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A B S T R A C T   

Lead (Pb) exposure is often determined through the analysis of whole blood though venipuncture poses ethical, 
economic, and logistical barriers. Dried Blood Spots (DBS) may help overcome such barriers though past studies 
measuring Pb in DBS have been challenged with quality control, small sample volumes, and other issues. Total 
Reflection X-Ray Fluorescence (TXRF) may help address some of these challenges but has yet to be used to 
measure Pb in DBS. As such, the aim of the current study was to develop, validate, and apply a method to analyze 
Pb in DBS samples using TXRF for use in human biomonitoring studies. First, we developed a novel method 
(tested a range of parameters), and then used blood reference materials to validate the method against perfor
mance criteria listed in ICH Q2A and Q2B and the European Bioanalysis Forum. Finally, we applied the method 
to two populations who exemplify divergent conditions (41 university members with relatively low Pb exposures 
sampled in a clinical environment; 40 electronic waste workers with relatively high Pb exposures sampled in a 
contaminated field setting). The limits of detection and quantification of the method were 0.28 and 0.69 μg/ 
dL, respectively. The overall precision and accuracy of the method were 15% and 111%, respectively. The mean 
(±SD) DBS Pb levels by TXRF in the university members and e-waste workers were 0.78 (±0.46) and 3.78 
(±3.01) μg/dL, respectively, and these were not different from Pb measures in venous whole blood using ICP-MS. 
Bland-Altman plot analyses indicated good agreement between DBS Pb measures by TXRF versus whole 
blood Pb measures by ICP-MS in both groups. By combining data from the two population groups, there 
was no significant constant bias (intercept of 0.02 μg/dL) or proportional bias (slope was − 0.02) between the 
two measures, and the lower and upper LoA were − 0.86 and 0.91 μg/dL, respectively, with a LoA range of 1.77 
μg/dL. These results demonstrate that TXRF-based analysis of Pb content in DBS is a good alternative to 
the gold standard (i.e., ICP-MS analysis of whole blood), and helps overcome some of the challenges asso
ciated with current methods.   

1. Introduction 

Lead (Pb) exposure remains of public health concern worldwide as 
recognized by notable institutions including WHO (WHO, 2010), the U. 
S. Centers for Disease Control (ATSDR, 2017), and Health Canada 
(Health Canada, 2019). Exposure to Pb is most often determined 
through measuring Pb levels in blood (CDC, 2017), and values can be 
compared to regulatory guidelines to assess health risk. However, there 
remain several challenges associated with blood sampling including the 
need for specialized clinical settings, medical equipment, and skilled 
technicians as well as the use of invasive techniques (Sanders et al., 

2009). Sampling blood is particularly challenging for vulnerable pop
ulations (e.g. children and elderly) and in remote or resource-limited 
regions, though these represent groups particularly at-risk for Pb 
exposure. 

Dried Blood Spots (DBS) have been successfully used as an alterna
tive to classical venipuncture (whole blood sampling) for about 40 years 
with many analytical methods validated and subsequently applied in a 
range of real world settings (Spooner et al., 2009; Nys et al., 2017; Li and 
Lee, 2014). Sampling blood using DBS has been regarded as a feasible 
alternative to venipuncture in that it is less invasive, associated with 
lower costs, and more amenable for use in remote or resource-limited 
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areas (Li and Lee, 2014). While there is interest in the use of DBS for 
gauging Pb exposure there remain outstanding concerns. For example, 
in our review of 13 prior studies (summarized in Supplementary 
Table S1), seven of the studies relied upon relatively small sample sizes 
(<20 individuals), seven of the studies reported a limit of detection 
which averaged near 1 μg/dL (close to mean blood Pb levels in the 
Canadian and US populations, i.e. 0.95 and 1.12 μg/dL respectively; 
CHMS, 2017; CDC, 2019), and key quality control aspects such as ac
curacy and precision were missing from many of the works. 

