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Abstract

Human exposure to lead is a substantial public health hazard worldwide and is particularly problematic in the Republic of
South Africa given the country’s late cessation of leaded petrol. Lead exposure is associated with a number of serious health
issues and diseases including developmental and cognitive deficiency, hypertension and heart disease. Understanding the
distribution of lifetime lead burden within a given population is critical for reducing exposure rates. Femoral bone from 101
deceased adult males living in urban Transvaal Province (now Gauteng Province), South Africa between 1960 and 1998 were
analyzed for lead concentration by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Of the 72 black and 29 white
individuals sampled, chronic lead exposure was apparent in nearly all individuals. White males showed significantly higher
median bone lead concentration (ME = 10.04 mg?g21), than black males (ME = 3.80 mg?g21) despite higher socioeconomic
status. Bone lead concentration covaries significantly, though weakly, with individual age. There was no significant temporal
trend in bone lead concentration. These results indicate that long-term low to moderate lead exposure is the historical norm
among South African males. Unexpectedly, this research indicates that white males in the sample population were more
highly exposed to lead.
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Introduction

Population-wide exposure to lead pollution is a problem that

has, for the most part, been addressed in Europe and North

America. However inorganic environmental pollution, specifically

that of lead and other toxic heavy metals is a major public health

concern in sub-Saharan Africa [1–5]. Lead in particular, is of

growing concern because of its known toxicity at low levels. The

problem of environmental lead pollution was largely overlooked in

South Africa in the 20th century, despite its substantial mining and

industrial activities, and perhaps more surprisingly, despite the

country’s persistent use of leaded petrol [1,6]. Few studies of

human lead exposure in Transvaal were published prior to the

formation of the New South African Republic in 1994, which has

left a prominent lack of baseline data with which to compare the

growing body of public health research into the issue. Among the

aims of this research is to address this gap in data through analysis

of the skeletal remains of South African individuals who died

before 1998. The Pretoria Bone collection, from which the study

population derives, contains fully identified individuals and its use

in this research comprises an unparalleled opportunity to study

recent historical trends in human lead exposure. In addition, bone

tissue is an endogenous repository for lead. Due to its low turnover

rate compared to other human tissues – approximately 10 years

for compact bone – bone lead concentration is an excellent

indicator of chronic lead exposure [7]. Within Africa, the highly

industrial Gauteng Province is among the more polluted regions.

The region forms the backbone of the industrial and mining

economy of South Africa and is home to the country’s most

industrial city, Johannesburg and its capital, Pretoria. Urban

pollution is a significant public health concern as is human

exposure to lead [4,5]. The results of this research may provide

valuable background information to more recent studies involving

human blood lead concentration in the region.

South Africa began monitoring lead exposure in children in the

1980s [8–11]. Studies conducted by von Schirnding et al. found

that as many as 13 percent of children living in Cape Town had

blood lead levels greater than or equal to 25 mg/dL – more than

twice the threshold considered dangerous by the US Centers for

Disease Control - and noted that proximity to traffic was a

significant risk factor for elevated blood lead, as was lower

socioeconomic status, overcrowding and homes in disrepair [10–

12]. Deveaux et al. also conducted blood lead monitoring in

young children in Cape Town and found that children whose

blood lead was greater than or equal to 29 mg/dL were also living

in homes with leaded paint [9].

Analysis of teeth from individuals buried in Cape Town before

the introduction of leaded petrol show higher than expected lead

concentrations which were also significantly higher than those

measured in the mid-1980s and before the reduction in the lead

concentration of petrol [13]. It was determined that the prevalent

use of lead pipes in residential plumbing was responsible. To date

only one study of bone lead has been conducted in South Africa.

Todd et al. measured tibia lead in employees of a lead-acid battery
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factory [14]. They report a mean bone lead concentration of

53.4 mg?g21.

Despite these early studies, as late as 2005 the country had no

national lead monitoring program [15]. In addition, we could find

no studies of lead exposure conducted in Transvaal during the

apartheid era, leaving a gap in the understanding of the historical

and demographic patterns associated with lead exposure. In

addition, because of the cumulative nature of bone lead, this

measure is widely considered to be a valuable indicator of chronic,

as opposed to acute, lead exposure, and from an epidemiological

standpoint, may be a more reliable indicator of demographic and

long-term exposure patterns than blood lead [7,16–18]. In light of

these observations, this study aims to quantify lead exposure

among urban South African males during apartheid by measuring

bone lead concentration in an identified skeletal collection.

