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Abstract Soil Pb concentrations at urban agriculture

sites (UAS) commonly exceed recommended safe

levels. There is a lack of evidence regarding uptake of

Pb by gardeners using such sites for food crops. Our

study aimed to elucidate whether gardening in soil

with raised Pb levels results in Pb body burdens of

concern to health, and to assess confounding factors

influencing Pb body burden. Our cross-sectional case

study measured Pb in saliva and blood of UAS

gardeners (n = 43), soil and produce samples from

their UAS, and home tap water. Blood and saliva Pb

concentrations were compared with those from non-

UAS gardener controls (n = 29). A health risk thresh-

old of 5 lg dL-1 blood Pb level (BLL) was selected in

keeping with international guidance. Detailed surveys

investigated individuals’ anthropometrics and poten-

tial Pb exposures from diet, and historic and everyday

activities. Saliva was not found to be a suit-

able biomarker of adult Pb exposure in this context.

Predictors of higher BLLs were being older, being

male and eating more root vegetables and shrub fruit.

Eating more green vegetables predicted a lower BLL,

suggesting a protective effect against Pb uptake. UAS

gardeners’ BLLs (geometric mean 1.53; range

0.6–4.1 lg dL-1) were not significantly higher

(p = 0.39) than the control group (geometric mean

1.43; range 0.7–2.9 lg dL-1). All BLLs were belowSupplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10653-021-01095-7.
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5 lg dL-1 except one resulting from occupational

exposure. Having paired the UAS gardeners with

closely matched controls, we found Pb in UAS soils

(with range 62–1300 mg kg-1from common urban

sources) unlikely to pose an additional risk to adult

health compared to their neighbours who did not

access UAS. As such, other Pb sources may be the

dominant factor controlling BLL.

Keywords Human biomonitoring � Blood lead �
Saliva lead �Urban agriculture � Exposure assessment �
Allotments

Introduction

Urban soils often contain Pb concentrations exceeding

recommended safe levels and significantly above the

local regional background concentrations (BGS, 2012;

Datko-Williams et al., 2014). Observations of raised

urban soil Pb are reported globally in inner city areas

with older housing and heavily trafficked roads

(Filippelli & Laidlaw, 2010; Mielke et al., 2016;

Resongles et al., 2021; Taylor et al., 2021;Wang et al.,

2006). Soil Pb analyses on urban agriculture sites

(UAS), known as allotments in the UK, frequently

report samples exceeding health-based guidance val-

ues for Pb (Clark et al., 2008; Latimer et al., 2016;

Mitchell et al., 2014; Pless Mulloli et al., 2004;

Rouillon et al., 2017). Contamination can arise from

many different sources including previous site use,

such as industry or landfill, legacy Pb from gasoline

emissions from vehicles or other fossil fuel burning,

Pb-based paint particles, bonfires, runoff from metal

surfaces, application of ash as a soil improver,

pesticides, from hobbies and related artefacts (i.e. Pb

solder) and natural geology (Alloway, 2004; Meharg,

2016). Regardless of the original source, soils act as a

sink for diffuse urban Pb pollution, and exposure to

soil and soil-derived dust is a potential exposure

pathway for humans in the urban environment (Filip-

pelli & Laidlaw, 2010). Contaminated UAS are

increasingly of concern for local regulatory authorities

with tensions between protecting public health from

exposure to contaminated land and food, and support-

ing UAS gardening as a health promoting activity

(Alaimo et al., 2008; Leake et al., 2009; Litt et al.,

2011; Van Den Berg & Custers, 2011) that also

provides low carbon footprint food, community

development, and learning opportunities (Armstrong,

2000; Wakefield et al., 2007).

We have long been aware of the health conse-

quences of Pb exposure (ATSDR, 2007; PHE, 2014).

In recent years, there has been an improved under-

standing about the toxicological effects of Pb, espe-

cially those at lower levels of environmental exposure

(Lanphear et al., 2005; NTP, 2012) and health

exposure limits have been revised downwards. In the

early 2000s, the generally accepted threshold level for

Pb in blood was 10 lg dL-1 (CDC, 2019; DEFRA/

EA, 2002; DEFRA, 2014a; WHO/JEFCA, 2011). In

2012, the US Centers for Disease Prevention and

Control (CDC) lowered the public health action level

for Pb in children’s blood to 5 lg dL-1 (CDC, 2019).

The same adopted threshold is also used in Australia

(NHMRC, 2016) and Canada (Buka & Hervouet-

Zeiber, 2019). Whilst young children are most at risk

from the neurological and developmental effects of Pb

uptake, pregnant and lactating mothers are also of

particular concern as Pb stored in bone can be

mobilised during pregnancy (Gomaa et al., 2002;

NTP, 2012; Téllez-Rojo et al., 2004). An increasing

body of evidence suggests that even low levels of

environmental Pb exposure contribute to reproductive

effects (NTP, 2012), hypertension (Navas-Acien et al.,

2007; Vupputuri et al., 2003), cardiovascular disease

(Lanphear et al., 2018), chronic kidney disease (Ekong

et al., 2006; Navas-Acien et al., 2007) and even

spontaneous abortion in females (Gidlow, 2015).

Newcastle upon Tyne (population 280,200) is the

regional capital of NE England (population 2,600,000)

(ONS, 2016) with a history of coal mining and heavy

industries, including the Pb industry. Newcastle City

Council previously reported the findings of investiga-

tions and risk assessments for 28 UAS from across the

city that had been identified as having raised contam-

inant concentrations (Bramwell & Pless-Mulloli,

2008). In an earlier study with[ 400 UAS soil

samples, Pb was repeatedly found to be elevated:

median of 545 mg kg-1; 95th percentile of

684 mg kg-1 (Pless-Mulloli et al., 2001). Several

sources of Pb were proposed to explain the elevated

soil Pb concentrations: (1) Pb in coal fire ash,

historically brought onto sites from homes used as a

soil amendment to break up heavy clay soils to aid

plant growth; (2) old wooden window frames and

doors with peeling Pb paint brought onto site to make
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cold frames and greenhouses; (3) bonfire ash from

the old wooden window frames used as a soil amend-

ment; (4) deposition from vehicle exhausts; and (5)

deposition from domestic fires. Based on available

toxicological guidance at the time, local authority

regulators decided that, on balance, gardening activ-

ities and consumption of vegetables from these sites

was a greater benefit than risk to health. However, in

common with the reductions seen in many countries

worldwide for the ‘low level of toxicological concern’

(LLTC) for blood Pb, a modelled LLTC of 3.5 lg
dL-1 was adopted for the development of UK soil

screening guidance (C4SL), meaning that many of

these UAS sites now had Pb soil concentrations ten

times higher than the new soil screening guideline

value of 80 mg kg-1 (DEFRA, 2014b). Detailed

quantitative risk assessments were undertaken for the

UAS, including crop Pb analysis, and produce con-

sumption rates (Entwistle et al., 2019); however,

considerable uncertainty remains in the exposure

modelling for UAS.

Blood lead levels (BLLs) are widely used as a

reliable biomarker of inorganic Pb exposure (Barbosa

et al., 2005), representing both recent absorption of Pb

and removal of Pb stored in the bone of the body (Falq

et al., 2011). Pb half-life in blood is reported to be

35 days (Rabinowitz et al., 1976; Rust et al., 1999).

