
Environmental Factors Predicting Blood Lead Levels in
Pregnant Women in the UK: The ALSPAC Study
Caroline M. Taylor1*, Jean Golding1, Joseph Hibbeln2, Alan M. Emond1

1Centre for Child and Adolescent Health, School of Social and Community Medicine, University of Bristol, Bristol, United Kingdom, 2NIAAA, National Institutes of Health,

Rockville, Maryland, United States of America

Abstract

Background: Lead is a widespread environmental toxin. The behaviour and academic performance of children can be
adversely affected even at low blood lead levels (BLL) of 5–10 mg/dl. An important contribution to the infant’s lead load is
provided by maternal transfer during pregnancy.

Objectives: Our aim was to determine BLL in a large cohort of pregnant women in the UK and to identify the factors that
contribute to BLL in pregnant women.

Methods: Pregnant women resident in the Avon area of the UK were enrolled in the Avon Longitudinal Study of Parents
and Children (ALSPAC) in 1991–1992. Whole blood samples were collected at median gestational age of 11 weeks and
analysed by inductively coupled plasma dynamic reaction cell mass spectrometry (n = 4285). Self-completion postal
questionnaires were used to collect data during pregnancy on lifestyle, diet and other environmental exposures. Statistical
analysis was carried out with SPSS v19.

Results: The mean6SD BLL was 3.6761.47 (median 3.41, range 0.41–19.14) mg/dl. Higher educational qualification was
found to be one of the strongest independent predictor of BLL in an adjusted backwards stepwise logistic regression to
predict maternal BLL,5 or $5 mg/dl (odds ratio 1.26, 95% confidence interval 1.12–1.42; p,0.001). Other predictive factors
included cigarette smoking, alcohol and coffee drinking, and heating the home with a coal fire, with some evidence for iron
and calcium intake having protective effects.

Conclusion: The mean BLL in this group of pregnant women is higher than has been found in similar populations in
developed countries. The finding that high education attainment was independently associated with higher BLL was
unexpected and currently unexplained. Reduction in maternal lead levels can best be undertaken by reducing intake of the
social drugs cigarettes, alcohol and caffeine, although further investigation of the effect of calcium on lead levels is needed.
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Introduction

Lead is a neurotoxic metal that is widespread in the

environment. The removal of lead from water pipes, paint, and

food cans, and the introduction of lead-free petrol in most

countries has reduced exposure to lead in recent years.

Geographical areas of high levels of exposure, including those

with smelters, lead shot works, or battery manufacture and

recycling remain a concern. Although atmospheric lead levels have

declined in the UK, food and drink, water, dust and soil remain

important sources of exposure [1].

Once absorbed from the gastrointestinal tract or the respiratory

system, lead is transported bound to erythrocytes and accumulates

in bone (with a half-life of approximately 30 years). Pregnancy is a

critical time for exposure to lead for the mother and fetus. An

increased demand for calcium means that maternal turnover of

bone increases during this time [2], and bone becomes the main

source of lead in the blood, especially if dietary lead is low [3].

Lead crosses the placenta freely, so the fetus is exposed to lead in

utero, with the ratio of fetal:maternal blood lead being about 0.7–

0.9 [4–6].

Infants and children are particularly at risk of lead exposure.

Not only are they born with lead transferred to them from their

mothers, but they have a greater exposure to lead from dust and

soil than adults [7]. In addition, their gastrointestinal absorption of

lead is greater than in adults (about 50% vs 10–15%, respectively

[8]), and they are more vulnerable to the effects of lead on the

developing nervous system [9]. Low-level exposure to lead remains

a serious and largely undetected problem in children: blood lead

levels (BLL) below that accepted internationally as the level of
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concern [10] have been shown to be harmful to the academic

performance and behaviour of children [11].