The current “gold standard” for the determining blood Pb levels is 
the analysis of venous whole blood by Inductively Couple Plasma Mass 
Spectrometry (ICP-MS). Despite the high sensitivity of ICP-MS for 
detecting Pb in blood samples, this instrument has notable limitations 
for working with DBS such as the need for a relatively high sample 
volume (~200–500 μL versus a single 3 mm DBS punch which may be 
~3 μL), the presence of matrix effects, potential for polyatomic and non- 
polyatomic interferences, and relatively high costs associated with 
procurement and operation. As an alternative to ICP-MS, Total Reflec
tion X-Ray Fluorescence (TXRF) is proving feasible for the analysis of 
DBS as it is a multi-elemental analytical technique that allows for the 
analysis of small volumes (≤10 μL) (Stosnach, 2007; Dhara and Misra, 
2011; Towett et al., 2013; Pawly et al., 2019). Compared to ICP-MS, 
TXRF-based analyses may have relatively low background noise and 
few interferences, detection limits in the ppb range (thus comparable to 
ICP-MS for several elements), lower operational and maintenance costs, 
and samples for TXRF analysis can be prepared in hours (versus 
hours-to-days) (Bilo et al., 2014). 

To date some studies have determined Pb levels in whole blood using 
TXRF (Supplementary Table S2), though to our knowledge no study has 
measured Pb in DBS using TXRF. As such, the aim of the current study 
was to develop, validate, and apply a method to analyze Pb in DBS 
samples using TXRF for use in human biomonitoring studies. To realize 
this aim, our study consisted of three phases: 1) method development 
phase to establish initial assay parameters; 2) method validation phase 
with blood reference materials to refine assay parameters; and 3) 
application phase with real samples from human subjects. During phase 
1 (method development) we tested different sample preparation 
methods and internal standards, and in phase 2 (method validation) we 
evaluated the method against performance criteria listed within ICH 
Q2A and Q2B (Guideline ICH, 2005) and the European Bioanalysis 
Forum (EBF) (Timmerman et al., 2011). Finally, in phase 3 the method 
was applied to evaluate Pb content in DBS from a group of university 
members (Santa-Rios et al., 2020) and workers from an electronic waste 
(e-waste) recycling site in Ghana (Srigboh et al., 2016). From both 
populations we were able to compare Pb measures in capillary DBS 
samples via TXRF versus the ‘gold standard’ which is Pb measures in 
venous whole blood via ICP-MS. These two populations exemplify 
divergent conditions (i.e., university members with relatively low Pb 
exposures sampled in a clinical environment versus workers with rela
tively high Pb exposures sampled in a contaminated field setting), which 
help demonstrate the wider applicability of the method. 

2. Experimental section 

2.1. Blood reference materials and chemicals 

Whole blood reference materials were obtained from the Institut 
National de Santé Publique du Québec (INSPQ) Centre de Toxicologie du 
Québec (CTQ). We used five reference materials with assigned Pb con
centrations ranging from 1.02 to 50.14 μg/dL (Supplementary Table S3). 
The reference material at the lowest concentration is a Pb-specific 
standard (i.e., a standard prepared and certified only for Pb), while 
the other reference materials were prepared for multiple elements. In
ternal standard (IS) solutions of Ni, Sr, and Ga were prepared from 1000 
mg/L stocks (Merck, Germany). Nitric acid (65% HNO3 Omnitrace 
grade, EMD Chemicals, NJ) and hydrochloric acid (12 N HCl, Merck, 

Germany) diluted to 6 N were used to prepare the samples. Methyl 
Isobutyl Ketone (MIBK, analytical grade, Merck, Germany) was used for 
iron extraction. 

2.2. Instrumentation 

The levels of Pb were measured in samples using Total X-Ray Fluo
rescence (model S2 Picofox, Bruker AXS Microanalysis, Berlin, Ger
many) and an ICP-MS (820-MS Series, Varian Inc., California, USA). We 
have previously outlined the operation of both instruments (Pawly et al., 
2019; Srigboh et al., 2016). To assure that samples were free of 
contamination, we used metal-free microcentrifuge vials and pipette 
tips. The acrylic discs for TXRF analysis were cleaned using RBS™ 50 
cleaning solution (5%), 10% HNO3, and deionized water, and blank 
discs were regularly tested for contamination. 