Zinc protoporphyrin (ZPP), commonly measured in

tandem to BLL, represents Pb exposure over a longer

period, typically 8–12 weeks depending on whether

the exposure is at a steady-state exposure (Martin

et al., 2004). Direct analysis of UAS gardeners and

non-UAS gardeners BLL and ZPP can thus provide

quantitative evidence of Pb exposure to corroborate

and/or inform risk assessments and give confidence to

the regulators who must decide if sites are suitable for

use as UAS. For several pragmatic reasons and ethical

considerations, our study focussed on adult UAS

gardeners and their non-gardening adult neighbours

from the same community (as controls). Blood

sampling is typically invasive, with venous sampling

(requiring trained professionals) typically the pre-

ferred method over finger-prick sampling where

greater environmental contamination is potentially

encountered (CDC, 1997). As such, alternative

biomonitoring matrices are desirable.

Several studies have explored saliva as an alterna-

tive matrix for the biological monitoring of Pb

(Barbosa et al., 2006; Costa de Almeida et al., 2009;

Koh et al., 2003.; Nriagu et al., 2006; Staff et al.,

2014). The use of saliva would have several potential

advantages. Its collection is non-invasive, and there-

fore there are no concerns over discomfort to partic-

ipants; collection is straightforward and cheap to carry

out; sample storage and transport arrangements are

less complex than those for blood; and in addition, the

ethical approval for sampling is more easily obtained

(Nriagu et al., 2006). It is thought that the Pb content of

saliva may be related to the unbound fraction in the

plasma (Nriagu et al., 2006), and as the plasma

composition closely reflects that of the extracellular

fluid, measuring salivary Pb may therefore indicate the

level of exposure to which most bodily cells are

subjected (Costa de Almeida et al., 2009).

Specific objectives of this study, the Newcastle

Allotment Biomonitoring Study (NABS), were to (1)

measure and compare Pb and ZPP in blood of UAS

gardeners and their non-UAS gardening neighbours

(the controls), (2) measure Pb levels in saliva to

investigate its potential as an alternative biomonitor-

ing matrix to blood, and (3) identify predictors of

participant BLLs by comparing blood and saliva Pb

concentrations with matched allotment soil concen-

trations, participants diets and participant characteris-

tics and behaviours, whilst adjusting for confounders.

Materials and methods

A study steering group made up of local and national

experts in Pb exposure, exposure modelling, UAS

gardening and biomonitoring was convened to inform

study design and analysis. We recruited healthy adult

volunteers from three UAS in Newcastle upon Tyne.

The UAS were selected for their typically raised soil

Pb concentrations and practical aspects around blood

and saliva sample collection. Participant recruitment

took place from July to September 2015 by visiting

sites during their open days and allotment shows.

Where possible, participant UAS gardeners recruited a

neighbour or friend of the same sex and similar age,

though not one who visited their UAS or with whom

they shared their UAS produce, to act as their control.

The control group for this study were selected to

represent all Pb exposure in common with the UAS

gardeners except those specifically relating to the

UAS. They neither visited the UAS nor ate produce

grown on them; however, 69% of the control group
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either did some ad hoc gardening themselves or lived

with someone who did some. This took place either in

their home garden, back yard or at the home of a

family member, but not at a designated UAS. A

control group selected from a more remote group may

not reflect other shared everyday exposures. Persons

requiring a regular blood Pb test for their occupation

were excluded from the study. All samples were

collected during September and October 2015 towards

the end of the growing season when UAS gardeners

BLL could be anticipated to be at their highest.

Information on potentially confounding participant

characteristics and behaviours was collected by ques-

tionnaire, along with additional matched environmen-

tal samples.

Human biological samples

Blood samples (5 ml) were collected in K2EDTA

vacutainers (purple top), by nurses at the UAS sites

using venal puncture kit. Two saliva samples were also

collected, using the Verisal collection device with the

travel cover (Oasis Diagnostics, Vancouver, USA).

One was collected before the blood sample, and the

other after the blood sample. Participants held an

absorbent sample collection paddle in their mouths

until the saliva level indicator was reached. The

samples were sent to the Health and Safety Execu-

tive’s (HSE’s) Laboratory, Buxton, UK, for analysis.

Samples were stored in the refrigerator at 5 �C until

analysis was undertaken. Blood samples were mixed

at room temperature before analysis using standard

operating procedures at HSE’s laboratory (a UKAS-

accredited laboratory for this method). In brief, the

samples were diluted 1 in 50 in an alkaline diluent (1%

v/v ammonia, 0.1% m/v EDTA, 0.1% v/v Triton

X100) and platinum was used as an internal standard.

Sample analysis was performed by ICP-MS (Thermo

Series 2 ICP-MS, Hemel Hempstead, UK). Certified

reference materials (Levels 1 and 3 Trace Element in

Blood (lot numbers 36773 and 36771) Bio-Rad

Lyphocheck, Bio-Rad Laboratories) were analysed

within the analysis. All blood samples analysed

showed a replicate relative standard deviation of less

than 2%. In addition to blood Pb concentrations, other

known biomarkers for Pb exposure were determined

(as routinely undertaken), i.e. ZPP and haemoglobin.

These results are not reported here but available on

request from the corresponding author. The analysis

was undertaken in a UKAS-accredited laboratory. All

certified reference and quality control materials used

for all assays were within the certified reference

material ranges.

To recover the saliva from the Oasis devices, the

saliva paddle was inserted into an end device cap to

facilitate the liquid extraction and plunged. The liquid

squeezed from the paddle was then collected in an

Eppendorf tube and frozen until analysed. However,

for 71 of the 134 samples no liquid was collected when

the paddle was pushed in the end device. For these

samples, the swab paddle was extracted from the Oasis

device with nylon tweezers, placed into a sample tube

and centrifuged for 10 min at 4000 rpm. The spun

liquid was retained in the bottom half of the device and

capped and the rest discarded. Four samples had no

liquid present using either method. Before analysis,

the saliva samples were acid-digested (1:1 saliva/con-

centrated nitric acid at 100 �C for 1 h) and the cooled

samples were then diluted with water and acid diluent

(final dilution 1 in 25) and analysed by ICP-MS

(Thermo Series 2 ICP-MS, Hemel Hempstead, UK)

(Staff et al., 2014). The limit of quantification (LOQ)

was 0.1 lg L-1; no samples were below this LOQ.

The sampling device had variable residual Pb (blank

devices contained 1.1 ± 0.6 lg L-1 of Pb). The

spiked recoveries of blank saliva with known Pb

concentrations added were taken through the method

and were found to be 105 ± 21.1% at 2 lg L-1 and

102 ± 11.8% at 20 lg L-1 concentrations.

