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Abstract

Background: Children’s exposures to arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd) are of particular
concern in early-life. Exposures to heavy metals are traditionally measured in whole venous blood, which is costly and
invasive. As an alternative we describe a method for quantifying As, Pb, Hg, and Cd in dried blood spot (DBS) samples.

Objectives: To validate a method for quantifying levels of As, Pb, Hg, and Cd in finger-stick DBS samples.
Background metal contamination in blood collection cards poses a challenge for quantifying heavy metals in DBS
samples. Here we report a method to remove background contamination from the filter paper prior to blood collection
to improve assay precision.

Methods: Matched samples of venous blood and finger-stick DBS samples were collected from 82 children ages
1-21. Whole venous blood samples were also applied to pre-cleaned and untreated blood collection cards. All samples
were analyzed for As, Pb, Hg, and Cd using inductively coupled plasma mass spectrometry (ICP-MS).

Results: Matched venous blood and finger-stick DBS samples from untreated cards were significantly correlated,
but with relatively weak R? values of 0.083, 0.186, 0.498, and 0.022 for As, Cd, Hg, and Pb, respectively. When blood
collection cards were decontaminated prior to blood collection the correlations between venous blood and DBS samples
were highly significant, with R? values of 0.66, 0.99, 0.98, and 0.94 for As, Pb, Hg, and Cd, respectively.

Conclusions: Standard blood collection cards contain significant and highly variable background levels of heavy
metals. Once blood collection cards are treated to remove residual contamination, DBS sampling can be used as a

minimally-invasive alternative to venipuncture to estimate exposures to toxic metals.
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Introduction

The discipline of environmental exposure science is intricately
linked with epidemiological investigations for protecting public
health [1,2]. Historically, methods were focused on measurements
of environmental media used to estimate potential human exposure
through various uptake pathways. More recently, there has been a
shift towards incorporating biomarker data as a more direct link to
exogenous exposures through measurements from human biological
media such as blood, breath, and urine for exploring the concept of the
human exposome-representing all chemical exposures from conception
throughout life [3-5]. The combined use of biomarkers of exposure and
biomarkers of effect has also become a central theme for linking the
external environment to potential adverse health outcomes [6-8]. There
are now large databases such as the U.S. National Health and Nutrition
Examination Survey (NHANES), the German Environmental Survey
(Ger ES), The Korea National Health and Nutrition Examination
Survey (KNHANES), and the Canadian Health Measures Study
(CHMS) that are making such data mining readily available to the
research community [9-12]. These are based on detailed analyses of
thousands of “snapshot” measures from stratified random selections
of subjects from the general populations of the respective countries.
Supplementing such information with repeat measures and many more
subjects will provide an ever-improving statistical understanding of
environmental exposures, onboard dose, environmental metabolomics,
and ultimately public health sustainability [13-16].

Currently, a major issue is the exposure of children to heavy

metals, which are of particular concern early in development. In fact,
As, Pb, Hg, and Cd are listed as the 1%, 2™, 3", and 7" most important
hazardous substances on the Agency for Toxic Substances and Disease
Registry’s 2013 CERCLA priority list of 275 substances, respectively.
Exposure to heavy metals can occur through a variety of exposure
routes, including inhalation as dust and fumes [17,18], and ingestion
from food and water [19-21], and can cause a wide spectrum of
health problems including convulsions, coma, renal failure, injuries
to the lungs and neurologic system, memory loss, delirium, diabetes,
kidney damage, and a variety of cancers [22]. In addition, heavy
metals can cross the placental barrier during pregnancy resulting in
toxic exposures during highly susceptible periods of fetal development
[23-25]. Yet, the health impacts of exposures to toxic metals during all
stages of early development are not well understood due to the paucity
of in vivo human data. Thus, additional studies are critically needed
using emerging exposure assessment tools.
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Ideally, exposure to toxic metals should be monitored over time
to evaluate changes that precede adverse health events and follow
environmental exposures longitudinally. However, collecting blood
samples with venipuncture in community-based research suffers
from logistical obstacles (medical personnel, specialized containers,
infectious wastes, refrigeration, etc.) and also from low acceptance in
pediatric and younger populations [26]. As an alternative, dried blood
spots (DBS)-drops of capillary whole blood collected from a finger or
heel stick-can be used as a minimally-invasive and low cost alternative
to invasive venipuncture [27].