2.3. Phase #1: method development 

Method development is an iterative process, and here we summarize 
key steps taken while reserving greater details to the Supporting Infor
mation (S4–S6). We based the current method on our past study that 
measured levels of copper, selenium, and zinc in DBS using TXRF (Pawly 
et al., 2019) with some slight modifications. Aforementioned whole 
blood reference materials were pipetted (60 μL) onto Whatman® 903 
protein saver cards (hereafter, filter paper) to realize lab-based DBS 
samples. Our studies focused on the analysis of one circle of a DBS 
sample (60 μL blood) or 3 mm diameter punches (3.1 μL blood, based on 
Li and Lee, 2014) added to a 1.5 mL microcentrifuge tube. We evaluated 
digestion solutions (high purity 65% HNO3 and a combination of HNO3 
and 30% H2O2) and settled upon the mixture of HNO3 and H2O2 (Sup
plementary figure S1). A range of digestion times (30–90 min range) and 
temperatures (90–165 ◦C range) were tested, and we settled upon a 45 
min digestion at 130 ◦C. The digested samples were evaporated to 
dryness and taken up with 6 N HCl, following which they were heated 
for 15 min at 120 ◦C. At this stage, the internal standard was added to 
ensure that it bound to the sample matrix. We evaluated the perfor
mance of three internal standards (Ga, Ni, and Sr) previously studied for 
TXRF-based analysis of Pb (Silva et al., 2013; Stosnach, 2009; Martinez 
et al., 2004, Bounakhla, 2003), and decided upon the use of Ni at a final 
concentration of 150 ppb (Supplementary figure S2). As previous studies 
(including our own pilot efforts) have shown that the relatively high iron 
levels in blood interfere with TXRF-based detection of some elements 
(Prangue, 1989; Khunder, 2006), we included Methyl Isobutyl Ketone 
(MIBK) to the digested samples to extract out the iron (more details on 
the extraction process are in Supporting information S5). After iron 
extraction, an 8–10 μL aliquot of the aqueous phase was pipetted onto 
acrylic discs which were then heated at 55 ◦C on a hot plate until the 
sample dried. The Pb concentrations in the dried sample were then 
analyzed by TXRF applying a measuring time of 1000 s. Operational 
conditions of the TXRF were based on our past study of copper, sele
nium, and zinc in DBS (Pawly et al., 2019) and updated with additional 
suggestions by Riaño et al. (2016). 

2.4. Phase #2: method validation 

Method performance was evaluated following the recommendations 
of the European Bioanalysis Forum (EBF) on the method validation and 
analysis of DBS samples, as well as validation criteria outlined by ICH 
Q2A and Q2B guidelines. The linearity and the working concentration 
range of the method was evaluated by building a calibration curve using 
DBS created with the five aforementioned whole blood reference ma
terials that had Pb concentrations spanning from 1 to 50 μg/dL. The 
calibration curve was generated by linear regression and linearity was 
assessed by Fisher’s test. The LoDmethod (mean concentration of blanks 
+ 3x SD) and LoQmethod (mean concentration of blanks + 10x SD) were 
calculated from Pb measurements in blank filter paper treated with 
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sample preparation reagents. Accuracy was determined by measuring Pb 
in DBS created from the aforementioned blood reference materials. 
Precision was determined by calculating the percent relative standard 
deviation % RSD, based on replicate analysis (n = 9 separate cards) of 
the reference materials. 

2.5. Phase #3: method application 

The method was applied to characterize Pb concentrations in whole 
blood and DBS samples in two different groups (members of the McGill 
University community in Montreal, Canada, and e-waste workers situ
ated in Ghana). 

2.5.1. McGill university members 
Samples were collected from volunteers (n = 40) by a trained health 

professional at the Mary Emily Clinical Nutritional Research Unit at 
Macdonald Campus as previously detailed (Santa-Rios et al., 2020). 
Briefly, DBS samples were stored at ambient conditions in plastic bags, 
while the whole blood samples were placed at – 80 ◦C until analysis. The 
IRB (human ethics) approval for this work was obtained from McGill 
University (A05-M26-16 B). 

2.5.2. Ghanaian e-waste workers 
Samples were collected from e-waste workers (n = 41) from 

Agbogbloshie (Accra, Ghana) as described elsewhere (Srigboh et al., 
2016). Collected samples were transported to McGill University where 
they were stored at − 80 ◦C (whole blood) and room temperature (DBS). 
The IRB (human ethics) approval for this work was obtained from the 
Noguchi Memorial Institute for Medical Research at the University of 
Ghana (IRB00001276) and McGill University (A06-M30-16 B). 