Environmental samples

First draw tap water of the day (1 L) was collected in a

HDPE bottle by study participants. The home tap

water samples were collected in HDPE bottles and

sent to Northumbrian Water Ltd., Howdon, UK, for

analysis. Samples were acidified to 1% by the addition

of 30 ml of 5 M Nitric Acid, placed in an oven at

80 ± 5 �C overnight and then stored at room temper-

ature. Analysis for total Pb was undertaken using an

in-house method HY-267; based on the ‘Blue Book’

method for Pb in potable water (Standing Committee

of Analysts, 1976), but using inductively coupled

plasma mass spectrometry. The laboratory is UKAS-

accredited, and quality control is maintained by

participation in Leap and Aquacheck proficiency

schemes. The limit of detection for this method was

0.033 lg L-1. Methods and findings from the
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measurement of UAS soil Pb have been reported

previously (Entwistle et al. 2019). In brief, researchers

collected soil samples from around the roots of the

crops (0–30 cm), as Pb uptake by crops was being

investigated. Soil samples were analysed for their

pseudo-total Pb concentration by Derwentside Envi-

ronmental Testing Services (DETS), laboratories UK,

using aqua regia digestion and analysis by ICP-OES.

Questionnaires

All participants provided information on personal

characteristics, including age, sex, smoking, alcohol

consumption, occupations and hobbies that may

involve some exposure to Pb, age of their home (as a

proxy for the presence of lead paint in the home),

whether they had Pb pipes for tap water, domestic

cleaning habits and whether they kept cats or dogs as

pets. Information on food preparation habits such as

washing and peeling was collected. UAS gardener

participants also provided information on frequency

and duration of UAS visits, and habits like hand

washing before eating on site, and washing and

peeling of allotment produce. The food frequency

questionnaire (FFQ) used was the IARC EPIC FFQ

questionnaire (IARC, 1999) adapted to assess only

fruit and vegetable consumption and to include the

proportion of these that had been grown on UAS.

Participants completed the questionnaires on paper,

and information was uploaded into a Qualtrics survey

database (Qualtrics, Provo, UT). The questionnaire is

available on request from the corresponding author.

The participant questionnaire, blood Pb, tap water and

soil data were merged into one dataset for the analysis.

Fruit and vegetable consumption rates were calculated

as g food weight per kg body weight per day using

average male (83.6 kg) and female (70.2 kg) UK body

weights from the UK Office for National Statistics

(BBC, 2010). Average adult portion sizes were

obtained from various sources (MAFF 1993, NHS

2018), and average crop weight consumed per week

(g) was calculated. The average portion size was

multiplied by reported daily portion consumption for

individual foods to give a median weight consumed

per day for each crop type. These weights were

summed per crop group to produce median daily

consumption rates for each group. These consumption

rates were divided by average UK body weights to

give the g food weight consumed per kg body weight

per day. The crops were summed according to crop

groups set out in the Contaminated Land Exposure

Assessment (CLEA) model (EA, 2009), the model

used by UK regulatory bodies. Examples of the crops

in each group are tuber: potatoes; root vegetables:

carrots, onions, beetroot and rhubarb; green vegeta-

bles: cauliflower, lettuce, beans and asparagus; herba-

ceous fruit: strawberries, tomatoes, sweetcorn and

courgettes; shrub fruit: raspberries, gooseberries and

blueberries; and tree fruit: apples, cherries and grapes.

The fraction eaten that was home-grown (HG) for each

crop group was then estimated. The median weight

consumed per day for each crop type for each

participant was multiplied by the fraction reported

by the participant as home-grown. The median UK

adult portion sizes used for each crop are presented in

Entwistle et al. (2019) along with the P75 portion size

for reference and the source of the value. Several

questionnaires were incomplete, missing only a single

answer. Four saliva samples from three participants

did not provide sufficient saliva sample for analysis,

and three different participants did not provide suffi-

cient blood sample for analysis. Where the number of

data points missing from a variable was\ 5%,

multiple imputation was used to impute the missing

data so as not to lose the participant’s data. An 8.45%

missing proportion of alcohol units consumed was

accepted, and multiple imputation was used as this

was a variable of interest.

Data analysis

Summary statistics and charts describing the demo-

graphics and characteristics of the participants and the

environmental Pb concentrations were prepared. Geo-

metric means and loge-transformed values were used

when analysing saliva and blood Pb because the data

were log-normally distributed. A Mann–Whitney test

was used to compare BLL in UAS gardeners and

controls, whilst the Kruskal–Wallis test was used to

compare soil Pb levels between sites. Amultiple linear

regression model was developed in order to determine

the predictors of loge blood Pb concentration. Expo-

sure effects were expressed as linear regression

coefficients with p values and 95% confidence inter-

vals. All statistical analyses were conducted using R

version 3.4.1. Missing data were assumed to be

missing at random and handled by multiple imputation

method. Stepwise method was used for model
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selection. Predictors for BLL were initially deter-

mined separately for the UAS gardener and control

groups to ensure that all significant variables for both

groups were included in the final model. The regres-

sion model for the UAS gardeners included non-

gardening- as well as gardening-related variables

(potential BLL predictors) to determine UAS gardener

variables (behaviours) significant for predicting BLL.

The control model included only non-gardening

variables.

Results

We recruited 72 participants, 43 UAS gardeners from

the three selected UAS and 29 controls. 60% of both

UAS gardeners and controls were female. The major-

ity of UAS gardeners were aged 41–59 years (60%),

33% were C 60 years old, and 7% were B 40 years

old. The control group had a more even distribution of

ages, 36%, 39% and 25% for the same age groups,

respectively. Additional participant demographics are

presented in Table 1.

Human biological data

The control group’s BLL range was 0.7–2.9 lg dL-1

with geometric mean 1.43 lg dL-1. The UAS gar-

deners’ BLLs ranged from 0.6 to 11.4 lg dL-1. An

UAS gardener with a BLL of 11.4 lg dL-1 was

removed from the data analyses as follow-up indicated

that the raised level was linked to renovating leaded

windows in the week prior to testing. The individual’s

ZPP level was not elevated (at 2.5 lg g-1 Hb) and

supported the self-reported claim of the exposure

being an isolated recent occurrence. When this result

was removed from the data set, the UAS gardeners’

BLL range was 0.6–4.1 lg dL-1 and the geometric

mean was 1.53 lg dL-1 (see Table 1 and Fig. 1).

There was no statistically significant difference

between the BLL of the UAS gardeners and those of

the non-gardening control group (p = 0.391). The

range of saliva Pb concentrations (mean of the two

saliva samples collected) was 1.1 to 4.5 lg L-1 with

geometric mean 2.4 lg dL-1 for the control group,

and the range was 1.3 to 7.9 lg L-1 with geometric

mean 3.12 lg L-1 for the UAS gardeners. The

difference in concentration between the first and

second saliva samples ranged from 0.005 to 6.2 lg

L-1 (24% to 376%) with median 1.2 lg L-1 (99%)

(Supplementary Information, Table SI1).

Environmental data

Nearly 280 soil samples were collected from 31 UAS

garden plots. Soil Pb concentrations for the three UAS

had a geometric mean of 327 mg kg-1 and a 95th

percentile of 680 mg kg-1. A summary of soil Pb

concentrations is presented in Fig. 2. Variability of

soil Pb concentrations between the three UAS was not

significant (p = 0.234); however, it was significant

between individual gardens at the same site, poten-

tially demonstrating the effect of different gardening

practices both current and historic on Pb concentra-

tions. Investigation of the drivers of this intra-site

variability is beyond the scope of this current paper

and as such is not considered further here. Home tap

water Pb concentrations ranged from 0.06 to 12.0 lg
L-1 (geometric mean 0.43 lg L-1). Where partici-

pants thought they had Pb pipes for domestic water

(17% of participants), the geometric mean Pb con-

centration was 3.49 lg L-1. 55% of participants did

not know whether they had Pb pipes in their home, and

the geometric mean for their domestic tap water Pb

was 0.24 lg L-1. 28% reported that they did not have

Pb pipes or solder in their home, and their home tap

water Pb concentrations had geometric mean 0.23 lg
L-1. The highest measured Pb concentration in tap

water (12.0 lg L-1, not flushed) was for a home where

occupants were aware of their Pb pipes and flushed out

standing water prior to the use of tap water for drinking

or cooking. A summary of domestic tap water Pb

concentrations is presented in Table 2, and the full data

set is available as Supplementary Information

Table SI2.