The effects of fetal lead exposure make it important to identify

factors that contribute to maternal BLL, especially those that could

be modified to minimise transfer to the fetus. However, there may

also be direct adverse effects on the mother even at relatively low

levels, notably to blood pressure [12]. Hypertension in pregnancy

has at least two distinct adverse effects: (1) it may predispose

women to the development of future cardiovascular disease and

increase the severity of the disease; (2) it can lead to pre-eclampsia,

which is associated with substantial maternal morbidity and

mortality. There are multiple factors that have been identified as

being probable contributors to maternal BLL. Maternal levels are

greatest where there is a clear exposure to environmental

contamination, for example living in a mining area or area of

high pollution, or near a lead smelting works or solid waste

incinerator [13–16]. Consumption of marine meat and blubber

from areas with environmental contamination [17] or wild birds

and game containing lead shot [18] are also associated with high

maternal levels. Other factors identified as having a positive

association with maternal BLL include coffee and alcohol

consumption, smoking (both active and passive), age, gestational

age, weight gain during pregnancy, higher haemoglobin and

haematocrit levels, ethnicity, lower social class, lower socioeco-

nomic status, lower educational attainment, lower family income

and seafood consumption [6,15,19–24]. Calcium intake, taking

iron and folic acid supplements, increased parity and low physical

activity seem to protect against increased lead levels in pregnancy

[21,23,25].

Our primary aim was to model associations of BLL in

pregnancy with social, environmental and other factors in a large

observational cohort study in the UK. BLL in pregnancy in the

UK have only been reported four times previously in the UK,

most recently in 1996 from data collected in 1991 on a small

sample (n = 183) [26]. A secondary aim was to identify an

association between maternal BLL and child BLL. By studying a

cohort of pregnant women enrolled in the Avon Longitudinal

Study of Parents and Children (ALSPAC), we had an opportunity

to include a greater number of women than has ever been

reported on before and to provide new data on BLL in women

during pregnancy in the UK.

Methods

The ALSPAC study
The study sample was derived from the ALSPAC study, a

population-based study investigating environmental and genetic

influences on the health, behaviour and development of children.

All pregnant women in the former Avon Health Authority with an

expected delivery date between 1 April 1991 and 31 December

1992 were eligible for the study; 14,541 pregnant women were

initially enrolled, resulting in a cohort of 14,062 live births [27].

The social and demographic characteristics of this cohort were

similar to those found in UK national census surveys [28]. Further

details of ALSPAC are available at www.bris.ac.uk/alspac.

Collection, storage and analysis of blood samples
Maternal blood samples. Whole blood samples were

collected in acid-washed vacutainers (Becton and Dickinson,

Oxford, UK) by midwives as early as possible in pregnancy. The

median gestational age at the time of blood sampling was 11 weeks

(range 1–42 weeks, interquartile range 9–13 weeks). Whole blood

samples were stored in the original tube at 4uC at the collection

site before being transferred to the central Bristol laboratory within

1–4 days. Samples were at ambient temperature during transfer

(up to 3 h). They were then stored at 4uC until analysis. Samples

were analysed for lead using inductively-coupled plasma mass

spectrometry in standard mode (R. Jones; Centers for Disease

Control (CDC), Bethesda, MD, USA; CDC Method 3009.1; for

details see Text S1). The analyses were completed on 4285 women

for Pb. One sample had a Pb level below the limit of detection

(0.29 mg/dl): this sample was assigned a value of 0.7 times the

lower limit of detection.

Child blood samples. Details of the selection of the

subsample of children and analysis of the blood samples have

been reported in detail by Golding et al. [29] and Chandramouli

et al. [11] In brief, a 10% randomly selected sample of parents

whose babies were born in the last 6 months of the ALSPAC study

were invited to attend a research clinic (Children in Focus, CIF).

At age 30 months, parental consent was sought for a venous blood

sample, and was given by 81% of the 1135 children in the CIF

group. The sample was drawn into lead-free tubes from 653 (71%)

of children attending the clinic. However, 69 samples were

insufficient, leaving 582 samples for analysis. Analysis was by

atomic absorption spectrometry (Southampton General Hospital,

UK) with appropriate quality controls.

Questionnaires
The mothers received four postal self-completion questionnaires

during pregnancy. The questionnaires are available from the study

website (http://www.bristol.ac.uk/alspac/researchers/resources-

available/data-details/questionnaires/).

