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Characterization of the elemental composition of newborn blood spots using
sector-field inductively coupled plasma-mass spectrometry
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We developed extraction and analysis protocols for element detection in neonatal blood spots (NBSs) using sector-field inductively coupled plasma-mass
spectrometry (SF-ICP-MS). A 5% (v/v) nitric acid element extraction protocol was optimized and used to simultaneously measure 28 elements in NBS
card filter paper and 150 NBSs. NBS element concentrations were corrected for filter paper background contributions estimated from measurements in
samples obtained from either unspotted or spotted NBS cards. A lower 95% uncertainty limit (UL) that accounted for ICP-MS method, filter paper
element concentration, and element recovery uncertainties was calculated by standard methods for each individual’s NBS element concentration. Filter
paper median element levels were highly variable within and between lots for most elements. After accounting for measurement uncertainties, 11 elements
(Ca, Cs, Cu, Fe, K, Mg, Na, P, Rb, S, and Zn) had lower 95% ULs >0 ng/spot with estimated concentrations ranging from 0.05 to > 50,000 ng/spot in
>50% of NBS samples in both correction methods. In a NBS sample minority, Li, Cd, Cs, Cr, Ni, Mo, and Pb had estimated concentrations > 20-fold
higher than the respective median level. Taking measurement uncertainties into account, this assay could be used for semiquantitative newborn blood
element measurement and for the detection of individuals exposed to supraphysiologic levels of some trace elements. Adequate control of filter paper
element contributions remains the primary obstacle to fully quantitative element measurement in newborn blood using NBSs.
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Introduction few days of birth. With only a few of these spots being used
by health departments to screen for newborn diseases, the
remainder could potentially be used for exposure assessment

in epidemiological studies. Several states store remaining

Neonatal blood spots (NBSs) are collected from virtually
every infant in the United States. Typically five spots, each

consisting of ~80 ul of blood, are collected on a Guthrie
card (Guthrie and Susi, 1963) through a heel stick within a
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NBSs and make them available to researchers after appro-
priate institutional review board (IRB) review (Olshan,
2007). As there is evidence that perinatal exposures may
affect health both early and later in life (Smith et al., 2006;
Waterland and Michels, 2007) and neonatal venous blood
samples (the optimal material for blood measurement assays)
are not routinely archived, developing methods to measure
specific contaminant exposures and/or variations in blood
chemistry using NBS may prove fruitful for studies of the
developmental origins of disease (Waterland and Michels,
2007). For example, environmental exposure to lead, one of
the few elements that have been measured in NBS (Schwartz,
1994), is of great interest because of its neurological toxicity
(Wang and Demshar, 1992; O’Broin, 1993; Schonfeld et al.,
1994; Verebey et al., 1995; Jarup, 2003). Many other
elements that have been noted as probable carcinogens or
factors that can contribute to carcinogenesis (e.g. arsenic,
cadmium, chromium, copper, nickel, vanadium) (Pesch
et al., 2000; Beyersmann, 2002; Desoize, 2003; Jarup,
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2003; Silbergeld, 2003) can be measured in venous blood
with current multi-element instrument technology, but
application to NBSs has been limited as indicated by the
paucity of published studies on this topic.

A variety of instrumental techniques have been used to
measure select elements in human biological material
including (primarily) single-element techniques such as flame
atomic absorption spectroscopy and graphite furnace atomic
absorption spectroscopy; and multi-element tools such as,
inductively coupled plasma atomic emission spectrometry,
and ICP-MS. For analysis of elements in small samples,
the advantages of ICP-MS include detection limits
(<0.001-10 ng/ml) that are orders-of-magnitude lower than
the other techniques, simultaneous measurement of multiple
elements, and relatively high throughput (Bolann et al.,
2007). In applying ICP-MS methods to clinical sciences, the
sample matrix presents substantive analytical challenges and
in general the matrix ultimately controls the precision and
accuracy of the method. For example, for blood both
physical and spectral matrix-based interferences limit ICP-
MS performance, especially traditional unit-resolution
quadrupole-based ICP-MS. Sector-field (SF) ICP-MS
(i.e. magnetic sector) effectively mass resolves the spectral
interferences that severely compromise quantification of
many elements in complex blood matrices when quadru-
pole-based ICP-MS is used (Krachler, 2007), yet still
provides comparable to superior sensitivity. The greatly
enhanced signal/noise and accuracy of SF-ICP-MS makes it
the technique of choice for building a method for quantifica-
tion of a large suite of elements in NBS (Rodushkin et al.,
2000; Bocca et al., 2004).