Questionnaire data

Of all the participants, 29% reported some form of

occupational or hobby exposure to Pb (Table 1). The

most frequently reported exposures were from resi-

dential remodelling and construction (DIY) (n = 11)

and fishing (n = 6). Other potential exposures were

pottery making (n = 2), auto repair (n = 2), stained

glass work (n = 2), furniture renovation (n = 1) and

silversmithing (n = 1). People who grow their own

fruit and vegetables are reported to be amongst the

highest consumers of these crops (CL:AIRE, 2014).
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Geometric mean fruit and vegetable consumption

rates for UAS gardeners and their non-gardening

control neighbours are presented next to national UK

data in Table 3. Although our UAS gardeners do

appear to eat more fruit and vegetables than the control

cohort, the differences were not statistically significant

Table 1 Counts, percentage of participants, blood lead concentration ranges and geometric means for selected participant demo-

graphics and characteristics

Participant/other characteristics Gardeners Controls All Blood lead (lg dL-1)

[ZPP (lg g-1 Hb)]

N % N % N % Range Geometric

mean

Blood Pb level (lg dL-1) All participants – – – – 70 100 0.6–4.1 1.49

Gardeners 42 60 – – – – 0.6 – 4.1 1.53

Controls – – 28 40 – – 0.7 – 2.9 1.43

ZPP level (lg g-1 Hb) All participants – – – – 69 100 [2.0 –

8.4]

[3.29]

Gardeners 41 60 – – – – [2.0 –

5.2]

[3.20]

Controls – – 27 40 – – [2.5 –

8.4]

[3.44]

Age (years) \ 40 3 7 7 25 10 14 0.6–1.8 0.88

40–59 25 60 10 36 35 50 0.6–3.7 1.66

60 ? 14 33 11 39 25 36 0.7–4.1 1.57

Gender Female 26 62 17 61 43 61 0.6–3.7 1.48

Male 16 38 11 39 27 39 0.7–4.1 1.51

Smoking Never 24 57 15 54 39 56 0.6–2.9 1.44

Former 16 38 12 43 28 40 0.7–4.1 1.52

Current 2 5 1 4 3 4 1–2.7 1.89

Pb concentration in domestic tap

water

Tertile 1 (0.01–0.10 lg L-1) 16 38 7 25 23 33 0.6–2.9 1.54

Tertile 2 (0.11–0.50 lg L-1) 11 26 12 43 23 33 0.7–3.7 1.48

Tertile 3 (0.63 – 12.0 lg L-1) 15 36 9 32 21 34 0.6–4.1 1.60

Average (mean) units of alcohol

consumed per week

1–2 14 37 9 35 23 35 0.6–2.9 1.37

3–4 15 39 9 35 24 37 0.6–4.1 1.42

5–8 9 24 8 31 18 28 0.8–3.7 1.74

Hand to mouth behaviours (bite

nails, etc.)

Yes 9 22 6 22 15 22 0.7–3.7 1.49

No 32 78 21 78 53 78 0.6–4.1 1.49

Education Up to O-levels/CSE/GCSE 9 21 3 11 12 17 0.6–4.1 1.45

Apprenticeship/vocational 5 12 2 7 7 10 0.7–3.1 1.57

Post-16 years and higher

degree, etc.

28 67 23 82 51 73 0.6–3.7 1.49

Employment status Working 23 55 16 57 39 56 0.6–3.7 1.42

Other 19 45 12 43 31 44 0.7–4.1 1.58

Occupational or hobby exposure to

Pb

No 30 71 20 71 50 71 0.6–4.1 1.37

Yes 12 29 8 29 20 29 0.6–3.7 1.84

Pb pipes for domestic tap water Yes 9 21 3 11 12 17 0.8–4.1 1.95

No 13 31 6 21 19 27 0.7–2.9 1.53

Don’t know 20 47 19 68 39 56 0.6–3.7 1.37

ZPP = Zinc protoporphyrin, Hb = haemoglobin

123

Environ Geochem Health (2022) 44:3493–3513 3499



(Mann–Whitney test: green vegetables p = 0.61;

herbaceous fruit p = 0.14; root vegetables p = 0.23;

shrub fruit p = 0.13; tree fruit p = 0.55; tubers

p = 0.09).

Predictors of adult blood Pb levels

Although our UAS gardener cohort had a slightly

higher geometric mean BLL (1.53 lg dL-1) than the

non-gardening cohort (1.43 lg dL-1), the difference

was found to be non-significant by the multivariate

linear regression model which included all collected

potentially confounding Pb exposure data (p = 0.391).

Categorised questionnaire responses, full sets of linear

regression coefficients with standard errors, p values

and 95% confidence intervals and excluded variables

for the whole cohort and UAS gardener and control-

only cohorts are provided in Supplementary Informa-

tion Tables SI4–SI6. BLL predictors with significance

p\ 0.05 are discussed below and summarised in

Supplementary Information Table SI7. Being older

(p = 0.004) and being male (p = 0.004) were signif-

icant predictors of higher BLL for the cohort as a

whole (including both UAS gardeners and non-UAS

gardeners) (Fig. 3). For each year of age, BLL

increased by 1.3%. We did not find home tap water

Pb concentration to be a predictor of BLL for the

whole cohort (p = 0.109). The number of years of

gardening on UAS with high soil Pb was a significant

predictor of higher BLL (p = 0.008), whereas the Pb

concentration in the soil was not (p = 0.06). Dietary

predictors of higher BLL for the whole cohort were

eating more non-home-grown root vegetables, tubers

and tree fruit. Eating more shrub fruit (either home-

grown or non-home-grown) was also a predictor of

higher BLL. Green vegetable consumption (either

home-grown or non-home-grown) was identified as a

significant predictor of lower BLL for the whole

cohort. Although we included questions to investigate

the impact on BLL of UAS gardener behaviours such

as washing hands before eating when at the UAS, and

peeling tubers and roots prior to eating, these variables

were not significant for the regression model and

excluded by stepwise model selection. The impact of

frequency and thoroughness of washing crops before

cooking or eating was also considered; however, the

results were contradictory, possibly due to an unclear

question format. Age of home residences was inves-

tigated as a potential BLL predictor (as a proxy for the

presence of Pb paint); however, the majority of

participants lived in pre-1930s homes (n = 60) with

only five in home from the 1980s or later. When

considering control participants only, additional pre-

dictors of higher BLL were participating in activities

with potential Pb exposure, having pet cats or dogs,

being a current smoker and having ‘fair’ self-reported

health rather than good or very good. The UAS

gardener group had different additional significant

predictors of higher BLL: having a UAS in an urban

rather than peri-urban location, having more years

gardening on their current UAS, making shorter visits

0
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Fig. 1 Distribution density of blood lead concentrations (lg
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to the UAS, less frequent dusting at home, drinking

more alcohol and going out to work. The UAS

gardener group demonstrated that participants who

had Pb domestic water pipes but did not flush them had

higher BLL than participants with Pb domestic water

pipes who did flush them, and those who did not have,

or did not know if they had, Pb domestic water pipes.