2.6. Data analysis 

Statistical analysis was conducted using Microsoft Excel 2017. All 
reported Pb concentrations were measured using TXRF unless indicated. 
For the method development stage, comparisons between the different 
sample preparation conditions were carried out using unifactorial 
ANOVA. In addition, we used ANOVAs to assess if the Pb concentrations 
varied across batch runs. Finally, Bland-Altman plots were constructed 
to evaluate the agreement between a range of comparisons (e.g., Pb in 
DBS versus whole blood; measurements in TXRF versus ICP-MS). All 
figures were generated using R version 3.6.3. 

3. Results and discussion 

3.1. Method validation 

3.1.1. Linearity and working range 
The calibration curve relating Pb measurements in DBS created with 

the five blood reference materials and TXRF count values was linear 
with a coefficient of determination (r2) greater than 0.997 (Supple
mentary figure S5). The lower end of this curve (once dilution factors 
were accounted for) covers relevant blood Pb levels in Canada and the U. 
S. where recent national surveys estimate mean blood Pb levels to be 
0.95 and 1.12 μg/dL, respectively (CHMS, 2017; CDC, 2019). The 
middle range of this curve spans regulatory guidelines (e.g., the blood Pb 
intervention level is 5 and 10 μg/dL according to the U.S. CDC and 
Health Canada, respectively), and the upper range spans a “level of 
action” where oral chelation therapy may be considered (CLSI, 2013; 
CDC, 2019). 

3.1.2. Lower limits of detection and quantification 
The LoD and LoQ of the method were calculated to be 0.28 and 0.69 

μg/dL, respectively. These detection limits are relevant for human bio
monitoring. For example, from the latest cycle of the CHMS (cycle 5: 
2017–2018), blood Pb levels in the 10th percentile of Canadians (aged 

3–79 years old) was 0.43 μg/dL (95% CI: 0.36–0.42 μg/dL). These 
detection limits also compare well technically against established 
methods such as ICP-MS and Atomic Absorption Spectroscopy (AAS) 
where Pb detection limits are in the low ppb range (LoD ~0.22–2.4 μg/ 
dL; Supplementary table S1). Moreover, the TXRF-based method we 
demonstrate here may serve as an alternative to portable Pb analyzers 
(e.g., LeadCare® has a reported LoD of 3.3 μg/dL), though more 
comparative research would be necessary to test this assertion. 

3.1.3. Accuracy and precision 
In the method validation phase of our study, we characterized 

analytical accuracy and precision using DBS created with the whole 
blood reference materials. The overall mean accuracy was 111.1% 
(97.0–129.7%) (Table 1). While this overall value met pre-established 
acceptance criteria (80–120%) from the ICH guidelines, we observed a 
tendency of overestimation at the lower concentration levels which start 
to approach the method LoQ (0.69 μg/dL). With additional research on 
this new method that we introduce here, we expect that improvements 
in its analytical accuracy may be realized with changes to, for example, 
optimization of TXRF measurement parameters, testing of different 
reference materials (especially certified ones from NIST such as SRM 
955 d), and setting up external calibration curves. For precision, the 
mean value was 14.9% (ranged from 9.9 to 19.1%) (Table 1). This value 
met the predefined precision acceptance criteria (RSD <15%) based on 
ICH Q2A and Q2B. 

3.1.4. Concentration of Pb in blank samples 
The potential contamination of filter cards intended for DBS research 

with Pb has been reported as an issue in past studies (Yee et al., 1997; 
Chaudhuri, 2009). To increase understanding of the Pb values in the 
filter cards we used, we analyzed internal blanks along with the samples 
during the study phase #3. Thus, in ~14% of our samples (i.e., 3 blanks 
were included in each batch of 22 DBS samples), we determined Pb 
levels in a full blank circle spot (i.e., filter paper not containing blood) 
from a card containing a real participant’s DBS sample. From this, we 
found an average of 0.02 ng (±0.01) Pb per blank circle spot. These 
blanks came from filter papers processed in two divergent conditions (i. 
e., university members sampled in a clinical environment versus workers 
sampled in a contaminated field setting), and there was no difference in 
the values. When considering the estimated volume of a whole circle 
spot to be 60 μL blood, the estimated average concentration of Pb would 
be 0.03 ± 0.016 μg/dL (ranging from <LoD to 0.01 μg/dL). The corre
lation of Pb measures in the blank spots and their paired DBS samples 
was weak (R2 = 0.002), and the subtraction of blank Pb levels from the 
paired DBS sample had no impact of our results. We also note that the 
blank values are much lower than blood Pb levels of the general popu
lation (e.g. CHMS cycle 4 geomean is 0.95 μg/dL) as well as the current 
study (see further below; e.g., 13-fold and 26-fold lower than the 

Table 1 
Analytical accuracy (recovery %) and precision (RSD %) of the method estab
lished by analyzing lead (Pb) levels in Whatman® 903 protein saver (filter 
paper) cards onto which 60 μL of whole blood reference materials were pipetted. 
Each reference material was independently tested on nine separate cards (n = 9).  

