoric man mainly relies on
analyses of the lead content of bones, and these have produced
conflicting results. Drasch (1982) for example has maintained
that present-day body burdens are at most 20 times higher than
they were in prehistoric Peruvian indians. Ericson et al. {1979)
have argued, on the contrary, that the difference between
present-day and prehistoric, uncontaminated man is at Teast 1000-
fold. Part of the difference between Drasch and Ericson et al. is
caused by the selection of a representative, present-day body
burden which was higher in the Ericson et al. paper. The number
of prehistoric samples has usually been small in these and other
investigations, and it 1is dimpossible to assess their
representativeness.

It is also difficult to be certain that no post-mortem contamina-
tion of bone samples from the burial soil has occurred (cf.
Waldron 1982 and Knutti 1984), and another part of the difference
in the conclusions reached by Drasch (1982) and Ericson et al.
(1979) s due to a different evaluation of the extent to which
the Peruvian samples were contaminated after death.

Blood Tlead Tevels of isolated, non-industriaiized present-day
populations have been found to be lower than those of populations
1iving in industrial countries, but not by a factor of more than
5-15 (Hecker et al. 1974, Piomelli et al. 1980, Poole et al.
1980) (cf. also section 2.6). It is not clear, however, whether



these populations can be compared to prehistoric, uncontaminated
populations.

It should be noted that the acceptability of the present level of
lead contamination from the view point of human heaith depends
not on our knowledge of the size of the increase of man's body
burden of lead, but on our knowledge of the adverse health ef-
fects of lead, and of the exposure levels where these adverse
effects begin to manifest themselves (Budiansky 1981).

At present levels of exposure in industrialized countries, ad-
verse effects of lead on human health are subtle and hard to
detect - if present at all. One of the most important questions
today is whether low doses of lead are able to permanently damage
the central nervous system of children, affecting various CNS
functions including intelligence (Anonymus 1980a, 1982a, 1982b,
1982c, Rutter 1980, Bornschein et al. 1980a, 1980b, Rostron
1982a, 1982b, Needleman 1983).

To date, this question has not been fully answered, and one can
only state that there may or may not be subtle effects of lead on
chiidren's brains at levels of exposure currently considered
safe. Even if future research would prove the current no-adverse-
effect levels to be safe indeed, there would still be only a
narrow margin of safety between current exposure and exposure
levels where adverse effects would become likely.

1.2. Children as a population at risk for lead

There 1is general agreement that within the non-occupationally
exposed population, children of 0-6 years old constitute the
population most at risk for lead (WHO 1977a, EPA 1978, National
Research Council 1980, Rostron 1982a, 1982b).

The main reasons for this are that (1) children are more suscep-
tible to lead than adults, (2) they take in more lead, with food,
per kg body weight than adults, (3) they exhibit mouthing which
exposes them to Tead in dust and dirt more than adults and (4)
they absorb more lead from the gut than adults.

adl
It is well established that at a given level of lead in the blood
{PbB), children suffer more strongly from i11 effects than



adults. The 1level of free erythrocyte protoporphyrin in blood
begins to rise at lower PbB levels in children than in adults
(Roels et al. 1976, 1978b, Cavalleri et al. 1981, Piomelli et al.
1982); adverse effects on central nervous system functioning (as
measured by various tests of mental ability) have been suggested
to occur at PbB Tevels well below those at which CNS-effects 1in
adults can be detected (Needleman (et al.) 1979, 1983, Yule et
al. 1981, Winneke et al. 1982, 1983, for reviews cf. Rutter 1980,
Bornschein et al. 1980a, 1980b, Rostron 1982a, 1982b) although it
is still a hotly debated issue from what level of blood Tlead
these effects start to manifest themselves (Anonymus 1982a,
1982b, 1982c, Jones et al. 1983). Previously, it was thought that
adverse CNS-effects did not occur in children who had PbB levels
below 30 ug/100 ml, but at present, some authors even begin to
doubt whether a threshold exists below which adverse effects do
not occur.