Eating more herbaceous fruit (either home-grown or

non-home-grown) was another predictor of lower BLL

for the UAS gardener cohort, as was eating home-

grown tree fruit (Supplementary

Information Table SI7).

Discussion

Our study found that UAS gardeners with raised Pb

concentrations in their soil (95th percentile

680 mg kg-1) did not have significantly higher BLL

than their non-gardening controls. Geometric BLL

means for the UAS gardener and control groups were

Table 2 Frequency of occurrence of Pb water pipes in the

cohort and frequency of flushing of Pb water pipes (i.e. running

the tap to flush out water that has spent time in the pipes,

potentially containing dissolved Pb, before use of water for

drinking or cooking) and resultant concentration range and

geomean of Pb in domestic tap water

Participant has domestic lead water pipes or solder % of

Participants

Tap water Pb

concentrations (lg L-1)

Minimum Maximum Geometric

mean

Don’t know 55 (n = 39) 0.014 3.8 0.24

No 28 (n = 20) 0.045 4.7 0.23

Yes 17 (n = 12) 0.5 12 3.49

Participants with domestic lead water pipes or solder and

who flush/don’t flush their pipes

Flush 8.5 (n = 6) 1.8 12 5.04

Don’t flush 8.5 (n = 6) 0.5 6.5 2.42

Table 3 Estimates of the amount of different fruit and

vegetable groups eaten by adults in the Newcastle Allotments

Biomonitoring Study (NABS) cohort, and UK wide survey

data. Crop group consumption rates (in g food weight per kg

bodyweight per day) for our UAS gardeners and controls (50th

to 75th percentile [P] data) compared with findings from the

UK National Diet and Nutrition Survey (NDNS, 2010/11; 50th

to 90th percentile data), and % home-grown proportions in the

diet of our UAS gardeners compared with data from the UK

Expenditure and Food Survey (2004/5)

Crop consumption rates (g fw kg-1 bw day-1) Home-grown proportion (%)

Crop group NABS

UAS gardeners

P50–P75

NABS

Controls

P50–P75

UK

NDNS Survey

(2010/11)

P50–P90

NABS

UAS gardeners

P50–P90

UK Expenditure and Food Survey

Allotment gardeners (2004/5) a

Green vegetables 2.5–3.7 2.0–3.0 1.26–2.36 35–69 33

Root vegetables 2.2–3.1 1.6–2.3 0.6–1.12 35–55 40

Tubers 2.4–3.3 1.7–2.3 1.18–2.35 30–100 13

Herbaceous fruit 2.5–3.7 2.0–3.1 0.69–1.29 21–73 40

Shrub fruit 0.7–1.1 0.3–0.5 0.09–0.18 54–99 60

Tree fruit 2.3–3.3 2.2–3.1 1.27–2.38 0–42 27

aas reported in EA, 2009c. Updated technical background to the CLEA model. Science Report – SC050021/SR3. ISBN: 978–1-

84,432–856-7. Environment Agency
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1.53 and 1.43 lg dL-1, respectively. The blood

samples were analysed in duplicate with three repli-

cates each time and the mean reported. Typically,

there was an RSD of 5% for the blood Pb measure-

ments for the analysis based on the certified reference

material data. The study steering group chose a health

risk threshold for Pb in blood of 5 lg dL-1 for the

study, in line with international guidance at the time,

e.g. CDC (2012) and NSW Health (2016). All

participants in our study had BLLs below the 5 lg
dL-1 health risk threshold, except one discounted as

temporary occupational exposure. The levels reported

in both the UAS gardeners and the controls are higher

than those reported for the same time period in the US

National Health and Nutrition Examination Survey

(NHANES) biomonitoring background levels study.

Since the phasing out of leaded paint and petrol since

the mid-1970s, many countries worldwide, including

the USA and Australia, have seen a significant drop in

national blood Pb levels (BLL) to well below 5 lg
dL-1. The NHANES study reported a continued

reduction in the geometric mean BLL in the adult

population from 1.75 lg dL-1 in 1999–2000 to

1.23 lg dL-1 in 2009–2010 and then 0.92 lg dL-1

in 2015–2016 (CDC, 2018). Whilst there is no

equivalent to NHANES in the UK, data from other

European national studies indicate a geometric mean

of 0.89 lg dL-1 in Germany in 2005 (Heitland &

Köster, 2006), 2.4 lg dL-1 in Spain in 2009–2010

(Cañas et al., 2014), 2.57 lg dL-1 in France in

2006–2007 (Falq et al., 2011), and 1.34 lg dL-1 in

Sweden in 2010–2011 (Bjermo et al., 2013) (see

Table 4).

To the authors’ knowledge, this is the first study to

investigate soil Pb with matched UAS gardener’s

blood and saliva Pb concentration. The Pb levels in

saliva samples were tenfold lower than the Pb in the

blood samples, and this has been observed previously

(Morton et al., 2014; Nriagu et al., 2006). We found

that the saliva data did not correlate well with the

blood Pb results; the first saliva sample showed no

significant correlation, but the second saliva sample

did show a weakly significant correlation (for 61

paired samples when Pb blood vs Pb ‘Saliva sample 2’

p = 0.0177). Duplicate saliva samples were collected

within 15 min of each other, either side of the blood

sample collection, to minimise variation between

samples. Using saliva presents some problems in the

collection and preparation of the sample: the flow and

ion content of saliva can vary significantly throughout

the day; whole saliva may contain other substances

such as food debris, bacteria and epithelial cells; and

hand-to-mouth behaviour prior to sample collection

could cause sample contamination (Barbosa et al.,

2006). There is also no widely agreed method to adjust

for how dilute/concentrated the saliva collected is

(analogous to creatinine correction for the analysis of

urine). Environmental exposures to Pb such as those in

this study are lower than those found in the occupa-

tional field, and as such Pb in a saliva sample is an

analytical challenge in terms of reproducibility of the

samples and the low levels being measured with Pb in

saliva occurring at approximately a tenth of the level

in blood. Lack of correlation with BLLs may be

attributed to variations in saliva Pb occurring as a

result of analytical quality control, as well as nutri-

tional and hormonal status of the individual; variations

in saliva ion content occurring throughout the day are

associated with varying flow rate (Barbosa et al.,

2005). It is not clear whether this variation between the

duplicate samples is as a result of the timings of the

sampling, it is possible that the first sample was a

‘washout sample’ and the second sample the ‘true

sample’ or the fact that the second sample was a

‘better’ samples with practice or whether the sample

device itself was responsible, there were also problems

with the extraction method of the liquid and the

sampling device had variable residual Pb. (Blank

devices contained 1.1 ± 0.6 lg L-1 of Pb.) It is also

likely that a correlation at such low blood Pb would be

difficult to ascertain as observed in previous studies

(Staff et al., 2014).Whilst the Pb levels were low in the
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sampling device itself, the extraction of the saliva

sample was difficult and not reproducible and requires

further refinement. It must also be considered that

there may be biological processes involved that justify

the lack of reproducibility. Whilst this warrants further

investigation and shows some positive outcomes with

sample 2 correlating better with blood Pb at

levels\ 5 lg dL-1, for this study the saliva results

were not suitable biological media for Pb testing in this

context (at such low concentrations) (Supplementary

Information, Table SI1).