A key challenge to using this technique to measure
elements in NBS compared with other clinical matrices
(i.e. hair, venous blood, and urine) is the development of
extraction protocols that maximize the number of elements
that can be extracted from the spotted blood with
adequate recovery rates, while simultaneously minimizing
the contribution of background element contamination to the
measurement from the filter paper. In this article, we describe
a method to extract and quantify multiple elements (metals
and non-metals) in NBS using SF-ICP-MS and present a
detailed account of method uncertainties derived from
background filter paper element levels and other sources.

Methods

Samples

Following exempt approval from the University of Minne-
sota Institutional Review Board, over 1000 deidentified NBS
were obtained from the Minnesota Department of Health
(MDH) in 2000. NBS cards were stored in boxes at MDH in
rubber-banded groups of 20-25 at ambient temperature for
up to a year. The blood spot portion of the card was folded
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Figure 1. Newborn screening card (903 grade paper, Whatman,
Piscataway, NJ, USA).

over to prevent it from touching other cards. A square that
encompassed the spot and included a small amount of
surrounding filter paper was cut from each card (Figure 1)
and placed into a plastic sleeve followed by storage at 4°C for
> 7 years before testing. One hundred fifty NBS that met the
valid specimen criteria specified by the manufacturer (GE
Healthcare, 2009) were chosen for elemental characteriza-
tion, transferred to trace metal cleaned polystyrene petri
dishes, and sent from the University of Minnesota to the
University of Wisconsin State Laboratory of Hygiene
(WSLH) for analysis. Three different lots of unspotted
NBS cards (W-031 (n=5), W-041 (n=15), and W-051
(n=15)) that were taken directly from the supplier’s
packaging (Schleicher & Schuell 903 grade paper, Whatman,
Piscataway, NJ, USA) were also sent to the WSLH for
elemental analysis.

Extraction Protocol
Three different general extraction protocols were evaluated to
determine optimal extraction conditions for a large number
of elements from NBS as detailed in the Supplementary
methods. Briefly, SF-ICP-MS was used to measure 35
elements (those listed in Table 1 with the addition of Ag, As,
Hg, Rh, Se, Sn, and Pt) under each protocol. The latter
seven elements, due either to extremely low blood levels, poor
analytical recoveries/reproducibility, or lack of suitable
external reference materials, were excluded from further
analyses. All of the extraction/digestion protocols were
applied to both blank filter paper and blood reference
materials as part of the optimization procedures. A 5% (v/v)
nitric acid/0.1% (v/v) Triton X-100 extraction protocol was
chosen for element measurement for this study based on
acceptable recovery rates (80—120%) for the largest number
of elements and levels of elements extracted from unspotted
(blank) filter paper that were among the lowest of the
evaluated protocols. Element recoveries were, on average,
poorer and more variable, and method blanks higher, in the
two other general types of extraction protocols evaluated;
a TMAH/ETOH/APDC/Triton extraction and a TMAH
digestion followed by ETOH/APDC extraction—refer to the
Supplementary methods for details of these extraction methods).
Spotted and unspotted card circles (~8 mm diameter)
were vertically bisected (Figure 1), with a ceramic blade on a
clean Teflon cutting surface. An approximately equal size
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Table 1. ICP-MS measured element concentrations in blank filter paper by lot (ng/spot).