The use of DBS sampling for screening newborns for metabolic
disorders began in the 1960s [28], and archived residual newborn
DBS have been used as an innovative resource for assessing certain
environmental exposures [29,30]. In a previous study, we explored this
resource for retrospective analysis of heavy metals (As, Cd, Hg, and
Pb) but found that the standard blood collection cards (i.e., Whatman
903 Protein Saver cards) contain significant and variable background
contamination for these elements [31]. To address this challenge, here
we present two distinct approaches to 1) investigate the use of archived
existing DBS samples for inferring systemic heavy metals exposure
(retrospective studies), and 2) interpret the improvement in results that
might be achieved with pre-cleaned blood collection cards designed
specifically for collecting samples for metals analysis (prospective
studies).

Methods
Blood collection and human participants

Eighty-two children from infancy to age 21 were recruited
from the Anne and Robert H. Lurie Children’s Hospital of Chicago
(formerly Children’s Memorial Hospital of Chicago) to participate in
our study. Children were recruited and consented during regularly
scheduled hospital visits, and volumes of blood that had already been
drawn from each child were verified to ensure that no monthly draw
limits were approached. Once consented, 5 mL of venous blood was
collected by a phlebotomist in 7 mL metal-free vacutainers with EDTA
as an anticoagulant and the tubes were gently inverted 8-10 times to
ensure proper mixing. In addition, finger-stick DBS samples were
collected at the time of phlebotomy by pricking the child’s middle
or ring finger using sterile single-use micro-lancets. Five drops of
blood were collected on Whatman #903 Protein Saver cards, and the
specimens were allowed to dry uncovered at room temperature for a
minimum of 4 hours. DBS samples were then placed in plastic bags
with desiccants, and all blood samples were stored at -20°C prior to
shipment to Northwestern University. Once received in the laboratory
all samples were frozen at -80°C until assayed. This study was reviewed
and approved by the Northwestern Institutional Review Board.

Treatment of blood collection cards to remove metal
contamination

Five one-inch wide strips of Whatman #903 Protein Saver cards
were removed using ceramic scissors (part number, VWR, Atlanta,
GA) that were washed in 5% acetic acid (v/v) solution prior to use.
The excised strips of filter paper, each containing five circular blood
collection guidelines, were placed in a 1 L Nalgene metal-free bottle
(Fisher Scientific, Pittsburgh, PA) containing 5% ultrapure grade nitric
acid and 5% ultrapure grade hydrochloric acid (Sigma Aldrich, St.
Louis, MO) in 18.2 mQ deionized water. The filter paper strips were
incubated for 90 minutes at room temperature on a shaker table at 200
rpm. The solution was then decanted from the bottle, and the bottle

was filled with 1 L of 18.2 mQ deionized water, and incubated for an
additional 15 minutes, then followed by two additional water rinses.
The cleaned filter paper strips were then removed using acid-washed
Teflon tweezers and were dried overnight at room temperature.

Spiked venous blood on DBS cards

Forty previously-frozen whole venous blood samples were
randomly selected from the initial 82 and were spotted onto pre-
cleaned and untreated strips of Whatman #903 filter paper in 60 pL
aliquots. The strips were suspended horizontally above the laboratory
bench top and were covered with 4 L beakers to protect the samples
from contamination. The blood was dried for four hours at room
temperature, and then transferred to trace-metal Nalgene plastic bags
(Fisher Scientific, Pittsburgh, PA) and stored at -80°C until assayed.
We recognize the distribution of blood across the filter paper may
have been altered due to cells being lysed during the freezing process.
However, this did not impact our ability to estimate blood volumes
since volumes were based on excising entire blood spots, as opposed to
punches of blood that have assumed blood volumes.