BLL predictors, indicated by our preferred regres-

sion model, were a complex mix of previous Pb

exposure, anthropometrics, environment, current

activities and diet. We found that higher Pb soil

concentration in UAS was not a significant predictor

of higher BLL for UAS gardeners (p = 0.06), but

interestingly the greater number of years of UAS

gardening was (p = 0.008), even after adjustment for

UAS gardeners’ ages. Our findings suggest that UAS

gardening can be source of Pb exposure but that the

exposure is not high enough to cause a significant

difference between UAS gardeners and controls in this

study. Our reported BLLs (range 0.6–4.1 lg dL-1,

geometric mean 1.49 lg dL-1for the whole cohort)

accord well with a number of other larger similar

studies, e.g. Feinberg et al. (2018) observed a

geometric mean of 1.13 lg dL-1 for adults in New

York in 2013–2014 (n = 1201), whilst Bocca et al.

(2013) determined a geometric metric mean of

1.99 lg dL-1 in adults in Italy in 2008–2011

(n = 1423).

Lead has a long residence time in the human body

with half-lives of 5–17 years in bone (Rabinowitz,

1991) and 28–36 days in blood (Griffin et al., 1975;

Rabinowitz et al., 1976). It could be expected that

participating in activities (current or historic) with

potential Pb exposure would be a predictor of higher

BLL. However, this predictor was only significant for

the control group (p\ 0.0005; Supplementary Infor-

mation Table SI6). The ‘additional activities’ of the

UAS gardeners that might expose them to Pb was not a

significant predictor of BLL. This may be because the

Pb exposure from these other activities was not

discernible over and above the gardening-related Pb

exposure. Our finding that BLLs increased with age

(\ 40 y 0.88 lg dL-1, 40–59 y 1.66 lg dL-1 and[
60 y 1.547 lg dL-1) is in keeping with previously

reported studies of larger cohorts such as those in

Spain (n = 1880) (Cañas et al., 2014), France

(n = 2029) (Falq et al., 2011), Brazil (n = 374)

(Takeda et al., 2017) and the Czech Republic

(n = 1188) (Batáriová et al., 2006) (see Table 4).

Older people have usually had more potential expo-

sures to Pb through environmental exposure (such as

Pb in petrol), hobbies or occupational exposure (such

as fishing or renovation work in our cohort) (Vig &

Hu, 2000). Lead is accumulated in the body through-

out a lifetime and released very slowly. Its absorption

depends on nutritional status, age and health of an

individual as well as the route of exposure, particle

size and chemical form. Absorbed Pb is mineralised in

cortical and trabecular bone which have labile and

inert components. Under normal healthy conditions,

the inert bone component can store Pb for decades, but

Pb mobilisation will take place during osteoporosis,

lactation, pregnancy, menopause, hyperthyroidism,

kidney disease, bone breaks and immobilisation for

example. The smaller labile component readily trans-

fers bone and blood Pb (ATSDR, 2010; Wani et al.,

2015). For the control group only, self-reported poor

health compared with good health was associated with

higher BLL. Lead and health are intrinsically linked

by both detrimental health effects of Pb exposure and

release of Pb from bones during periods of physio-

logical stress. The therapeutic effects of UAS garden-

ing are acknowledged (Leake et al., 2009; Van Den

Berg et al., 2010; Van Den Berg & Custers, 2011;

Wakefield et al., 2007), and perhaps an indication of

why the gardening cohort self-reported better health.

Only 7% of participating UAS gardeners and 25% of

controls were aged\ 40 years. As such, most partic-

ipants will have been exposed to higher environmental

Pb levels in their lifetime, prior to the removal of Pb

from petrol. A similar study comparing UAS garden-

ers and controls born after the ban of Pb in petrol is

required to determine whether a lower baseline blood

level would mean UAS gardeners with soils with

raised Pb concentrations did then have significantly

higher BLL than controls.

Our finding that male participants had marginally

higher BLL (range 0.7–4.1, geometric mean 1.51 lg
dL-1) than females (range 0.6–3.7, geometric mean

1.48 lg dL-1) is in keeping with previous studies of

larger cohorts in Spain (Cañas et al., 2014), France

(Falq et al., 2011), Korea (Choi et al. 2017) and

Sweden (Bjermo et al., 2013) (see Table 4) that found

males to have higher BLL than females. Although, at
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first glance, the difference between male and female

geometric mean BLL appears negligible (Table 1), for

our study the linear regression model (Supplementary

Information Table SI4) found the difference to be

significant, suggesting that the confounding exposure

data collected strengthened this difference. Higher

male BLL is attributed to three main factors: (1) higher

Pb exposure in male lifestyles such as occupations,

smoking and alcohol consumption, (2) the higher bone

turner over in women during pregnancy, lactation and

menopause results in reduced BLL after these periods

and (3) Pb binds to red blood cells and men have a

higher ratio of red blood cells in whole blood (Vahter

et al., 2007). Working in employment with known Pb

exposure was an exclusion factor for participants in

the study, yet despite this we found that participants

going out to work (rather than house husbands/wives

or students) had higher BLLs (with geometric means

1.42 vs 1.37 lg dL-1, respectively). The association

between employment and higher BLL suggests poten-

tial exposure from the wider urban environment,

perhaps atmospheric Pb, increased soils track back to

the home, or exposure during travel-to/for-work

related transport. Having a UAS in an urban rather

than peri-urban location was a predictor of higher BLL

(p = 0.005), suggesting a link with either historic (e.g.

aerial deposition from Pb in petrol) or current urban

conditions. Resongles et al. (2021) reported Pb isotope

composition in particles in London air to indicate

historic leaded petrol to be a key source, the Pb being

remobilised from urban soils. The control group only

BLL predictor of keeping pet cats or dogs may relate

to the animal tracking back outdoor soil into the home

as well as track back from owners after dog walking.

Having Pb plumbing did not necessarily lead to

higher BLL if care was taken to flush out sitting water

before collecting water to drink or cook with. Those

who recorded having Pb pipes exhibited a BLL of

1.95 lg dL-1 compared to 1.53 lg dL-1 in those who

said they did not have Pb pipes. Whilst Pb pipes have

long been known as a source of Pb in domestic water

supply, this finding is somewhat surprising given UK

water companies currently add orthophosphoric acid

to water supplies to reduce dissolved Pb in water

supplies (Jackson & Ellis, 2003) in order to comply

with Water Supply (Water Quality) Regulations 2001

for England andWales of a maximum of 10 lg L-1 Pb

at consumers taps.

Higher Pb concentrations in UAS soil (95th per-

centile of 680 mg kg-1) were not a key predictor

(p\ 0.06) for higher UAS gardener BLL. We found it

was the number of years of UAS gardening and the

behaviour relating to soil exposure pathways that were

significant. We found those reporting shorter UAS

visit length to have higher BLL. Although unexpected,

this may indicate less time/considered need to change

footwear and clothing so increased track back of soil

into the home. Our findings regarding the importance

of washing produce before eating were contradictory.