Variable W-031¢ W-041% W-051%

Median Mean SD CV (%) Median Mean SD CV (%) Median Mean SD CV (%)  P-value®
Al 105.78 112.57 57.54 51 20.35 23.67 6.88 29 25.81 56.95 70.25 123 0.0376
Ba 14.76 14.84 2.51 17 11.66 11.39 1.07 9 3.14 3.06 1.02 33 0.0002
Ca 7338.50  7445.68  495.36 7 6846.11  6686.19  748.40 11 489298 473323  647.97 14 0.0002
Cd 0.14 0.15 0.02 14 0.13 0.13 0.01 10 0.02 0.02 0.01 57 0.0002
Ce 0.21 0.22 0.03 13 0.16 0.16 0.03 18 0.02 0.04 0.05 152 0.0002
Co 1.48 1.61 0.23 14 1.17 1.26 0.28 22 1.89 1.90 0.28 15 0.0376
Cr 0.27 0.36 0.22 61 0.28 0.30 0.11 38 0.26 0.36 0.25 70 0.8145
Cs* 3.22 5.41 4.83 89 1.55 2.33 1.86 80 2.52 10.51 29.07 271 0.2921
Cu 13.19 14.53 3.93 27 3.43 4.17 1.29 31 3.14 3.70 2.06 56 0.0376
Fe 79.65 84.10 16.86 20 76.61 77.95 6.09 8 49.41 53.27 23.30 44 0.0029
K 67.51 71.86 10.81 15 111.65 110.74 61.83 56 256.93 259.56 54.06 21 0.0006
Li 0.06 0.12 0.08 69 0.09 0.09 0.03 35 0.21 0.27 0.13 48 0.0376
Mg 1095.89  1,72.89 98.17 9 1322.12  1300.07 104.43 8 1501.26  1523.28 72.37 5 0.0006
Mn 34.07 34.36 3.13 9 21.40 21.35 1.36 6 5.37 5.82 1.10 19 0.0002
Mo 0.06 0.16 0.17 106 0.02 0.06 0.13 227 0.19 0.22 0.24 110 0.2921
Na 1919.67  1921.40  100.31 5 2497.40  2385.04  382.10 16  3321.83 3116.59 809.64 26 0.0006
Ni 0.89 0.90 0.14 15 0.62 0.60 0.15 24 0.57 0.55 0.36 67 0.0376
P 314.67 309.09 38.59 12 373.30 386.53 58.43 15 45.82 50.22 80.98 126 0.0002
Pb 0.75 24.81 53.33 3 0.51 0.57 0.33 57 0.21 0.86 1.23 142 0.2921
Rb 0.09 0.08 0.04 46 0.11 0.11 0.04 33 0.26 0.27 0.05 19 0.0006
S 317.47 317.55 49.99 16 355.16 363.54 65.65 18 646.41 649.67 85.90 13 0.0006
Sb® 3.94 4490 100.07 223 —1.31 1.16 21.95 1900 6.82 8.53 36.72 430 0.8145
Sr 13.67 13.46 1.04 8 11.08 11.36 1.41 12 7.26 7.95 1.64 21 0.0029
Ti 1.31 1.32 0.83 63 0.50 0.64 0.75 117 0.63 2.86 7.16 250 0.1749
TI¢ 0.00 0.81 2.11 260 1.14 1.55 1.76 113 1.44 1.88 1.76 93 0.2921
u° 9.70 10.35 1.71 17 5.59 5.90 0.78 13 4.19 4.64 2.93 63 0.0174
\% 0.08 0.09 0.03 32 0.09 0.09 0.02 24 0.12 0.15 0.10 66 0.2921
Zn 18.81 17.76 5.17 29 13.95 0.24 25.50 10,836 6.30 7.08 37.38 528 0.0174

#The number of samples for each of the three lots: W-031, W-041, and W-051 was 5, 5, and 15, respectively.