DBS sample processing

DBS samples were extracted using the procedure described by
Funk et al. [31], with minor modifications. In short, entire DBS
specimens were excised with acid-washed ceramic scissors using the
printed circles on the blood collection cards as a guide. The volume of
blood in an intact DBS is approximately 60 puL. However, to account
for blood volume variation between samples, the dried mass of each
sample was normalized to the mean mass of all of the excised samples
using previously described methods [31]. A similar approximate size of
a blank filter paper was excised from each card near each blood sample
to evaluate background metal contamination in the filter paper. The
mass of each blank was also normalized to the mean mass of all of the
excised blanks. DBS and filter paper blanks were weighed in 15 mL
metal-free polypropylene centrifuge tubes (VWR, Atlanta, GA). An
extraction solution was prepared using 5% ultrapure grade acetic acid
and 0.01% ultrapure grade Triton X-100 (Fisher Scientific, Pittsburgh,
PA) in 18.2 mQ deionized water. Two hundred ppb of Au was added
to amalgamate Hg and prevent analyte loss throughout the procedure
(Inorganic Ventures, Christiansburg, VA), and five ppb of indium,
bismuth, and yittrium were added to the extraction solution as internal
standards (Inorganic Ventures, Christiansburg, VA). Approximately
1.5 mL of extraction solution was then added directly to each vial and
the accurate volumes of the extraction solutions were determined by
mass. DBS samples and filter paper blanks were then centrifuged at 3600
xg for 2 minutes and incubated for 90 minutes at room temperature on
a shaker table at 300 rpm. Prior to analysis the centrifuge tubes were
inverted and manipulated to adhere the filter paper to the side of the
tubes in order to remove them from the blood extracts.

Venous blood processing

Using acid washed pipette tips, 50 uL of venous whole blood was
spiked directly into 15 mL metal-free polypropylene centrifuge tubes
containing 1.5 mL of extraction solution (described above). The blood
extracts were then centrifuged at 3600xg for 2 minutes and incubated
for 90 minutes at room temperature on a shaker table at 300 rpm.

Phase 1: DBS vs. whole venous blood (retrospective
applications)

Eighty-two matched finger stick DBS (i.e., standard DBS cards)
and whole venous blood samples were evaluated for potential use for
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retrospective analysis, that is, using cards previously collected without
special procedures for removing background metals. The samples were
individually matched as measurements of blank filter paper, DBS, and
venous whole blood; they were processed to determine the geometric
mean (GS) and geometric standard deviation (GSD) for each metal
to characterize their lognormal distributions. The DBS data were
individually corrected (subtracted) with their respective blank values
for each metal. Standard percentile values were directly observed from
tabulated data, and subsequently, scatterplots and regressions were
evaluated for association between the “gold standard” venous blood
and DBS samples. Correlations between venous blood and DBS samples
were evaluated with and without blank background subtraction.

Phase 2: DBS sampling using pre-cleaned vs. untreated blood
collection cards (prospective applications)

Whole venous blood spotted onto 40 matched pre-cleaned and
untreated Whatman#903 filter strips were extracted and analyzed to
assess the potential for using DBS sampling in prospective studies
specifically designed for heavy metal analysis. Here, one set of cards
was preprocessed to remove pre-existing metals contamination to
provide a uniformly clean substrate. Scatterplots and regressions were
evaluated for association between the pre-cleaned and untreated DBS
samples.

Mass spectrometry

Concentrations of As, Pb, Hg, and Cd were quantified using
a Thermo Fisher X Series II Inductively Couple Plasma Mass
Spectrometer (ICP-MS). Metal concentrations were determined using
a five-point calibration curve for each analyte. For Pb, three isotopes
were measured and summed (m/z: 206, 207, and 208). Arsenic, Hg,
and Cd, were quantified using single isotopes with m/z of 75, 202, and
111, respectively. In addition to the samples and paired card blanks,
quality control samples were run along with each batch, consisting
of a matrix blank, a trace element whole blood reference (Clin Chek,
Munich, Germany), and a trace element whole blood reference spiked
onto Whatman #903 filter paper.