Washing produce less often predicted a higher BLL

for UAS gardeners, whereas never washing was not a

significant predictor of higher BLL. Our finding that

less frequent house dusting frequency was a predictor

of higher BLL for UAS gardeners and the whole

cohort, whilst vacuuming frequency was not a BLL

predictor, may highlight the importance of smaller

more frequently airborne particles as a Pb exposure

route. Paustenbach et al. (1997) estimated that 50% of

house dust originates from outside soils. Tu et al.

(2020) found dust Pb to be more associated with track

in from yard or garden soil. Park and Paik (2002)

found a stronger correlation between BLL and

respirable Pb concentration—that with particles size

B 1 lm, than with the more commonly measured

airborne Pb concentration. Smaller particles make

their way further into the respiratory tract. Several

previous studies have previously found significant

associations between Pb levels in house dust and BLL

in children (Dixon et al., 2009; Levallois et al., 2014;

Lioy et al., 1988.). The importance of particle size and

inhalation may be the reason we found that less

frequent house dusting (usually removing smaller

particles) was a significant predictor of higher BLL for

the whole cohort.

Higher alcohol consumption was a predictor of

higher BLL for our UAS gardener only cohort

(p = 0.002) as was being a current smoker

(p = 0.05). Participants with reported average con-

sumption of 5–8 units of alcohol consumed per week

had BLL geometric mean 1.74 lg dL-1, whereas

those reporting consumption of 1–2 units per week had

BLL geometric mean 1.37 lg dL-1. Alcohol con-

sumption has previously been linked to BLL due to the

Pb present in alcoholic beverages, with Pb levels

depending on the drink consumed; wine generally

contains more Pb than beer, which in turn contains

more than spirits (Weyermann & Brenner, 1997). The
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Pb is reported to come from the use of diatomaceous

earth in drink filters used to improve clarity and

lengthen shelf life (Redan et al., 2019). A difference in

alcohol metabolism between sexes has also been

reported (Weyermann & Brenner, 1997). Weyermann

and Brenner (1997) also report a dose–response

relationship between the number of cigarettes smoked

and each day and BLL has, with increased contact with

tobacco (filterless cigarettes, pipes and cigars), indi-

cated to cause a greater BLL increase than filter-tipped

cigarettes. Nail biters and cigarette smokers have been

shown to have significantly higher BLL than their

other work colleagues; often, simple increased hand-

to-mouth contact causes such an increase (Gidlow,

2015).

We found that eating more green vegetables (either

home-grown (p = 0.21) or non-home-grown

(p = 0.001)) was significantly associated with lower

BLL for the cohort as a whole. The UK Avon

Longitudinal Study of Parents and Children

(ALSPAC) (n = 4285) also reported a positive asso-

ciation between consumption of more green vegeta-

bles and lower BLL (Taylor et al., 2019). Our UAS

gardener group also demonstrated significant associ-

ations between eating more herbaceous fruit, e.g.

courgettes and tomatoes, either home-grown

(p = 0.008) or non-home-grown (p = 0.034) and eat-

ing more home-grown tree fruit (p0.013), and lower

BLLs. The protective effects of a diet with calcium,

iron and vitamin C in reducing Pb uptake have been

previously reported (Kordas, 2017; Thayer, 2018).

Conversely, we found eating more root vegetables and

shrub fruit (home-grown shrub fruit (p = 0.048), and

non-home-grown (roots p = 0.002, shrub fruit

p = 0.010)) and non-home-grown tubers (p = 0.009)

to be associated with higher BLL for the whole cohort.

We have previously published the Pb concentrations

of fruit and vegetables collected for this study

(Entwistle et al., 2019). We found root crops to have

the highest uptake of Pb (range of means for root

vegetable species analysed was 0.005 to 0.50 mg kg-1

fresh weight (fw), median 0.023 mg kg-1 fw) fol-

lowed by shrub fruit (mean range 0.009 to

0.025 mg kg-1 fw, median 0.019 mg kg-1 fw), green

vegetables (mean range 0.009 to 0.069 mg kg-1 fw,

median 0.012 mg kg-1 fw), herbaceous fruit (mean

range 0.002 to 0.023 mg kg-1 fw, median

0.006 mg kg-1 fw), then tubers (potatoes only, mean

0.006, median 0.002 mg kg-1 fw), with tree fruit

showing the lowest uptake (apples only, mean 0.001,

median 0.001 mg kg-1 fw). Our finding that greater

root vegetable consumption was associated with

higher BLL is in keeping with evidence that root

vegetables are the crops that uptake the most Pb from

soil (Chaney et al., 2010; Entwistle et al., 2019). Non-

home-grown tree fruit was associated with higher BLL

(whole cohort, p = 0.036), whereas home-grown tree

fruit consumption was associated with lower BLL

(UAS gardeners only, p = 0.013). Historically com-

mercial orchards used lead arsenate (PbHAsO4) pes-

ticide treatments (Codling, 2011; Schooley et al.,

2008) which could potentially be taken up into crops

(Hood, 2006; McBride, 2013). Our finding that

consumption of more shrub fruit (e.g. raspberries,

blueberries) is a predictor of higher BLL no matter

whether the fruit is home-grown or not is also in

keeping with our finding that shrub fruit demonstrated

the second highest Pb concentrations of the UAS food

groups tested. Some UAS and commercial shrub fruit,

e.g. raspberries, may not be washed prior to sale or

eating, and so it is feasible that atmospheric or

windblown soil particles remain attached to the fruit

and consumed by those eating them. Other consider-

ations could be that UAS gardeners may not have

always washed hands either prior to eating berries in

the garden and in general people may be less thorough

with washing of non-home-grown produce.

Study limitations

Although our study design was robust in accounting

for multiple confounders to BLL, the study was

limited by its specific geographical location, the

number and age of participants, and potentially the

range of sources of UAS Pb contamination (e.g. no

industrial Pb sources). The sample size was limited by

the number of volunteers at the participating UASwith

only 72 participants, 43 UAS gardeners and 29

controls. The study was focussed on UAS in New-

castle upon Tyne, to address a specific need identified

by previous investigations. The study should be

expanded across other geographic regions to deter-

mine if findings are also applicable there. Using survey

data rather than monitoring actual events occurring

may lead to inaccuracies. These limitations may

preclude the possibility to draw definitive conclusions

about the relationship between urban gardening on

soils and the study outcome. Having only adult
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participants was limiting as the driver for UAS soil Pb

guideline values is based on the risk to young children

at UAS. Information regarding the presence of lead

paint (and any recent renovations) in homes would

have been a valuable addition to the multivariate linear

regression model data set, as would concentrations of

Pb in house dust and airborne particulate matter, and

garden or backyard soil. A full dietary assessment

rather than just fruit and vegetables would allow

investigation of the protective effects of calcium

intake, such as milk and cheese reported by Weyer-

mann and Brenner (1997). Spices used for cooking

have also been indicated as Pb exposure sources (Hore

et al., 2019), ones which were not considered in our

study. Our characterisation of Pb exposure from

alcohol and smoking was limited by lack of detail on

type of alcohol consumed or method and frequency of

tobacco smoking. It is likely that a larger study would

be required to fully account for the effects of these

confounding variables in Pb exposure. In addition, we

did not explore whether participants used a moistened

dusting cloth, either with antistatic polish or with

water to reduce resuspension of dust particles. This

information is important when seeking to give advice

on exposure reduction and should be included in future

investigations.