Blood 
reference 
material 
ID 

Assigned 
concentration 
of Pb (μg/dL) 

Measured 
concentration of 
Pb in DBS 
(mean ± SD, μg/ 
dL) 

Accuracy (% 
recovery, min- 
max in 
brackets) 

Precision 
(mean 
RSD %) 

PC-B- 
L1601 

1.01 1.31 ± 0.13 129.7% 
(118.8–149.5) 

9.9% 

QM-B- 
Q1313 

4.57 5.66 ± 1.08 121.2% 
(99.9–156.7) 

19.1% 

QM-B- 
Q1505 

22.99 22.24 ± 4.19 97.0% 
(84.2–129.9) 

18.8% 

QM-B- 
Q1506 

50.14 51.74 ± 6.38 103.2% 
(84.3–119.6) 

11.7%  
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minimum and median values, respectively, among the McGill University 
members). We thus conclude that the presence of Pb in the filter papers 
used here are very low and not influencing the results. We note that we 
performed routine sampling practices in both study locations and did 
not take significant added steps to try and minimize contamination, 
which further gives us confidence that background contamination is 
likely not of major concern. 

3.2. Method application 

For the university members, the mean (±SD) blood Pb level in DBS 
was 0.78 (±0.46) μg/dL and ranged from below the detection limit (in 
7.5% of the cases) to 2.31 μg/dL (Supplementary table S4). These Pb 
levels measured in DBS using TXRF did not differ from Pb levels 
measured in the same person’s venous whole blood sample using ICP-MS 
(e.g., mean was 0.86 ± 0.46 μg/dL and ranged from 0.39 to 2.35; Sup
plementary table S4). These values are comparable to the average Ca
nadian (e.g., median blood Pb level was 0.95 μg/dL from CHMS, 2017). 
In the e-waste workers, the mean (±SD) blood Pb level in the DBS was 
3.78 (±3.01) μg/dL and ranged from 1.79 to 19.67 μg/dL (Supple
mentary table S4). These blood Pb levels compare well against values 
previously reported on e-waste workers from the same site (Supple
mentary table S5). 

A key goal of this study was to compare Pb measures in capillary DBS 
samples using TXRF versus the ‘gold standard’ which is Pb measures in 
the same person’s venous whole blood using ICP-MS. In general, the 
comparisons were strong based on correlative analysis for the McGill 
university members (r2 = 0.814; y = 0.916 x + 0.013, Fig. 1A) and the e- 
waste workers (r2 = 0.911; y = 0.974 x + 0.116, Fig. 2A). 

To move beyond simple correlations, and determine if there were 
any systematic differences, Bland-Altman analyses were conducted to 
assess agreement between the two approaches (Figs. 1B and 2B). For the 
McGill university members, there was not a significant constant bias 
(intercept of 0.06 μg/dL; 95% CI: 0.00 to 0.13) or proportional bias 
(slope was − 0.01; 95% CI: -0.17 to 0.14) between the two measures. For 
this group, the lower and upper Limit of Agreement (LoA) were − 0.32 
(95% CI: -0.43 to − 0.21) and 0.45 μg/dL (95% CI: 0.34 to 0.57), 
respectively, and the range of the LoA was 0.77 μg/dL with two samples 
falling outside the LoA. For the e-waste workers, there was also no sig
nificant constant bias (intercept of − 0.01 μg/dL; 95% CI: -0.19 to 0.17) 
or proportional bias (slope was − 0.02; 95% CI: -0.10 to 0.18) between 
the two measures. For this group, the lower and upper LoA were − 1.17 
(95% CI: -1.50 to − 0.85) and 1.15 μg/dL (95% CI: 0.83 to 1.47), 
respectively, and LoA range was 2.32 μg/dL with one sample falling 
outside the LoA. We also combined data from both population groups 
together (Supplemental figure S6). From this combined analysis, there 
was no significant constant bias (intercept of 0.02 μg/dL; 95% CI: -0.07 
to 0.12) or proportional bias (slope was − 0.02; 95% CI: -0.06 to 0.02) 
between the two measures. The lower and upper LoA were − 0.86 (95% 
CI: -1.03 to − 0.68) and 0.91 μg/dL (95% CI: 0.73 to 1.08), respectively, 
and LoA range was 1.77 μg/dL with three samples falling outside the 
LoA. 