Metal Species Sample GM GSD Min
Blanks 0.05 6.68 <LoD
Blood 8.83 1.18 6.03
As (ppb)
DBS 9.40 2.21 <LoD
DBS Corr. 7.97 2.26 0.00
Blanks 0.14 1.43 <LoD
Blood 0.10 1.85 <LoD
Cd (ppb)
DBS 0.32 2.73 <LoD
DBS Corr. 0.14 3.98 -
Blanks 0.10 243 0.04
Hg (ppb) Blood 0.45 1.97 0.13
gep DBS 0.53 1.68 <LoD
DBS Corr. 0.36 1.99 -
Blanks 1.89 3.18 0.02
Blood 6.32 1.81 2.38
Pb (ppb)
DBS 11.01 2.19 <LoD
DBS Corr. 6.60 2.67 -

Statistics and graphing

Measurement data were organized using MS Excel spreadsheet
software (Microsoft Corp., Redmond, WA); statistical analyses and
graphing were performed using both Excel and Graph Pad Prism
(Graph Pad Software, Inc., La Jolla, CA). All data sets were individually
examined for summary statistics (mean, standard deviation, median
and coefficient of variation) and characterized as exhibiting lognormal
distribution (32). The few below detection limit (BDL) values were
imputed using the limit of detection (LoD) value; this was necessary
for 3 of 1134 total measurements.

Results and Discussion

DBS vs. whole venous blood (retrospective applications)

Summary statistics for heavy metal concentrations (in ppb) from
blank cards, venous whole blood samples, DBS and background
corrected DBS values are provided in Table 1. The geometric mean
(GM) and geometric standard deviation (GSD) are calculated under
the assumption of lognormal distribution [32]; the remaining statistics
are strictly observational; that is, no particular underlying distributions
are assumed. Entries of “<LoD” indicate that the value is below the
level of detection, entries with “—” occurring for the blank corrected
(subtracted) DBS were negative. Due to individual zero or negative
values, certain GM entries (As blanks, Cd blood, and all DBS corr.)
were estimated by the observed median, rather than from direct
calculation of log-transformed data (Table 1).

These summary data indicate that the whole blood and DBS method
yield similar trends, but with noticeable mean level offsets presumably
stemming from background metal concentrations inherent to the
filter paper matrix. While use of pair-wise blank subtraction did not
significantly improve results (described below), taken as groups, it is
probably reasonable to apply a group “blank” correction.

Individual samples evaluation

We found that blank correction at the individual sample level is not
particularly helpful. This observation is attributed to large spot-to-spot

5" % 25" % 50"% 75" % 95" % Max
<LoD <LoD 0.05 0.66 1.08 2.61
6.81 7.96 8.94 9.70 11.12 16.28
5.75 6.89 8.25 11.24 30.39 50.95
5.18 6.58 7.97 11.02 30.36 50.95
0.05 0.12 0.13 0.16 0.24 0.65
0.00 0.05 0.10 0.15 0.28 0.48
0.12 0.18 0.29 048 1.52 2.71
- 0.05 0.14 0.32 1.37 2.7
0.04 0.05 0.09 0.16 0.37 2.86
0.15 0.28 0.45 0.69 1.40 2.10
0.25 0.35 0.51 0.72 1.20 8.04
0.04 0.26 0.36 0.59 1.1 5.17
0.75 1.08 1.58 3.14 10.55 41.88
291 4.03 5.70 8.56 20.17 30.45
4.39 5.84 9.44 19.15 34.14 122.76
- 3.19 6.60 16.62 33.14 122.00

Table 1: Summary statistics: Group-wise comparison of metal species and sample format; all DBS measurements are from standard Whatman #903 cards (n=82/group).
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heterogeneity in background contamination within cards. In fact, there
seems to be additional biasing effects from the cards occurring beyond
random contamination, for which we have no explanation. Figures
1-4 show the direct comparisons between venous blood levels (x-axis)
vs. finger stick DBS samples (y-axis), with and without individual
background correction.