The authors wish to note that the racial terms ‘‘black’’ and

‘‘white’’ are used in this study to denote ethnic ancestry. This is

wholly due to the fact that that the sampled population is classified

in this way in associated cadaver records and because the

population would have been segregated purely by racial classifi-

cation during the time period being studied. These terms have

social, demographic and political connotations the implications of

which appear to have influenced patterns of lead exposure within

the study population.

Materials

Skeletal material was sampled from the Pretoria Identified Bone

Collection at the University of Pretoria, South Africa and the Dart

Student Bone Collection at Witwatersrand University, Johannes-

burg. The Pretoria Bone Collection is an identified reference

collection held at the University of Pretoria, School of Medicine.

The skeletal remains are those of individuals who died in the

Pretoria area between 1943 and 2012 and whose bodies were

either unclaimed or donated. In the former case, unclaimed bodies

become the property of the University of Pretoria to be used for

teaching and research, subject to the South Africa Human Tissues

Act of 1983 [19]. The collection consists of individuals who range

in age from neonates to 95 years of age. The predominant

demographic within the collection is black males. This is largely to

do with both overall demographic patterns within South Africa

and to economic conditions during Apartheid, in which circulating

migration brought black males to urban areas from Bantustans for

work [19–21]. No information regarding the occupation of any of

the individuals in either collection was available. The Raymond

Dart Collection is housed at the University of Witwatersrand,

School of Medicine and is similar in demographic composition to

the Pretoria Collection. Skeletal remains in the Dart collection

date to 1928 [22]. Only 12 of the femora included in this study are

from the Dart collection. For both collections, ancestry was

determined by the admitting hospital and based on the racial

classification set forth in the 1950 Population Registration Act,

which categorized individuals as black, white or colored based on

physical appearance, parentage (an individual with one white and

one black or colored parent could not be classified as white) and

socio-cultural considerations. For the purpose of this paper, these

classifications were not re-examined, as this research is primarily

concerned with the way this racial division would have contributed

to different lead exposure rates. In addition, because of the unique

lack of fluidity between racial groups imposed by Apartheid, and

because these groups largely defined socio-economic status at the

time, the two factors are considered one and the same in this

instance.

Ethics Statement
This research was approved by the Bournemouth University

Ethical Review Committee and the University of Pretoria,

Department of Anatomy. In addition, the project met the

requirements set by the UK Human Tissues Act (1994) and bone

samples were imported into the UK and analyzed in accordance

with the Act.

Table 1. Pb concentration and recovery rate for NIST 1486
Bone Meal.

Sample Pb % Recovery

mg?g21

NIST 1486 1.336.014 –

CRM 1 1.166 87.2

CRM2 1.034 78.0

CRM3 1.167 87.7

CRM4 1.217 92.0

CRM5 1.344 101.0

CRM7 1.229 92.4

CRM 8 1.248 75.1

CRM 10 1.259 95.0

Avg. 88.5

doi:10.1371/journal.pone.0058146.t001

Table 2. Median bone Pb (mg?g21) in black and white urban
South African males in relation to age.

Race N Pb SD IRQ Min. Max.

Black 72 3.92 5.69 4.12 1.22 32.23

White 29 10.04 13.61 9.58 1.55 64.09

Black

Age 20–29 9 2.22 2.7 1.7 9.25

30–39 12 4.14 3.47 1.87 13.56

40–49 18 3.3 2.48 1.22 11.56

50–59 12 3.67 5.1 1.61 18.1

60–69 11 4.53 1.72 1.9 6.73

70–79 10 7.2 11.66 2.02 32.23

80–89 1 12.95

Median 49 18 80

White

20–29 0

30–39 0

40–49 5 10.04 7.9 7.53 26.54

50–59 7 10.85 7.02 6.38 27.6

60–69 9 12.7 10.7 2.78 37

70–79 3 3.41 12.56 1.55 24.18

80–89 3 7.59 0.22 7.45 7.88

90–99 2 49.07 21.25 34.04 64.1

Median 62 42 95

doi:10.1371/journal.pone.0058146.t002
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Methods

Analytical Methods
Cortical bone samples of approximately 0.250 g were removed

from the right or left femora of 101 individuals who lived in

Gauteng Province at the time of their death between 1961 and

1998. Bone samples were removed from femora with a 10 mm

diamond-tipped core drill attached to a drill press. Cores were

taken from the posterior-distal surface of the right or left femur,

just above the intercondylar fossa and placed into sealed plastic

bags until analysis. Due to the demographic composition of the

collections which are biased heavily towards black males, the

remains sampled were primarily black males. Analysis was

conducted at the University of Southampton Geochemistry Class

100 Clean laboratory at the National Oceanography Centre

Southampton. All reagents used were Fisher Trace Element grade

and further sub-boiled in TeflonH stills to ensure ultra-purity.