It has been suggested that acceptable levels of lead 1in blood
should be lower for children than for adults (Roels et al. 1978b,
Zielhuis 1981, Grandjean 1981, Piomelli et al. 1982).

ad 2

Children take in more lead per kg body weight with their food
than adults, for the simpie reason that they consume more food
per kg body weight. The difference may very well be two- to
threefold (Baritrop 1972, ICRP 1975) depending on the age of the
child. Expressed per unit volume of blood, the intake in children
has been asserted to be 1.5 times greater than in adult women
(Duggan 1983a). The inhalation rate per kg body weight is also
greater (Knelson 1974) due to the higher metabolism in children.

ad 3

During some period in early life, the normal child will investi-
gate its surroundings by hands and mouth (Lepow et al. 1974,
Sayre et al. 1974, Charney et al. 1980). The amount of dust and
dirt ingested as a consequence of mouthing has never been direct-
ly measured. It has been suggested that the amount of ingested
dust could be in the order of about 20-50 mg/day (Duggan and
Williams 1977) but this figure should not be taken as more than
an 'educated guess'. Regardless of how large the ingested quanti-
ty actually is, it will be Targer than the relative amounts of
dust and dirt ingested by adults, although one recent study has



suggested that for adults as well, 1lead in dust and dirt repre-
sents a pathway of lead intake (Gallacher et al. 1984b, 1984c).

ad 4

Limited evidence suggests that the absorption of lead from the
gut 1is more efficient in children than in adults (Alexander et
al. 1972, 1974, Ziegler et al. 1978). In animal studies, it has
been documented clearly that very young animals absorb more lead
from the gut than adult animals (Jugo 1977, Quarterman and
Morrison 1978, Mahaffey 1983).

A higher absorption rate does not necessarily mean, however, that
more lead is being retained as well; a number of children in the
study by Ziegler et al. (1978) actually excreted more lead than
they absorbed, indicating that lead excretion may also be higher
in children than in adults. It has been pointed out, however,
that this may only be so at low leveis of exposure, and that at
somewhat higher levels, lead is actually being retained in chil-
dren more than in adults (Ryu et al. 1983).

The mechanisms 2-4 would lead one to expect that in general,
children should have higher blood lead levels than adults. This,
however, 1is not the case (Chamberlain 1983a, Duggan 1983b,
1983c). Children 1iving in not heavily polluted environments have
repeatedly been shown to have blood lead levels slightly higher
than those of their mothers, and more or less equal to those of
their fathers (Billick et al. 1979, Landrigan and Baker 1981,
Mahaffey et al. 1982a).

Various explanations can be proposed for this phenomenon. The
additional 1intake through mouthing activity could be negligible
compared to lead intake with food (Chamberlain 1981); however,
the intake of lead from food alone is already so much larger in
children than in adults, on a per kg body weight basis, that some
difference 1n metabolism between children and adults has to be
assumed anyway - and in absence of knowledge about the size of
the difference, it seems not possible to draw conclusions on the
amount of Tlead ingested through mouthing from the absence of
considerable differences between blood lead levels in children
and adults in non-polluted areas alone.

Another explanation would be that the distribution of lead over
the various body tissues is different in children than in adults
(Duggan 1983a). It is indeed true that in children, relatively
more lead is in the soft tissues than in adults, for whom lead in

10



the skeleton constitutes 90-95% of the total body burden (Schroe-
der and Tipton 1968, WHO 1977a). This probably reflects mainly
the fact that the Tead concentration in children's bones is much
lower than in adult bones; lTimited evidence from a study by Barry
{1981) does not support the hypothesis that the lead concentra-
tion in soft tissues in children - including the brain - is
higher than it is in adult soft tissues.

A more Tikely explanation would be that although uptake from the
gut is higher in children than in adults (both through the higher
food intake and the greater absorption efficiency), retention is
not necessarily higher because the uptake may be balanced, to a
certain extent, by a higher excretion rate (Duggan 1983a). As
mentioned, the Ziegler et al. (1978) study supports this; a
recent study by Ryu et al. (1983) in addition has demonstrated
that at levels of lead intake which are low - but still higher
than in adults on a per kg body weight basis - children's blood
lead levels in the first half year after birth remained below
those of their mothers, and even decreased somewhat during the
first months of life. A subsequent higher intake in some of the
children resulted in a doubling of the chiidren's blood lead
levels within a few nonths, suggesting that only at Tow levels of
intake, excretion is able to balance uptake. The Ryu et al.
(1983) study shows a similarity with a study from the Federal
Republic of Germany (Haas et al. 1972) in which it was shown that
blood lead Tlevels in hospitalized children aged 0-6 yrs were
lower than at birth. For some more examples cf. Duggan (1983b,
1983c).