®Calculated by Brown-Mood median test.
“Expressed as picograms/spot.

filter paper sample adjacent to the NBS was cut from 15 of
the 150 NBS cards for measurement of the elemental
background in spotted cards. Sections were weighed on an
analytical balance (Mettler AE163, precision 0.01 mg) in
clean plastic weigh boats, placed at the bottom of an acid-
leached 15 ml polypropylene extraction tube to which 5 ml of
extraction solution (5% (v/v) Optima grade 16 M nitric
acid (Fisher Scientific) + 0.1% (v/v) Triton X-100) was
subsequently added. Samples were then vortexed briefly
and sonicated for 10 min followed by incubation for 30 min,
brief vortexing, and an additional Smin sonication.
They were then filtered through a 25-mm diameter 0.45 u
Whatman Puradisc polypropylene syringe filter using poly-
propylene acid-leached 20ml syringes (Norm-Jet; Henke
Sass Wolf, Tuttlingen Germany) to remove undigested
material, and placed into clean polypropylene auto-sampler
tubes, diluted one to one (v/v) with 2% (v/v) (0.32M)
Optima grade nitric acid immediately before SF-ICP-MS
analysis. All processing steps were conducted at room
temperature.
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Contamination Control Procedures

To minimize any laboratory contamination of NBSs with
elements, all preparation steps (supply and equipment
cleaning), sample extraction, and analyses were performed in
a trace element clean laboratory by personnel with extensive
experience in trace level techniques. Filter substrates were
handled with Teflon forceps and gloved hands and critical
sample and equipment handling were performed under
polypropylene or acrylic laminar-flow benches. Precautions
were taken to minimize contamination during chemical
extractions including the use of only ultra-high purity reagents.
Samples contacted only trace metal compatible plastic
materials (Teflon, polypropylene, or polyethylene) that were
prepared in multi-step acid (2 M nitric, 2 M hydrochloric, and
0.2M nitric; each step for 2 days) leachings. Equipment/
supplies were protected from environmental contamination by
double bagging in plastic. Further details of the contamination
control protocols that are routinely used at the WSLH have
been published earlier (Shafer and Overdier, 1997, McElroy
et al., 2007, 2008; Shafer et al., 2008).
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SF-ICP-MS Procedures

Sample extract element concentrations were determined with
a single-collector magnetic sector ICP-MS instrument
(Element 2-Thermo-Finnigan, Bremen Germany). The
Finnigan Element 2 (with fast scanning magnet and Pt
guard electrode) is interfaced to an ESI low-flow Teflon
micro-concentric nebulizer (MCN) and quartz cyclonic spray
chamber and can be operated in three resolution modes: low,
medium, and high with the mass resolution for each element
chosen based on consideration of resolution of spectral
interferences and sensitivity. In general, we applied the
resolution mode that provided the necessary mass resolution
of all known molecular interferences, but no higher.
Sensitivities ranging from 1500 to 4000 MHz/parts per
million (p.p.m.) (low-resolution mode for mono-isotopic
element), backgrounds less than two counts per second
(c.p.s.), and instrumental detection limits (3 SD) ranging
from ~0.001 to 0.1 ng/ml are typically observed. Three
internal standards (gallium, indium, and bismuth) were
spiked into the diluted sample extracts (and standards)
before analysis to correct for matrix and transport-driven
sensitivity variation and long-term drift. Quantification was
performed using external standards (multi-element mixes
with element-appropriate concentration ranges) with internal
normalization to the internal standards. Isotopes were
acquired in peak jumping mode and multiple isotopes
(where feasible) of many target elements were acquired as
part of the overall data quality assessment. A minimum of
three replicate analyses, from which instrumental measure-
ment reproducibility estimates in ng element (u; below)
were obtained, were performed on each sample after a
45-s uptake and stabilization period. A long rinse with
2% (v/v) high purity nitric acid was performed between
samples to minimize carry over and to recondition the
sampler cone.

Quality assurance/control samples analyzed along with
each batch of samples included externally certified blood
reference materials (CRMs) (Metals Level 1 blood, catalogue
no. 44521, UTAK Laboratories, Valencia, CA, USA), and
Toxic Metals in Bovine Blood, NIST 966), element-spiked
reference blood, digestion matrix element spikes, sample
element spikes, analytical and sample replicates, method
blanks, and isotope and resolution checks. Supplementary
Table S1 summarizes general and element-specific SF-ICP-
MS operating parameters, as well as acceptance criteria for
QC samples and supplementary Table S2 outlines QA/QC
metrics and acceptance criteria for samples.