Information on environmental and lifestyle factors included

data on age, parity, social class, highest educational qualification,

housing type, fuel used to heat the home, cigarette smoking history

and exposure to passive smoking (partner or other household

member smoked), and alcohol, coffee and tea consumption. If

questions were repeated in different questionnaires (e.g. alcohol

consumption, cigarette smoking, coffee consumption), then the

responses from the earliest questionnaire were used for analysis in

order to correspond with the timing of the blood sampling.

The haemoglobin level was extracted from the obstetric clinic

records (the first recorded level was used in order to correspond

with the gestational time of the blood sample for lead analysis).

The Neighbourhood Quality Index (score 1–12) was calculated

from a composite index of scores for ‘Lively’ ‘Friendly’, ‘Noisy’,

‘Clean’, ‘Attractive’ and ‘Polluted/dirty’ neighbourhood (a higher

score indicates a higher quality neighbourhood). Total daily

calcium and iron intakes were derived from food frequency

questionnaires sent to the women at 32 weeks gestation. Informa-

tion on taking iron and calcium supplements in the previous

3 months was extracted from a questionnaire at 32 weeks

gestation.

Identification of possible predictors of BLL and statistical
analysis
Factors that had a possible association with BLL were identified

from the literature: linear correlation was then used to identify

factors that had an association with BLL. To reduce the risk of

over-adjusting the models and substantially reducing the number

of cases included, not all significant variables were included in the

models (e.g. maternal ethnic group as sample numbers in the non-

white groups were small). All factors with p$0.05 were rejected

(taking iron supplements was included in the models, but taking

calcium supplements was not included as there was no linear

association with BLL; see Table S1 for a list of variables that were

considered). The effects of all types of alcohol (wine, beer, sprits

and other types of alcohol) were combined into one variable

Blood Lead Levels in Pregnancy

PLOS ONE | www.plosone.org 2 September 2013 | Volume 8 | Issue 9 | e72371



(alcohol); both types of coffee (caffeinated and decaffeinated) were

combined into one variable (coffee). Separate models were used to

identify the relative effects of different types of alcohol and of

different types of coffee. Initial analyses were performed with and

without the use of a wood fire as a confounder: no statistical

differences were apparent so wood fires were not included in the

final analyses.

Statistical analysis was done with SPSS version 19 (IBM Corp.).

Values are shown as mean6SD. The characteristics of the sample

of pregnant women included in the study were compared with

those of the rest of the ALSPAC cohort (chi-square test). The

demographics of the study population were analysed with BLL as

a continuous variable and as a categorical variable (,5 and

$5 mg/dl) (ANOVA and chi-square test, respectively).

Hierarchical backwards stepwise logistic regression was used to

examine the effects of the predictors with BLL as a categorical

variable (gestational age and haemoglobin were entered in Block 1

and the remaining variables in Block 2). Categorical outcomes

were recoded as integers with equal increments for this analysis.

Variables were removed from the models if F $0.100. The effect

of transforming BLL to a loge scale was examined in an identical

model but with loge BLL as the dependent variable.

Regression diagnostics were used to check that the models fitted

the observed data well and to identify any cases that had undue

influence on the model. No cases were identified as outliers for the

linear or the logistic regression model. The variance inflation

factor and tolerance statistic for each variable remaining in the

model, as well as the correlation matrix, were used to check for

collinearlity. There was no evidence for any collinearity (maxi-

mum variance inflation factor 1.112 (‘Hb at first clinic visit’),

minimum tolerance statistic 0.873 (‘number of cigarettes per day

at present’), maximum correlation –0.030 (‘Hb at first clinic visit’

vs ‘Taking Fe this pregnancy’).

Data on BLL in 233 mother–child pairs were available. The

correlation of maternal and child BLL was examined by Pearson’s

r test (two tailed).

Ethics statement
Ethics approval for the study was obtained from the ALPAC

Ethics and Law Committee and Local Research Ethics Commit-

tees. Informed written consent was obtained for analysis of

biological samples and linking results to the data collected from

questionnaires.