Implications

With an increasing focus on food security and

sustainable production, and a growing awareness of

the wider ecosystem services provided by greening our

cities, regulators and planners need confidence in the

ability of UAS to provide a safe food source as well as

urban gardening as a healthy activity and valuable

green space. This study has given some confidence to

UK local authorities and UAS associations that urban

gardens can be safe to use and can provide a valuable

source of fresh fruits and vegetables, even where soil

Pb levels are up to ten times above the UK’s

recommended Pb screening level (Category 4 Screen-

ing Levels; CL:AIRE consortium, 2014). Without

such evidence, closure and redevelopment of some

UAS sites are a real concern. The study’s measure-

ments of matched soil Pb concentrations and veg-

etable uptake in UAS environments (Entwistle et al.,

2019) may be used in refining exposure assessment

models. In addition to providing vital evidence on Pb

exposure in Newcastle UAS, the study has placed a

spotlight on non-UAS sources of Pb exposure,

suggesting where resources may be focussed to target

interventions for reducing urban Pb exposure. The

apparent continuing risk from Pb plumbing in homes

and the importance of appropriate PPE during occu-

pational and DIY tasks involving potential Pb dusts

warrant new/renewed public awareness campaigns.

The apparent protective effects of a diet including

plenty of green vegetables and herbaceous fruits in

reducing Pb absorption may also be worth publicising.

In 2017, the Institute for Health Metrics and

Evaluation (IHME) estimated that Pb exposure

accounted for 1.06 million deaths and 24.4 million

years of healthy life lost (disability-adjusted life years

(DALYs)) worldwide due to long-term effects on

health. The highest burden was in low- and middle-

income countries (IHME, 2018). Guidance on accept-

able BLL is driven by what is practical given historic

exposures (such as Pb in petrol and paint) and

emerging toxicological data. International BLL guid-

ance (e.g. CDC 2012) commonly recommends a

threshold for BLL of 5 lg dL-1. A low level of

toxicological concern threshold of 3.5 has been

proposed in the UK to be protective of renal toxicity

and systolic high blood pressure in adults (DEFRA,

2014b). Two study participants were above this lower

threshold: one male UAS gardener (age 71, 4.1 lg
dL-1 BLL) and one female UAS gardener (age 54,

3.7 lg dL-1 BLL). Reducing Pb exposure to as low as

reasonably practical is important for the health of

those of all ages. Given the continued lowering of

health exposure limits for Pb, in both adults and

children, there is an increasing need to understand the

apportionment and sources of bioavailable Pb. In this

regard, the isotopic composition of blood Pb offers a

potential way forward. Blood Pb values can be

modelled using existing data for known anthropogenic

sources (legacy leaded petrol, PM2.5–10 airborne

particulates, coal ash, domestic and imported Pb ores

used for the manufacture of in-house Pb pipes)

(Hodgson et al., 2015; Shepherd et al., 2009, 2016).

These will vary according to spatial and demographic

factors but will provide an evidence-based isotopic

framework for more informed public health interven-

tion measures. Further research is necessary to include

different types of Pb sources in UAS (such as

industrial or sediment deposition during flood events)

and different geographic areas, soil types, cultures and

climates. Such work would be able to inform better
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safety regulation and guidance for the popular pastime

of UAS gardening. Our findings also suggest that

further investigation is warranted to determine if

continued use of old orchards is a source of dietary Pb

in non-home-grown produce, as well implications of

the reuse of such sites as UAS.

Conclusions

Urban gardening on soils with raised Pb concentra-

tions is a global problem. This study found that

growing and eating crops from the three UAS with

high soil Pb concentrations that we investigated did

not result in raised Pb body burden. The BLLs

determined were within the level of concern stipulated

by the study (5 lg dL-1). Similar findings may be

anticipated for UAS gardeners on other UAS sites with

similar soil types and Pb contamination sources, i.e.

clay-rich soils with non-industrial and long weathered

soil Pb. Use of saliva samples for measuring lead

body burden at the relatively low levels measured in

this study requires further investigation. Significant

predictors of higher BLLwere increased age and being

male. We found that eating more green and herba-

ceous vegetables predicted lower BLLs. Based on the

findings of this study, to reduce urban Pb exposure we

recommend that the following actions by both UAS

gardeners and non-UAS gardeners alike could be

effective as part of reducing exposure:

• Wear a protective mask when carrying out reno-

vations on painted wood or leaded windows,

• Reduce track back of soils into home (via people

and animals),

• Identify whether there is Pb present in the domestic

water supply. Draw off a washing up bowl of water

(more if the length of the pipe exceeds 40 m)

before use for drinking or cooking if present (DWI,

1995),

• Eat a balanced diet with plenty of green vegeta-

bles and herbaceous fruit.

In addition to providing crucial evidence for the

improved modelling of adult exposure to Pb in UAS

scenarios, the study highlights several ‘everyday’ non-

UAS Pb exposures. A new/renewed public health

campaign on the sources of Pb still in our daily lives,

alongside pragmatic ways to reduce exposure through

raising the environmental health literacy of global

citizens, would seem prudent. Our study highlights the

critical role biomonitoring can play in exposure

assessment, accounting for multiple routes of expo-

sure. Including biomonitoring in screening pro-

grammes would provide vital evidence on

effectiveness of current and future interventions aimed

at improving public health.
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N. (2011). Blood lead levels in the adult population living

in France he French Nutrition and Health Survey (ENNS

2006–2007). Environment international, 37(3), 565–571.
https://doi.org/10.1016/j.envint.2010.11.012

Feinberg, A., McKelvey,W., Hore, P., Kanchi, R., Parsons, P. J.,

Palmer, C. D., et al. (2018). Declines in adult blood lead

levels in New York City compared with the United States,

2004–2014. Environmental Research, 163, 194–200.

https://doi.org/10.1016/j.envres.2018.01.049

Filippelli, G. M., & Laidlaw, M. A. S. (2010). The elephant in

the playground: Confronting lead-contaminated soils as an

important source of lead burdens to urban populations.

Perspectives in Biology and Medicine, 53, 31–45. https://
doi.org/10.1353/pbm.0.0136

Gidlow, D. A. (2015). Lead toxicity. Occup Med (Chic Ill), 65,
348–356. https://doi.org/10.1093/occmed/kqv018

Gomaa, A., Hu, H., Bellinger, D., Schwartz, J., Tsaih, S. W.,

Gonzalez-Cossio, T., et al. (2002). Maternal bone lead as

an independent risk factor for fetal neurotoxicity: A

prospective study. Pediatrics, 110, 110–118. https://doi.
org/10.1542/peds.110.1.110

Griffin, T., Coulston, F., & Wills, H. (1975). Biological and

clinical effects of continuous exposure to airborne partic-

ulate lead. Arh Hig Toksikol. (Yugoslavian). Arh Hig
Toksikol, 26, 191–208

NSW Health. (2016). Elevated Blood Lead Levels-Response
Protocol for NSW Public Health Units
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