Water used was MilliQH Millipore ultra-pure water (18.2 MV).

Sample Preparation
Samples were weighed, washed three times with MilliQH water

to remove any surface contaminants and placed into acid-washed

Table 3. Total bone lead concentration in mg?g21 dry weight in femora of black males.

Specimen Age Death Pb Specimen Age Death Pb

(years) (year) mg?g21 (years) (year) mg?g21

2 30 1987 4.26 134 20 1964 1.80

3 38 1988 6.60 137 50 1965 14.71

4 36 1988 7.89 141 40 1961 2.19

5 67 1991 2.23 143 49 1966 4.49

6 40 1988 3.92 144 70 1969 7.63

7 30 1987 7.93 147 42 1979 2.72*

8 65 1985 4.76 148 48 1975 1.95

9 50 1988 3.45 150 61 1983 4.17

10 59 1987 18.05 151 65 1972 6.19

11 75 1988 32.23 152 50 1979 3.60

12 51 1991 6.14 156 55 1972 1.61

20 35 1988 2.51 158 50 1972 8.79

23 50 1983 2.95* 159 60 1982 4.53

29 30 1984 2.44 168 70 1979 6.74

48 30 1970 13.56 169 69 1983 1.85

51 58 1975 3.65 174 65 1979 6.73

61 56 1983 3.37 192 35 1967 1.87

63 48 1967 7.65 198 27 1964 6.00

64 40 1967 2.98 199 35 1966 2.48

79 45 1979 5.52 300 44 1979 3.53

83 40 1972 2.96 301 65 1965 2.72

86 44 1979 2.05 306 49 1976 3.05

88 24 1967 9.25 312 25 1966 2.13

89 80 1970 12.95 313 66 1967 6.02

90 70 1966 8.56 314 70 1966 15.66

92 56 1979 5.81 315 26 1972 3.08

95 47 1963 1.91 317 60 1983 4.95

99 40 1965 4.37 319 49 1967 11.56

101 48 1969 1.22 320 37 1966 4.36*

104 26 1966 1.69 321 43 1967 5.76

113 20 1979 2.18* 325 72 1979 2.99

115 70 1979 2.02 326 73 1980 32.13

121 40 1965 3.83 329 70 1983 3.93

123 59 1964 3.69 333 28 1965 6.46

125 70 1973 2.25 334 60 1982 2.38*

131 34 1970 4.03 335 18 1982 2.22

*Denotes averaged Pb concentration between right and left femora.
doi:10.1371/journal.pone.0058146.t003
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13 mL polyethylene tubes. 1 mL of concentrated, sub-boiled

HNO3 (69%) was added to each tube and left at room temperature

for 72 hours. After initial digestion, 9 mL MilliQH was added to

each tube and samples were left to digest at room temperature

(approx. 20uC) for a further 72 hours. To facilitate ICP-MS

analysis, all samples were diluted to approximately 100 mg?g21

calcium concentration with 3% sub-boiled HNO3.

Sample Analysis
Samples were analyzed by ICP-MS (Thermo Scientific XSeries

2) calibrated with synthetic mixed element standards made from

single element ICP-MS standards (Inorganic Ventures). All

samples and standards contained 20 ng?g21 Be and 5 ng?g21 In

and Re as internal standards. The elements were analyzed in one

of two instrument modes depending on signal size and suscepti-

bility to interferences. These were standard mode and CCT mode

with 2 mL/min. of a mixed He/H2 gas added to reduce

interferences. Ten reagent blanks of 3% HNO3 were analyzed

and Pb concentration in all blanks was below the limit of detection.

Detection limit for Pb is 0.0004 mg/L21. Method validation was

established by the inclusion of ten, 0.1 g samples of NIST SRM

1486 Bone Meal and Pb concentration is reported in Table 1.

Mean Pb recovery rate in CRM was 90%. Sample duplicate

precision was measured at 0.82 (SD = 0.32).

Statistical Methods
Kolmogorov-Smirnov tests confirmed that bone Pb concentra-

tion was not normally distributed for either black males,

D(74) = 0.255, p,0.001 or white males D(29) = 0.277, p = 0.001.

Pb concentration data was log transformed and was found to be

normally distributed with D(74) = 0.084, p.0.05 and

D(29) = 0.133, p.0.05, in black and white males respectively.

Independent t-tests, ANCOVA and multiple regression were

performed on log-transformed data. All Pb concentrations

reported are back-transformed values.