Results

Characteristics of the sample of pregnant women with
BLL data
The subsample had a slightly higher educational attainment

(p = 0.004) and tended to be slightly older (p,0.001), but there

were no other statistically significant differences (see Table S2 for

characteristics of the subsample of pregnant women with BLL

compared with the rest of the ALSPAC cohort).

Maternal BLL
The mean maternal BLL was 3.6761.47 mg/dl (n = 4285;

geometric mean 3.43, median 3.42, range 0.41–19.14 mg/dl). The
distribution was slightly skewed (Fig. 1). The BLL was$5 mg/dl in
619 women (14.4%) and $10 mg/dl in 15 women (0.4%). Women

with the highest educational qualification (degree) had higher BLL

than those without a degree (4.0761.68 (n= 566) vs 3.5961.69

(n = 3021), ANOVA p,0.001) (see Table 1). Women who had

lived in Avon all their lives had lower BLL than those who had not

(3.5961.55 vs 3.7361.38 mg/dl; p = 0.002). Women of Indian,

Pakistani and Bangladeshi ethnicity had significantly higher BLL

than White women (4.3761.92 (n= 23) vs 3.6561.47 (n= 3585),

respectively, ANOVA p=0.019). There was no significant

difference in the BLL in women who were White vs Black

(3.8461.40 (n = 42), ANOVA p=0.394) or White vs Other

ethnicities (3.8261.03 (n= 22), ANOVA p=0.600).

Women with BLL $5 mg/dl were older (p,0.001), had higher

educational attainment (p,0.001), higher social class (p,0.001)

and lower parity (p = 0.013), and were more likely to smoke

(p,0.001) and consume alcohol (p,0.001) (see Table S3).

Predictors of BLL as a continuous variable
The models using BLL or loge BLL were broadly similar. The

results using BLL are presented for ease of interpretation (for

comparison, the results using loge BLL are shown in Table S4).

The overall model predicted 10.9% of the variance in BLL levels

(Table 2). Highest educational qualification, alcohol consumption,

cigarette smoking, coffee consumption (caffeinated and decaffein-

ated combined, using a coal fire as a source of heating and

haemoglobin level (all p,0.001) were all strongly and indepen-

dently associated with increased BLL. Lower BLL was associated

with a higher Neighbourhood Quality Index, increasing parity,

and increasing gestational age when the sample was taken

(p = 0.021, p,0.001 and p= 0.017, respectively). Dietary calcium

intake and taking iron supplements were protective against high

lead levels (p = 0.001 and p= 0.046, respectively). Alcohol,

smoking cigarettes, haemoglobin level and highest educational

attainment made the greatest relative contributions to BLL

(relative R2 17.6%, 16.5%, 14.3% and 11.0%, respectively).

Predictors of BLL as a categorical variable
The strongest statistically significant categorical predictor of

BLL was having a coal fire (p = 0.008), followed by highest

education attainment (p,0.001), haemoglobin level (p = 0.014),

alcohol consumption (p = 0.001), age (p = 0.006), cigarette smoking

(p = 0.001) and coffee consumption (p,0.001) (Table 3). Dietary

calcium intake was protective against high BLL (p = 0.041).

Smoking, alcohol consumption, and coffee and tea
consumption
The number of units of alcohol consumed per week was

correlated with BLL (r = 0.059, p,0.001). Wine consumption was

the strongest statistically significant predictor of BLL (p,0.001),

followed in turn by beer (p = 0.003) and spirits (p = 0.020)

(Table S5).

Caffeinated coffee was a statistically significantly stronger

predictor of BLL than decaffeinated coffee (p,0.001) when the

model was adjusted for tea consumption (Table S6).

Child BLL and correlation with maternal BLL
As previously reported [11,29], the mean child BLL at

30 months was 4.2263.12 (median 3.32, range 0.83–27.56;

n = 582) mg/dl. In the 233 mother–child pairs the maternal BLL

was 3.5361.51 (median 3.29, range 1.22–13.48) mg/dl and the

child BLL at 30 months was 4.2163.25 (median 3.31, range 0.83–

26.63) mg/dl. There was a significant correlation between

maternal and child BLL (r = 0.278, n= 233; p,0.001).