Data Analysis

Element concentrations in NBS sample extracts were first
corrected for any element contribution from reagents,
handling, and the instrument by subtracting the batch
specific, analytical method blank (typically the mean of 3—4
blanks). Measurements were then corrected for the estimated
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contribution of elements from the filter paper using two
approaches. In the first approach (correction method A),
which was applied to all 150 NBS samples, we estimated the
filter paper elemental background as the mean level in blank
(unspotted) filter paper samples obtained from three different
lots (W-031, W-041, and W-051). In the second approach
(correction method B), which was applied to a subset of the
NBS samples (n=15), we estimated the filter paper blank
from the element levels measured in a sample of filter paper
adjacent to the NBS (spotted card filter paper). Calculation
details of the filter blank correction protocols can be found in
the Supplementary material.

We estimated the total uncertainty (y.) in ng/spot
associated with each element concentration value (y) by
taking the square root of the sum of the individual squared
uncertainties according to the formula:

13+ 13+
femmm

where p; is the ng uncertainty associated with the SF-ICP-
MS measurement as estimated from the three replicate
analyses described above, uj, is the uncertainty in ng element
in the filter paper blanks per section assayed estimated from
lots W-031, W-041, and W-051 (correction method A) or the
adjacent filter paper (correction method B) (u, calculation
details are provided in section IIl of the Supplementary
material), us is the uncertainty in element recovery that was
estimated from the variation in element recovery in the
CRMs and element-spiked CRM spotted on Afilter
paper (percent recovery x ng element detected in sample),
and f'is the spot fraction (mass of spot section analyzed/total
mass of spot) assayed. A lower 95% uncertainty limit
(UL) was calculated as y —2 p. to characterize the lower limit
of the range of values where the true blood element
concentration was likely to lie (Seiler et al., 1994; Taylor
and Kuyatt, 1994).

NBS element measurement reproducibility and repeatabil-
ity were assessed in 15 randomly selected NBS by comparing
ICP-MS measurements between two approximately half spot
samples obtained from a single NBS (reproducibility), and
two repeat runs of the same NBS extract (repeatability). The
percent coefficient of variation (CV) was used to express
variation between duplicate samples and was calculated
according to the formula: 100 x SD/mean ng element/spot.
The mean CV across pairs was calculated to estimate the
overall reproducibility between duplicate measurements for
each element for both metrics of precision described above.
Interassay CVs were assessed using blank filter paper spotted
with 80 ul of CRM that was assayed in five analytical
batches that included three replicate ~ half spot samples/
batch and was calculated according to the formula: 100 x SD
of the batch mean element concentration/batch mean element
concentration.
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Statistical Analysis

Microsoft Excel 2003 and SAS version 9.1 (Cary, NC, USA)
were used to perform all calculations and statistical tests.
Statistical differences in element concentrations between
blank filter paper lots were determined using the Brown—
Mood non-parametric test in the SAS procedure Nparlway
that is equivalent to a one-way ANOVA F statistic using median
scores (SAS Institute, 2009). For each element, we calculated
the percentage of NBS with lower 95% uncertainty interval
limits >0ng/spot to determine the elements that could
be reliably detected in the majority of NBS (i.e. >50%)
Correlations were assessed using Pearson’s correlation
coefficient. Statistical differences (P <0.05) between batches
in sample element measurements were assessed using the
ANOVA F test.

Results

ICP-MS Element Measurement in NBS Cards

Element levels varied considerably within lots with CVs
>20% between blank filter paper samples for at least
one lot for most elements. Element concentrations were
also highly variable between blank filter paper lots, with
significant differences in median element levels for most
elements (20/28) (Table 1). Element concentrations in filter
paper from blank NBS cards ranged from 0.0001 to
~ 10,000 ng/spot with Al, Ca, Fe, K, Mg, Na, P, S, and
Zn detected at the highest levels and Cd, Cs, Sb, and Tl
detected at the lowest levels. Of note is that outliers (defined
as >3 SDs from the mean) were detected for a few element
measurements in single filter paper samples for Pb (lot
W-031; 120.2 ng/spot), Na (lot W-051; 388.8 ng/spot), and
Ti (lot W-051; 28.1ng/spot) and were excluded from
correction method A calculations.