Visual inspection of the scatterplots shows that the relationship
between the accepted blood measurement and the corresponding
measurement in DBS samples is not much improved by within-card
background correction. However, slopes are positive with statistical
significance for all four metals indicating that there are indeed positive
correlations between venous blood and DBS measurements. Table 2
shows these results as calculated in log space. Slopes are all less than 1.0;
we attribute this to positive bias at lower absolute blood concentrations.
The p-values for the slopes as different from zero are highly significant;
however, as is obvious from the scatterplots, the r* values demonstrate
that there is appreciable scatter in the data.

These results demonstrate that there is little value in correcting
individually for metals background as these levels are highly variable
within a card. The best we could accomplish would be a form of blanket
statistical subtraction for all cards that would show only statistically
valid exceedances beyond the highest overall background levels. Such
retrospective approaches will be explored in future work.

DBS sampling using pre-cleaned vs. untreated blood
collection cards (prospective applications)

The focus of this part of the investigation was to determine if the
background confounding could be resolved by pre-cleaning filter
paper before use. Certainly, this is only possible for prospective type
studies, where the cards can be treated before the blood is collected.
We used 40 venous blood samples from individuals to test the pre-
cleaning method; again, the results from venous blood analyses were
considered the accepted “gold standard” values, and were compared
to the standard DBS samples and the DBS samples that were spotted
onto pre-cleaned cards. Table 3 shows the summary evaluation of these
results (analogous to the Table 1 results). Here we see that the summary
and percentile statistics are much more aligned between the cleaned
DBS substrate and the venous blood values (Table 3).

These summary data indicate an across the board improvement in
linking DBS and venous blood metals content when using pre-cleaned
cards, especially for Hg and Pb. Taken as a group, there is no obvious
(qualitative) bias.

Individual samples evaluation

As in the retrospective analysis section, it is important to assess the
comparisons of the prospective data at the individual samples level.
Again, we show the scatterplots, this time between the venous blood
analyses (x-axis) and the measurements of the DBS samples from the
pre-cleaned cards (y-axis).

These scatterplots using pre-cleaned cards demonstrate a marked
improvement over their counterparts in the previous section using
standard DBS collected on untreated cards. We note that there is a slight
bias in the slopes below 1.0, which could be perceived as a small sink for
trace metals created by the acid wash process. This is pure speculation;
it is also possible that this is an artifact of linear regression of data
that should have been log-transformed or a few influential outliers.
Regardless, the cleaned cards provide a significant improvement and
could be used effectively as a surrogate for venous whole blood analysis.

Arsenic scatterplot:

blood vs. DBS and DBS corrected
60

A DBS
50 4 % DBS corr * -
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Arsenic DBS (ppb)

2

0 2 4 6 8 10 12 14 16

Arsenic: blood (ppb)

Figure 1: Scatterplots of arsenic: venous blood vs. DBS (triangle) and
venous blood vs. DBS corrected for within card blank value (star). Straight line
indicates perfect agreement.

Cadmium scatterplot:
blood vs. DBS and DBS corrected
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Figure 2: Scatterplots of cadmium: venous blood vs. DBS (triangle) and
venous blood vs. DBS corrected for within card blank value (star). Straight line
indicates perfect agreement.