Results

Median bone Pb by race and age group are presented in

Table 2. There was a high degree of variability within the subject

population as a whole. Of 72 black males, the median Pb

concentration is 3.80 mg?g21. For the 29 white males median Pb

concentration is 10.04 mg?g21. Results of Pb concentration for

black males are presented in Table 3 and white males in Table 4.

In some cases, samples from both right and left femora were taken

from the same individual, in these cases Pb concentration in both

femora within a single individual was averaged and is indicated by

an asterisk.

White males show significantly higher bone Pb concentration

than black males (Fig. 1). An independent t-test confirmed that the

difference in means is significant, t (100) = 5.5, p,0.001. Among

all samples, the highest individual concentrations occur in white

Table 4. Total bone lead concentration in mg?g21 dry weight in femora of white males.

Specimen Age Death Pb Specimen Age Death Pb

(years) (year) mg?g21 (years) (year) mg?g21

17 67 1983 15.18 124 83 1993 7.59

39 62 1980 9.70 126 56 1982 8.30

59 84 1998 7.45 178 47 1977 7.53

60 71 1977 24.18 183 62 1983 12.70*

74 72 1998 3.40 185 68 1975 2.95

78 52 1983 6.38 190 66 1997 3.91

82 95 1982 64.09 191 74 1972 1.55

84 82 1997 7.88* 195 60 1973 2.78*

85 50 1976 13.26 295 44 1977 12.30

93 56 1979 9.34* 298 67 1976 37.00

94 42 1977 10.04 305 68 1964 18.44*

105 43 1964 26.54 322 69 1984 15.69

116 59 1982 10.85 324 57 1976 27.58

119 56 1982 12.15* 332 48 1973 7.82

120 91 1979 34.04

*Denotes averaged Pb concentration between right and left femora.
doi:10.1371/journal.pone.0058146.t004

Figure 1. Boxplot of median bone Pb concentrations (in
mg?g21) in black and white males. White males show significantly
higher bone Pb concentration than black males. Horizontal line = -
median, boxes = 2nd and 3rd quartiles, error bars = range.
doi:10.1371/journal.pone.0058146.g001
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males – samples 82 (64.09 mg?g21) and 60 (24.8 mg?g21). Among

black males, the highest concentrations occur in samples 11

(32.23 mg?g21) and 10 (18.05 mg?g21).

There were significant difference in bone Pb concentrations

between the 12 black males from the Dart Collection, and black

males in the Pretoria Collection, t (71) = 2.23, p,0.05. Median

bone Pb from males in the Dart collection is 6.14 mg?g21 and

3.36 mg?g21 in males from the Pretoria Collection. However this

result must be accepted with caution, as there are only 12 samples

from the Dart collection and there is considerable overlap in the

admitting hospitals between the two collections, indicating that the

individual remains in the two collections did not come from two

distinct populations.

It is possible that some of the apparent differences in bone lead

concentrations between black and white origin males could be

attributed to age, as the white individuals are on average older

than the black individuals (Table 2). Analysis of Covariance

(ANCOVA) demonstrates that the covariate, age affects bone Pb

concentration, F (1, 99) = 6.66, p,0.05, though the effect size is

small, r = 0.06. After controlling for the effect of age, the effect of

ancestry on bone Pb concentration remains significant, F (1,

99) = 19.20, p,0.001, though the effect size is relatively small,

r = 0.145.

When multiple regression was used to test the relationship

between age and ancestry, a significant linear trend between age,

ancestry and bone Pb concentration is apparent. Both age and

ancestry explain 28.4% of the variance in bone Pb concentration

(R2 = .284, F(1, 102) = 19.82, p,.001). Both age and ancestry

significantly predicts bone Pb (b= .235, p,.001 and b= .395,

p..001).

Discussion

Demographic Trends and Lead Exposure
The results of this study are particularly informative, in that they

do not correspond to world-wide trends in human lead exposure.

In general, and especially in developing countries, the poorest and

most disadvantaged sectors within the population tend to

encounter greater exposure to lead [23–25]. These groups also

tend to yield the highest body concentrations of lead (bone or

blood) [26,27]. This is the case in present day South Africa. von

Schirnding et al. [10] have reported blood lead levels among

children residing in Cape Town, with children from lower income

households having the highest levels. Mathee et al. [28] reported

that high blood lead levels were associated with lower socioeco-

nomic status in a study of children in Johannesburg. Other

researchers have reported similar findings [2,3].

The higher bone lead levels of white individuals reported in this

study are interesting and may be the result of a variety of factors.