After accounting for estimated measurement uncertainties,
11 of 28 elements (Ca, Cs, Cu, Fe, K, Mg, Na, P, Rb, S,
and Zn) had lower 95% ULs > 0ng/spot in the majority of
NBS samples in both correction methods (Table 2). An
additional five elements (Ce, Mn, Sr, Li, and Co) met this
criterion in one of the correction methods. Estimated median
element concentrations for the 11 elements that could be
detected in most samples spanned 6 orders of magnitude
ranging from ~0.05ng/spot (Cs) to > 50,000 ng/spot (Na
and K). It is important to note that some elements, although
not detected in the majority of NBSs, could be detected in a
minority of samples at levels that were orders of magnitude
higher than the median level. For example, lithium was
detected in 4/150 NBSs (correction method A) and 1/15
NBSs that was also used in correction method B at levels
>500 times the estimated corresponding median NBS
concentration. In addition, the elements Cd (n=1/150), Cs
(n=1/150), Cr (n=22/150), Ni (n=4/150), and Mo
(n=>51/150) using correction method A and Pb (n=1/15)
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using correction method B were detected in individual NBS
at levels >20 times the corresponding median NBS
concentration (data not shown). Although most elements
showed a generally consistent pattern between correction
methods with regard to whether they could be detected in
most samples, it is of interest to note that a few elements
showed different patterns depending on which correction
method was used. For example, Cd was detected in 100% of
samples using correction method A and 0% of samples using
correction method B. In contrast, an opposite pattern was
observed for Co, which was detected in 100% of samples
using correction method B and 0% of samples using
correction method A.

To address the reasons for these differences in element
detection between filter paper blank correction methods, we
compared element concentrations between unspotted and
spotted NBS card filter paper (Table 3). Median element
levels were higher in spotted than unspotted NBS card filter
paper from all three tested lots for 16 of 28 elements. For Cd
that was detected in all samples using correction method A
but not B, the adjacent filter paper median was higher than in
all three of the tested blank filter paper lots. For Co, the
opposite pattern was observed with a higher level detected in
all three lots of blank filter paper than in the adjacent filter

paper.

Measurement Reproducibility and Repeatability
Intra-assay reproducibility of NBS element measurements
was assessed in 15 paired half spot samples from the same
NBS card. Seventeen of the 28 elements had CVs <20%
with the lowest CVs for Rb, Na, and Mn (Figure 2).
Elements with poor reproducibility (i.e. the highest CVs)
were Mo, Ti, and Sb. As would be expected, reproducibility
decreased with decreasing element concentration, with a
Pearson’s correlation coefficient of » =0.55 (data not shown).
Element measurement repeatability was also assessed in 15
NBS sample extracts that were run twice on the ICP-MS
instrument. CVs for most elements were <10% (data not
shown), implying that extraction variability was the largest
component to overall variability in individual element
measurements. Interassay reproducibility of NBS measure-
ments was assessed in triplicate CRM spot samples that were
run in each of five analytical batches. For elements
determined to be quantifiable in NBS with both correction
methods (Ca, Cs, Cu, Fe, K, Mg, Na, P, Rb, S, and Zn),
CVs were acceptable ranging from 2.6% (P) to 12.6% (Zn)
(Figure 3).

Discussion

It is becoming increasingly clear that early life exposures may
be etiologically relevant to disease later in life (Waterland and
Michels, 2007). Electrolyte and trace metal disturbances are
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Table 2. Estimated element concentrations in NBS samples (ng/spot).