Discussion

The mean BLL of 3.6761.47 (geometric mean 3.43) mg/dl is
higher than has been found in similar groups of pregnant women.

In studies published from 2000 onwards where no specific source

of environmental exposure was identified by the authors and the
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women were not resident in major cities in developing countries

where there are likely to be high levels of pollution, BLL in

pregnancy have ranged from a mean value of 1.861.63 mg/dl
(n = 211; USA) [6] to 2.1 mg/dl (n = 160, Canada) [30] (Table 4).

With regard to the UK, the most recent study to our knowledge

reporting BLL in pregnancy is that of Watt et al. (1996) [26], who

found levels of 3.65 mg/dl (Glasgow; geometric mean) in a small

group of women (n= 138) in 1991. By comparison, a more recent

UK-wide study found geometric mean levels of 2.762.1 and

2.660.05 mg/dl in women of childbearing age aged 16–24

(n = 321) and 25–45 years (n = 1276), respectively, in a cohort

that was studied in 1995 [31]. These data suggest a decline in

blood leads in women in the UK with time, but more data are

needed to confirm this.

There are several factors that should be taken in account when

comparing maternal BLL between studies (see Table 4). First, the

sample sizes in published studies range widely from 18 to 1577.

27 Second, several analytical techniques for lead analysis have

been used, including commercial kits, atomic absorption spectros-

copy and inductively coupled plasma mass spectroscopy. Third,

there is a range of gestational ages at which the blood samples

have been taken. Fourth, the date that the study was performed is

not always reported.

Considering these points, the present study has several

strengths. First, it has a large number of participants (n = 4285)

with good socio-demographic background data. Second, we used

inductively-coupled plasma mass spectrometry, with appropriate

quality controls for the maternal BLL: this is considered to be one

of the most accurate and precise analytical methods currently

available. BLL are thought to follow a U-shaped curve during

gestation [21], so that a comparison of levels taken near the

beginning and end of pregnancy is valid: most studies that report

on the timing of the blood sample have taken blood in the third

trimester or at about the time of birth (Table 4). Comparison of

previous results with the present results taken in the first trimester

is therefore appropriate. Finally, our blood samples were collected

in 1991–1992: although this is earlier than for some studies

published recently, the results still represent an important

contribution to the literature due to the lack of comparable data

in the UK and the large sample size.

It is possible that local environmental conditions may have

contributed to the relatively high BLL in our sample as there is a

legacy of lead mining and industrial processing in the Avon area.

Being African-American has been found to be associated with high

BLL in studies in the USA [6,21], but we did not find any effect of

being Afro-Caribbean in our study. The relatively small number of

Afro-Caribbean women in our study may account for this, as may

differences in the demographics of Afro-Caribbean people in the

UK compared with African-American people in the USA. We did

find that Asian people had significantly higher levels than White

women, although again the sample size was small. An association

between being Asian and higher BLL in pregnancy has not been

noted specifically before, but cultural practices common in Asian

populations, such as the application of henna to the hair and

hands and kohl to the eyes, have been shown to be associated with

higher BLL [24].

The multiple linear regression model of predictors of BLL

explained about 11% of the variability in blood lead: the

remainder is be likely to be accounted for by water, diet, air,

dust, in utero transmission to the mother, and exposure through

occupation and hobbies. Recent studies have found higher levels

Figure 1. Frequency distribution of blood lead levels in pregnant women (n=4285).
doi:10.1371/journal.pone.0072371.g001

Table 1. Maternal BLL by highest maternal educational
qualification.

n Mean6SD (mg/dl) Range (mg/dl)

Degree 566 4.0761.69 1.34–13.28

A Level 841 3.6961.48 1.05–14.70

O Level 1226 3.5461.47 0.41–19.14

Vocational 345 3.4461.17 1.36–10.30

None/CSE 709 3.6261.34 0.78–9.46

A, advanced; CSE, Certificate of School Education; O, ordinary.
doi:10.1371/journal.pone.0072371.t001
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of the variability explained by their models: for example, the

model of Al-Saleh et al [24], who also used a backwards stepwise

multiple regression model that contained similar predictors to our

model, explained about 37% of the variability. This difference

may reflect the likelihood that environmental factors to which our

population were exposed were not accounted for in the model.