It is well established that a child is born with a blood 1lead
level which is somewhat lower (10-20%) than that of its mother
(Haas et al. 1972, Schaller et al. 1976, Kuhnert et al. 1977,
Buchet et al. 1978, Roels et al. 1978a, Alexander and Delves
1981, Kaul et al. 1983, Zarembski et al. 1983, Tsuchiya et al.
1984). Over 90% of the lead in blood is in the erythrocytes
(Zielhuis 1974). At birth, children have a haematocrite value
which is about twice that of their mothers (Zielhuis 1974, ICRP
1975) and it has been argued that this protects new-born children
from the adverse effects of lead, as at a certain blood lead
level, the concentration in the erythrocytes as well as in plasma
is Tower in new-born children than in their mothers. It has to be
pointed out, however, that the haematocrite decreases rapidly
after birth and that between 0.5-2 yrs, it is actually lower in

11



children than in their mothers (ICRP 1975)}. Up to a certain level
of exposure, the blood Tead Tevel in children apparently does not
rise above its initial level. Still, this does not necessarily
mean that the child excretes as much lead as if absorbs. A child
grows, and builds up a body burden of lead which may very well be
about 50 mg when the child has reached adulthood {Schroeder and
Tipton 1968, Barry 1978). If in the course of 20 years 35 mg of
lead have been added to the body burden, this constitutes an
average retention of 35 mg/(20 * 365) = 5 pg/day (approximately).
In recent years, 1t has become clear that lead intake with food
for young children in many countries is probably only about a few
tens of micrograms per day (cf. section 2.7 for further details)
of which 50% at most is being absorbed from the gut.

It could be argued that quite a larye part of the absorbed 1lead
simply goes into the formation of the total body burden over the
years. The body burden figures used to arrive at this tentative
conclusion may be too high for present-day situations, as Tevels
of lead 1in blood and in food seem to have been declining (cf,
Diehl 1982, Oxley 1982, Annest et al. 1983, Brunekreef et al.
1983, Elwood 1983a, Sherlock 1983). At least part of the reduc-
tion of lead in food has been ascribed to analytical artifacts
{Sherlock 1983, Bloom and Smythe 1984)}; as the body burden of
lead is mainly determined by the lead content of bones which is
relatively high and therefore somewhat easier to measure without
bias, it is possible that total body burden data as measured 10-
20 years ago stilil have relevance for present-day situations.
Lack of specific data makes it difficult to arrive at reliable
estimates of how much of the absorbed lead actually goes into the
formation of the body burden; it is certainly not a negligible
part, and it is remarkable that this point is usually not given
much attention in the literature.

1.3. The exposure system

After having been released into the environment, lead can reach
children through a number of different pathways. The major sour-
ces and pathways are shown in figure 1.3.

12



environmental r—fruffic industry  mining paint —
sources

outdoor ambient gir —= s0il ~«—streetdust

pathways \_\_\\/7
indoor indoor qir <————housedusf
pathways

modes_of Lmhul uhon |ngeshon -

intake
response bloocl leud
variable

dietary wafer
pathways

non-environmental industriat operuhons supply pipes
sources

Figure 1.3. Sources of environmental lead and pathways to
children.

Although the figure looks complex it is in fact a simplification.
A comparable flow chart in the HNAS-report (National Research
Council 1980) "Lead in the human environment" has over one hun-
dred arrows and interactions; Billick (1983) has aptly remarked
that that flow chart certainly illustrates the complexity of the
system, "but whether it clarifies or confuses the understanding
of what is happening is questionable".

Figure 1.3 hopefully clarifies more than it confuses; it mostly
contains variables which conceivably can be measured in a single
study. Four main categories of environmental sources have been
discerned. O0f these, vehicular traffic is the single largest
source of environmental lead poliution in the industrialized
nations, which accounts for over 90% of all emissions into the
atmosphere (WHO 1977a, National Research Council 1980, Harrison
and Laxen 1984).

The organolead compounds tetra-ethyllead and tetra-methyllead
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