The finding is counter to results of lead studies conducted in the

United States. Research from the National Health and Nutrition

Examination Surveys (NHANES) have consistently reported

higher blood and bone lead concentrations in African American

individuals regardless of age or sex [29,30]. Data from the US

Veterans’ Association Normative Aging Survey have also shown

that white males tend to have lower bone and blood lead than

African American males [31]. Similar results were found in the

Baltimore Memory Study, in which authors reported significantly

higher cortical bone lead in African American versus white males

[32]. These patterns have persisted in the United States, even as

overall lead exposure rates have fallen [33]. Most notably, Hu

et al. [31] report a median bone lead concentration of 20 mg?g21

in community exposed males living in Boston. This is higher than

the median concentrations values found in South African males in

this study. Hu et al. also report higher bone lead concentration in

black males, and a significant increase in bone lead in males who

did not complete high school versus those who completed graduate

or professional school. The latter indicates a strong socioeconomic

relationship with lead exposure.

With regards to our study, apartheid-mandated urban residen-

tial patterns, with white residents living closer to urban core and

major roadways (with subsequent exposure to lead from petrol),

may be the significant factors. Recent studies have reported

greater atmospheric lead concentration in central business areas in

Pretoria and Johannesburg, which during Apartheid were

primarily white areas [34–37]. von Schirnding et al. found that

atmospheric lead levels in the Cape Town city center were 2.5

times greater than in suburban areas [38]. The presence of lead

paint in residential buildings and the possibility that homes built in

the early 20th century and before may be plumbed with lead pipes

is another, though the latter appears to be rare [39–42].

Investigation into the source of lead in bone by analysis of lead

isotopic ratios is currently underway, which may shed light on this

phenomenon.

Bone Lead and Age
This research confirms, though weakly, the previously reported

association between age and bone lead concentration [43–45]. It

has been estimated that 90% of the lead that is stored in the

human body is stored in bone tissue [7,46,47]. This has the effect

of sequestering lead from other tissues and organs where it may

cause toxicity. However as individuals age and bone is resorbed,

lead is released from bone tissue. The correlation between age and

bone lead is well established and given the likelihood that bone

acts as an endogenous source of lead within the body, releasing

lead into the bloodstream as bone is resorbed and remodeled, it is

clear that high lead levels in old age may have a significant impact

on individual health [17].

Bone Lead and Public Health
With regards to toxicity, it has been previously reported that

bone lead levels as low as 5 mg?g21 have been associated with

clinical symptoms of toxicity such as hypertension [48–52]. In this

study, 38% of black individuals and 86% of white individuals had

bone lead levels above this threshold. Overall, however, the bone

lead concentration in males in this study population is relatively

moderate. Baranowska et al. [53] reported bone lead levels

between 100 and 200 mg?g21 in an industrial district in Poland.

Nevertheless, in the past decade it has become increasingly clear

that chronic low-level exposure to lead is a substantial threat to

individual and public health [54].

Reported health effects of chronic lead exposure include renal

disease, diminished IQ and developmental delay (in children),

and impaired cognitive function in adults [55–64]. Most

recently, the drop in violent crime rates in urban areas in the

United States has been attributed to the fall in lead pollution

following the banning of lead in petrol [56,65,66]. Many of

these pathologies are evident even at the subclinical level and at

relatively low levels of exposure. Norman et al. [51] report that

in South Africa in 2000, nearly 1,500 deaths could be attributed

directly to lead exposure. Other studies have found that low-

level lead exposure in men leads to diminished cognitive

function on the order of five years accelerated mental aging

[67]. From the results of this study, it is likely the negative

effects of lead on public health have been acting on the

population for some time. In addition, the data above suggest

that persistent lower-level exposure to lead may be the norm in

South Africa (even after the cessation of the use of lead in
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petrol). This low but chronic level of exposure may be

particularly pernicious, as subclinical or sub-acute symptoms

are often overlooked in marginalised populations due, in part, to

differential access to medical care and lifestyle [68–70].

Potentially then, despite lower lead exposure overall, black

males may be more susceptible to unfavourable health effects.

It is critical to acknowledge that, though black individuals

may show lower bone lead concentrations, the burden of disease

resulting from lead may be higher in this demographic group.

Numerous studies have demonstrated that individuals who may

be physically or nutritionally stressed are also likely to suffer

from the effects of lead toxicity at lower exposure levels than

healthier individuals [71–73]. Within these populations lead

exposure may also be associated with other illnesses such as

asthma and iron deficiency anemia, both of which are prevalent

in low income households in South Africa [74–78].

In summary, bone lead analysis of apartheid-era skeletal

remains has yielded unexpected results. White males show

significantly higher bone lead concentration than black males.

This difference could be attributed to use of exposure to leaded

petrol and exacerbated by residential patterns in urban areas in

which white individuals resided closer to the congested urban

core.
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