Mercury scatterplot:
blood vs. DBS and DBS corrected
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Figure 3: Scatterplots of mercury: venous blood vs. DBS (triangle) and
venous blood vs. DBS corrected for within card blank value (star). Straight line
indicates perfect agreement.
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Metal Species Compare Slope p-value r? sig. pos.
Blood vs. DBS 0.983 0.009 0.083 yes
As
Blood vs. DBS corr 0.89 0.022 0.065 yes
Blood vs. DBS 0.392 <0.001 0.186 yes
Cd
Blood vs. DBS corr 0.698 0.002 0.134 yes
Blood vs. DBS 0.602 <0.001 0.498 yes
Hg
Blood vs. DBS corr 0.872 <0.001 0.575 yes
Blood vs. DBS 0.594 <0.001 0.022 yes
Pb
Blood vs. DBS corr 0.704 <0.001 0.187 yes
Table 2: Summary statistics for scatterplot slopes of association between venous blood measurements and DBS measurements from standard Whatman #903 cards (n=82/
group).
Metal .
N Sample GM GSD Min 5%% 25" % 50 % 75% % 95t % Max
Species
DBS orig 5.68 2.68 <LoQ 20 2.77 7.16 10.94 16.73 19.02
As (ppb) DBS clean 7.48 154 0.9 5.01 6.73 7.76 8.96 11.11 17.83
Blood 9.1 139 3.6 594 7.52 9.73 11.1 12.79 24
DBS orig 0.09 1.8 0.12 0.15 0.18 0.23 0.27 0.45 0.9
Cd (ppb) DBS clean 0.09 1.77 <LoQ 0.03 0.05 0.08 0.11 0.113 0.43
Blood 0.09 1.8 0.03 0.05 0.08 0.08 0.13 0.2 0.5
DBS orig 2.41 1.44 1.68 1.68 1.92 2.22 2.74 3.85 11.82
Hg (ppb) DBS clean 0.59 1.76 0.18 25 0.4 0.63 0.81 1.49 1.9
Blood 0.43 224 0.08 0.13 0.23 0.44 0.73 1.65 1.98
DBS orig 8.2 1.6 3.42 428 6.32 759 11.42 16.83 30.54
Pb (ppb) DBS clean 5.22 1.71 2.3 255 3.49 496 6.43 13.32 26.48
Blood 5.98 1.66 2.6 3.02 4.03 5.63 7.69 13.66 30.18

Table 3: Summary statistics: Group-wise comparison of metal species and sample format; DBS measurements are from standard DBS samples, and from DBS samples
collected on pre-cleaned cards; “Blood” refers to venous blood measurements (n=40/group).

In the Table 3 below, we present the slope factor results comparing
the linear regressions as drawn in Figures 5-8, and the presumed more
robust slopes calculated in log-log space. The results are equivocal,
with some slight improvement in slope comparisons for As, Cd, and
Pb (Table 4).

Predicting blood concentrations from DBS

If we concede that the log-transformed regressions are slightly
more robust in dealing with influential outliers, then we can estimate
the concentration in the blood (C,, ) in terms of the measured value
from the pre-cleaned DBS samples and the regression coefficients as:

Chrood (DBS)zexp{l:ln (DBS) — b’]/m’} 1)

where m’ = slope and b’ = intercept are the regression coefficients of
the log-transformed data, analogous to the regressions performed using
the raw data in Figures 5-8. One could also use the linear regressions
from those figures in a standard calibration application in this format:

Cyroos (DBS)=(DBS — b)/m )

where m and b are the slope and intercept coefficients from the
natural space regressions. The choice of regression space is not obvious.

If there are large influential outliers, then log-space is preferable, if
however, there are many very low-level imputed values, they skew the
low end unnecessarily and linear regression yields a more practical
result.

The next step is to estimate the variability between the standard
method (venous blood analysis) and the pre-cleaned DBS sampling
method. Although we might designate the venous blood method to be
the default, it too is subject to some level of variability, and so we need to
make a decision as to how to interpret the comparisons. There are two
paths: pronounce that the variability in the venous blood measurements
is negligible (gold standard), or assume that we do not know and treat
each method equally with respect to variance. A second decision is how
to couch the results; we can either state error in terms of percent with
respect to the concentration, or make a blanket statement of confidence
limit across all levels. Either is acceptable, often the percent method is
preferable as it is easier to compare disparate data, in our case, across
different metal species. Table 5 shows the results from this regression
exercise for both approaches.

The table demonstrates that the choice of prediction space is
equivocal. The one anomaly is the slope/intercept for the prediction
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Lead DBS (ppb)

Figure 4: Scatterplots of lead: venous blood vs. DBS (triangle) and venous
blood vs. DBS corrected for within card blank value (star). Straight line indicates
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Figure 5: Scatterplot of lead data: venous blood vs. DBS on pre-cleaned
card. Straight line indicates linear regression curve: y(x) = 0.6538(x) + 1.733

(2= 0.58).