It was surprising that high educational attainment was a

relatively strong predictor of BLL, since low socioeconomic status,

low social class and low education attainment are usually

associated with high BLL in pregnancy [19,21,22,24]. A possible

explanation is that women with higher educational attainment in

our sample lived in older housing stock rather than on modern

estates, and were perhaps involved in the renovation of older

Table 2. Regression coefficients for variables that remained after backward stepwise elimination procedures in a multiple linear
regression model predicting maternal BLL.

Predictor variable

Unstandardised
coefficient:
B (SE) (6100)

Standardised
coefficient:
b (6100) t p value Relative R2 (%)

Age (years) 2.8 (0.7) 8.8 3.816 ,0.001 7.7

Gestational age (weeks) –1.6 (0.7) –4.8 –2.383 0.017 3.3

Parity (n) –12.4 (3.7) –7.2 –3.316 ,0.001 1.1

Haemoglobin (g/dl) 14.3 (3.6) 8.5 4.013 ,0.001 14.3

Taken Fe supplements during this pregnancy
(yes)

–16.4 (8.2) –4.2 –1.994 0.046 2.2

Dietary Ca intake (g/day) –36.2 (10.9) –6.7 –3.321 0.001 2.2

Neighbourhood quality indexa –3.2 (1.4) –4.8 –2.317 0.021 3.3

Highest maternal educational attainmentb 13.7 (2.7) 11.4 5.034 ,0.001 11.0

Alcohol (units/week) 5.9 (0.8) 14.8 7.177 ,0.001 17.6

Cigarettes (n/day) 4.2 (0.7) 13.4 6.181 ,0.001 16.5

Coffeec (cups/day) 1.0 (0.3) 7.9 3.801 ,0.001 6.6

Coal fire (yes) 39.2 (9.9) 8.2 3.971 ,0.001 7.7

No. of dogs 8.6 (4.9) 3.6 1.737 0.083 6.6

Overall R2 = 10.9%; p,0.001.
Model was hierarchical with gestational age and haemoglobin entered in Block 1 and remaining variables in Block 2.
Removed from the model (F$0.100): social class, dietary iron intake, always lived in Avon.
aThe Neighbourhood Quality Index (score 1–12) was calculated from a composite index of scores for ‘Lively’ ‘Friendly’, ‘Noisy’, ‘Clean’, ‘Attractive’ and ‘Polluted/dirty’
neighbourhood (a higher score indicates a higher quality neighbourhood).
bReference: Certificate of Secondary Education (CSE)/no qualifications.
cCaffeinated plus decaffeinated.
doi:10.1371/journal.pone.0072371.t002

Table 3. Regression coefficients for potential variables that remained after backward stepwise logistic regression to predict
maternal BLL ,5 or $5 mg/dl.

Predictor variable
Unstandardised coefficient
B (SE) (6100) OR 95% CI p value

Age (years) 4.3 (1.5) 1.043 1.013–1.076 0.006

Haemoglobin (g/dl) 17.9 (7.3) 1.196 1.037–1.380 0.014

Parity (n) –13.9 (8.1) 0.871 0.743–1.020 0.086

Dietary calcium intake (mg/day) –48.6 (23.7) 0.615 0.386–0.980 0.041

Highest maternal educational attainmenta 23.1 (5.9) 1.260 1.123–1.415 ,0.001

Alcohol (units/week) 4.7 (1.4) 1.048 1.019–1.078 0.001

Cigarettes (n/day) 4.0 (1.2) 1.040 1.015–1.066 0.001

Coffee (cups/day)b 1.8 (0.5) 1.019 1.009–1.028 ,0.001

Coal fire (yes) 47.0 (17.7) 1.600 1.130–2.266 0.008

Model overall p,0.001.
Model was hierarchical with gestational age and haemoglobin entered in Block 1 and remaining variables in Block 2.
Removed from the model (F$0.100): gestational age, month of blood sample, dietary iron intake, taking iron supplements, social class, Neighbourhood Quality Index,
number of dogs, always lived in Avon.
aReference: Certificate of Secondary Education (CSE)/no qualifications.
bCaffeinated plus decaffeinated.
doi:10.1371/journal.pone.0072371.t003
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properties: this might cause exposure to lead-based paints, through