The results from the Bland-Altman plot analyses demonstrate good 
agreement between the methods across a range of Pb exposures. Of the 
81 paired samples tested, 3 of them fell outside the LoA range and had 
values less than 3 μg/dL. The relevance of the LoA (0.59 μg/dL for the 
university members and 2.32 μg/dL for the e-waste workers) seems 
appropriate for biomonitoring activities given that the values fall below 
regulatory intervention levels (5 and 10 μg/dL blood Pb according to the 
U.S. CDC and Health Canada, respectively). 

Based on past studies in this field (Supplementary Table S1), we had 
initial concerns about the detection limit among the background 
exposed group (McGill members) though only 7.5% of the TXRF-based 
measures of the DBS were below the LoD. None of the samples taken 
from the e-waste worker fell below the LoD. For the e-waste workers 
who were sampled from a contaminated field site, we had concerns that 

sampling in such an environment may lead to external contamination of 
the filter paper with Pb though as detailed earlier this was not found to 
be a problem in the current study. This is further supported by the results 
of the Bland-Altman analyses which show no systematic bias especially 
constant bias which may have been expected if there was external 
contamination of the paper. We completed the analysis of samples from 
both populations across 6 batch runs (3 batch runs each) in ~2 weeks 
(Supplementary figure S7). We did not find statistical differences (p >
0.001) between real samples batch runs and we did not observe any 
changes in the precision and accuracy of the method through our in
spection of the blood reference materials data. 

Fig. 1. (A) Regression line of Pb measurements (μg/dL) in McGill University 
members comparing same-person capillary DBS samples analyzed by TXRF 
against venous whole blood samples analyzed by ICP-MS. The 95% confidence 
band is indicated with dashed lines; (B) Bland-Altman plot of difference (y axis) 
in Pb measurements (μg/dL) in capillary DBS analyzed by TXRF and venous 
whole blood analyzed by ICP-MS versus the mean of the two measurements (x 
axis). The dashed lines indicate the upper LoA, bias, and lower LoA (from the 
top of the figure to the bottom), and for each parameter the 95% CI are indi
cated with dotted lines. The blue line represents the proportional bias trend 
line. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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4. Conclusion 

This study increases our understanding of DBS as a potentially novel 
approach to characterize Pb exposures in both the general population (in 
a clinical environment) as well as a highly exposed population (in a 
resource limited, logistically challenging, contaminated field site). We 
first developed a method and demonstrated that TXRF analysis of pro
cessed DBS filter paper samples yields results that are accurate and 
precise (when compared to blood reference materials with assigned 
levels). By purposefully applying the method to study two populations 
that typify divergent conditions (i.e., background population with 
relatively low Pb exposures, and e-waste workers with relatively high Pb 
exposures), we conclude that there is a relatively good agreement be
tween the gold standard of blood Pb measures (i.e., ICP-MS analysis of 

venous whole blood) with the new method we outline here (i.e., TXRF 
analysis of capillary DBS). 

The TXRF-based method we detail here helps overcome barriers 
associated with current strategies to measure Pb in DBS (e.g. past studies 
have paid limited attention to key quality control aspects such as 
detection limit, accuracy, precision; see Supplementary Table S1). 

Further, the TXRF-based method detailed here (compared to ICP-MS) 
enables the analyses of blood to be completed in a shorter time frame 
with use of fewer chemical reagents and volumes thus supporting 
principles of green chemistry (Koel, 2016). To exemplify this, for the 
e-waste samples discussed in this paper we roughly calculated that 
measures of Pb in DBS using TXRF were 5-fold quicker (8 h versus 56 h) 
and used approximately 50% fewer chemical volumes than the Pb 
measures in whole blood that were acquired with ICP-MS (see Supple
mentary Table S6). Moving forward, there is a need to scale-up the use of 
this method in a range of population-based studies to better understand 
the opportunities and limitations in terms of adopting the method into 
routine biomonitoring efforts. 
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