Cadmium DBS (ppb)

Figure 6: Scatterplot of cadmium data: venous blood vs. DBS on pre-cleaned
card. Straight line indicates linear regression curve: y(x) = 0.8606(x) + 0.0027

(2= 0.86).
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Figure 7: Scatterplot of mercury data: venous blood vs. DBS on pre-cleaned
card. Straight line indicates linear regression curve: y(x) = 0.8308(x) + 0.2081
(r?=0.66).

Lead scatterplot:
blood vs. DBS "clean"
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Figure 8: Scatterplot of lead data: venous blood vs. DBS on pre-cleaned
card. Straight line indicates linear regression curve: y(x) = 0.9209(x) - 0.2085
(r?=0.96).

of As, where there is some clustering (see the scatterplot in Figure 5)
that appears to shift the slope a bit. Overall, the scatter between the
two methods has a prediction band error ranging from +21% to £76%.
This is not as dire as it initially appears. Consider for example that a
DBS measurement of as at the median of 7.16 ppm would indicate a
blood level between 4.3 and 10.0 ppm with 95% confidence. Also, we
need to consider that the venous blood levels are subject to error. As
such, the relationship between cleaned DBS samples and venous blood
measurements is useful for using one or the other.

Conclusions

Dried blood spots are proposed as a non-invasive and even
self-administered alternative to sampling whole venous blood. The
retrospective data from standard DBS cards are not suitable for
metals analysis as they exhibit too much heterogeneity of background.
However, all standard DBS measurements demonstrate a positive slope
with respect to matched venous blood samples suggesting that there
is at least some statistical, albeit noisy, relationship. It is possible to
investigate this behavior in more detail with further measurements of
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Metal Species Compare Slope p-value r sig. pos.
Blood vs. DBS (lin.) 0.654 <0.0001 0.682 yes
A Blood vs. DBS (log) 1.003 <0.0001 0.58 yes
Blood vs. DBS (lin.) 0.861 <0.0001 0.861 yes
e Blood vs. DBS (log) 0.916 <0.0001 0.858 yes
Blood vs. DBS (lin.) 0.831 <0.0001 0.892 yes
"o Blood vs. DBS (log) 0.568 <0.0001 0.658 yes
Blood vs. DBS (lin.) 0.844 <0.0001 0.94 yes
" Blood vs. DBS (log) 1.033 <0.0001 0.956 yes

Table 4: Summary statistics for scatterplot slopes of association between venous blood measurements and DBS measurements from DBS collected on pre-cleaned cards

(n=40/group), in both linear and log-transformed data regressions.

Metal Species Prediction Model slope (m)
Blood vs. DBS (lin.) 1.000
As
Blood vs. DBS (log) 0.793
Blood vs. DBS (lin.) 0.997
Cd
Blood vs. DBS (log) 1.045
Blood vs. DBS (lin.) 1.000
Hg*
Blood vs. DBS (log) 1.083
Blood vs. DBS (lin.) 1.000
Pb
Blood vs. DBS (log) 0.997

*5 low-level imputed values removed

intercept (b) r? % error (+/-)
-0.001 0.6819 47.6
2.131 0.6186 38.8
-0.003 0.9498 50.5
-0.005 0.9535 40.2
-0.004 0.8921 76.5
-0.040 0.9113 62.7
-0.001 0.9399 215
0.076 0.9393 21.2

Table 5: Prediction band results from calibrated “clean” DBS vs. venous blood regressions in linear and log-space.

the spatial heterogeneity within cards, and the population heterogeneity
between cards.

Using pre-cleaned cards for prospective (non-invasive) sampling
has promise. Based on these limited samples, we find excellent linearity
for groups of samples, and that a single DBS sample can provide a
bounded and useful estimate for the “true” blood level as illustrated
in Table 5.
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