sanding old woodwork, and to large amounts of dust that has

accumulated over many decades (as mentioned earlier, the Avon

area of the UK, which includes the city of Bristol, has a rich

history of lead-mining and industrial processing from Roman

times up to the recent past). We did not have any data on the ages

of the houses that our participants lived in, so are not able to verify

this. Social class, however, did not emerge as a significant

predictor of BLL once educational attainment was taken into

account. Social class categories were derived from current or

previous employment: women at this stage of life may be

‘underemployed’ because of childcare commitments, and so this

variable may not be a true reflection of their social status. The

assumption that more disadvantaged populations have higher

levels of exposure to environmental pollutants has recently been

questioned [32], and our results support this view.

An effect of having a coal fire as a source of domestic heating on

BLL during pregnancy has not been reported before, but air-

borne particulates from coal-burning are known to contain several

heavy metals, including lead [33]. Coal-burning is also known to

generate polycyclic aromatic hydrocarbons, which can cause

adverse birth outcomes and developmental delay [34]. There was

a weak positive effect of owning dogs in both models: an

association with dog-owning was noted in a subsample of the

children from the women in the present study [29] that is likely to

have been caused by dogs bringing lead-containing soil and dust

into the home.

Alcohol consumption and cigarette smoking both made

significant independent contributions to BLL in pregnancy, as

has been found previously [15,23,24,35,36]. Tobacco is known to

have high lead levels as the plant takes up lead from the soil, and

this is reflected in the smoke that cigarettes produce [37]. This

represents an important prenatal exposure to lead for newborn

infants. Several studies have reported that alcohol is a significant

predictor of BLL, and the effect of wine in particular has also been

noted [15]. Wine and beer may contain high lead levels, possibly

due to contamination from fittings used in manufacturing and

processing at that time in the UK in the case of beer, and from

degradation of the lead capsules on wine bottles [38]. In addition,

it has been suggested that alcohol ingestion, particularly if

unaccompanied by food, increases the relative absorption of lead

[39].

The UK Food Standards Agency has recently calculated that

the food group ‘Beverages’ makes the largest single contribution of

lead to the UK diet (17%) [40]. There are two mechanisms

whereby coffee could contribute to blood levels. First, coffee is

known to contain high levels of lead [1]. Second, caffeine may lead

to a small negative calcium balance through a weak interference

with calcium absorption, leading to an increase in bone resorption,

although this effect is thought to be of importance only in those

with low calcium intake [41]. We did not find any independent

effect of tea, which also contains caffeine, although less than is

present than in coffee.

Lead is transported in blood bound to haemoglobin, so it was

unsurprising that haemoglobin level was found to be a predictor of

BLL in both models. The median gestational age that the blood

sample was taken was 11 weeks, so it is unlikely that there was any

effect of haemodilution at this stage of pregnancy. As pregnancy

progresses, the effect of haemodilution is counterbalanced by the

increase in lead released into the blood through increased bone

turnover, resulting in the U-shaped curve observed by Hertz-

Piccioto et al. [21]. The rate of bone turnover is thought to be

greatest in the third trimester [21] and so this may also account for

the independent effect of gestational age.

We identified several factors that were protective against high

BLL. The protective effect of increasing parity has been noted

before [22,23], contradicting Rothenburg et al. who speculated

that changes in the structure of the placenta with each pregnancy

would alter the blood flow and enable a greater transfer of lead

with increasing parity [42]. Calcium, iron and lead are thought to

compete for gastrointestinal binding sites, and a high dietary

calcium intake could reduce rate of bone turnover: protective

effects of calcium (and milk products) and iron have been found in

several other studies [19,21,23,25]. Calcium supplementation

(1200 mg/day) during pregnancy in a study with initial BLL

similar to that in the present study has been shown to decrease

BLL [43]. It was not possible to calculate overall calcium and iron

Table 4. Comparison of BLL in pregnancy.

Authors Country Blood lead (mg/dl) n Year of survey Sampling time

Osman et al. (2000) [44] Sweden (Stockholm) 1.139a 88 1994–1999 36 weeks gestation

Smargiassi et al. (2002) [30] Canada (Montreal) 2.1b 160 – –

Sowers et al. (2002) [45] USA (New Jersey) 1.260.03c 705 – Once in each trimester

Schell et al. (2003) [6] USA (Albany, NY) 1.961.68 1.861.63
1.861.65

211 1992–1998 1st trimester 2nd
trimester 3rd trimester

Harville et al. (2005) [46] USA (Pittsburgh, IL) 1.93 (0.55–4.70) 140 1992–1995 At delivery

Abdelouahab et al. (2010) [47] France (Nancy and Poitiers) 1.8461.21 160 – 24–28 weeks gestation

Gundacker et al. (2010) [48] Austria (Vienna) 1.04–8.4 (2.5a) 52 2005 Week 34–38

Hansen et al. (2011) [49] Norway 0.8260.04 (0.22–4.11) 210 2007–2009 Second trimester

Sanders et al. (2012) [50] Sweden 0.89b (0.19–7.72) 211 2009–2011 Third trimester

Present study (2013) UK (Bristol area) 3.6761.47 (3.43b) 4285 1991–1992 Median 11 weeks
gestation

Studies shown are those published from 2000 onwards only where there was no specific source of environmental lead exposure and the participants were not resident
in major cities in developing countries (developing/developed countries were defined according to the International Monetary Fund definition [51]).
For studies reporting BLL during pregnancy in which the author identified a specific source of environmental lead exposure and/or participants lived in a major city in a
developing country, see Table S7.
aMedian; bgeometric mean; cstandard error; values in parentheses are ranges.
doi:10.1371/journal.pone.0072371.t004
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intakes in the present study as the level of supplementation taken

was not quantified.

We have shown a statistically significant correlation between

maternal BLL during pregnancy and child BLL at age 30 months.

Effects of early childhood lead exposure on the academic

performance and behaviour of these children at age 7–8 years

has already been reported [11]. As the ratio of fetal:maternal

blood lead is about 0.8 [4–6], the infants would have been born

with a mean level of about 2.8 mg/dl, with further lead exposure

during early infancy accounting for a further approximately

1.4 mg/dl. In this group, therefore, maternal transfer of lead in

utero is likely to have made a substantial contribution to the

infant’s BLL, which in turn was associated with adverse

educational and behavioural outcomes.

The limitations of our study were: (1) the bias in the sample

(women who had BLL measurement were older and had higher

educational levels than the rest of the ALSPAC cohort); (2) not

including data on environmental exposures in the models that

might account for the remainder of the variability in BLL. It is of

note that although the independent effects of maternal education,

smoking, alcohol consumption and coffee consumption were

statistically significant, the odds ratios are relatively modest. With

regard to the child’s BLL, the samples were not analysed with the

same method or at the same time as maternal BLL, but both

methods included rigorous quality control procedures that enable

confidence in comparison of the results.

Conclusion

Lead exposure is harmful to children even at low levels. We

identified higher educational attainment as an unexpected

independent predictor of BLL in our cohort of pregnant women.

This may be reflected from exposure to lead during renovation

work in older properties: if this is the case then pregnant women

should be advised to avoid household maintenance activities in

older properties, especially if the household uses coal for domestic

heating. Cigarette smoking, alcohol intake and coffee consumption

were significant modifiable predictors of maternal lead levels

during pregnancy. These factors will cause increased transfer of

lead to the fetus. Our findings also reinforce existing public health

messages on the harmful effects of cigarette smoking and alcohol

consumption during pregnancy, and suggest that these should be

extended to reducing the consumption of coffee during pregnancy.

Increased calcium and iron intakes may reduce lead levels in

pregnancy, but this needs further exploration in carefully designed

trials.
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