Element Median uncorrected Correction method A* Median Correction method B* R®
concentration uncorrected
(n=150) Median Mean SD Samples with concentration  Median Mean SD Samples with
detectable (n=15) detectable
element (%) element (%)
Al 72.13 —8.13 14.35 59.60 61.40 —10.85 —12.02 20.26 0 0.39
Ba 19.89 11.43 11.74 3.62 20.03 0.96 0.69 2.62 13 0.51
Ca 13,159.67 6042.05  6062.44  2003.74 3 13,265.95 5699.21 5462.04  1713.48 73 0.85
Cd 0.33 0.24 0.33 0.46 100 0.31 —0.07 —0.15 0.18 0 0.76
Ce 0.37 0.24 0.24 0.16 0.41 —0.03 —0.04 0.10 7 0.19
Co 1.43 —0.73 —0.76 0.67 1.48 1.31 1.29 0.25 100 0.64
Cr 0.43 0.01 0.05 0.28 0.40 —0.16 —0.43 1.03 7 0.45
Cs 0.07 0.06 0.10 0.30 0.06 0.03 0.03 0.03 80 0.47
Cu 56.45 48.99 50.63 14.12 100 60.01 46.53 4545 12.30 100 0.91
Fe 9317.13 9237.96  9797.48  3481.14 100 11,526.76 11,261.81 10,124.47  3679.06 100 1.00
K 87,441.07 87,202.97 95,169.20 37,889.52 100 92,189.82  58,085.18 58,665.40 18,807.63 100 0.96
Li 0.53 0.28 13.42 84.72 0.78 0.63 35.65 135.66 87 1.00
Mg 4672.12 2943.92  3016.80 666.84 5027.94 3559.58  3570.04 803.53 100 0.95
Mn 35.83 19.31 18.53 5.89 38.34 0.49 0.33 4.55 0 0.26
Mo 0.20 0.02 0.43 1.66 0.56 —0.25 —0.22 0.34 0 0.05
Na 74,889.37 71,689.86 75,469.07 26,607.75 100 80,687.55  51,973.43 52,866.97 15,005.55 100 0.94
Ni 1.27 0.46 1.58 5.98 1.65 -0.72 3.37 11.97 13 1.00
P 25,068.88 24,841.72 26,051.10  7178.15 100 27,198.43  25971.20 25,773.40  6260.10 100 0.99
Pb 1.83 0.76 1.33 1.87 1.61 0.30 0.88 2.90 27 0.95
Rb 84.83 84.59 96.18 45.31 100 96.30 59.57 57.23 21.04 100 0.96
S 3644.95 3011.47  3169.25 1446.07 100 3897.68 2647.47  2572.00 602.73 100 0.97
Sb 0.09 0.07 0.11 0.15 0.07 —0.09 —0.06 0.23 0 0.70
Sr 18.59 6.65 6.77 2.58 19.98 4.58 447 2.98 33 0.94
Ti 0.82 —0.46 —0.24 1.23 0.62 —1.10 -1.07 1.65 0 0.62
TI° 6.00 4.20 3.78 3.11 6.67 4.72 4.05 2.24 20 0.41
u° 7.75 —0.37 0.15 3.64 5.51 —3.53 —3.74 2.58 0 0.40
\% 0.16 —0.01 0.00 0.07 0.14 —0.01 —0.04 0.11 0 0.37
Zn 213.59 203.26 217.82 91.48 226.43 142.16 119.67 121.15 80 0.82

Statistics for correction methods A and B are based on 150 and 15 samples, respectively.
®Pearson’s correlation coefficient between NBS element concentrations calculated using method A and B on the same samples (n= 15).

“Expressed in picograms/spot.

known to be involved in the pathogenesis of many diseases
with some evidence, suggesting that prenatal exposure to lead
and lithium is associated with an increased risk of adverse
outcomes in the offspring (Seiler et al., 1994; Bellinger, 2005;
Giles and Bannigan, 2006). Therefore, an important aspect
of conducting studies that aim to determine relationships
between diseases and prenatal exposures is the development
of assays to measure analytes in samples collected around the
time of birth. Although venous blood samples would be the
preferred sample for measuring neonatal exposures, these
samples are not routinely available retrospectively. As NBSs
are collected on most newborns and retained by some states
that also permit their use in research (Olshan, 2007), our
objective was to develop an assay to measure elements in
NBS samples using SF-ICP-MS.

Earlier studies have simultaneously measured up to 37
elements in whole blood, plasma, urine, or hair by ICP-MS
(Barbany et al., 1997; Muniz et al., 2001; Goulle et al., 2005;
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Heitland and Koster, 2006a, b). To our knowledge, this is the
first study that has attempted to measure a large panel of
elements in NBS. Using our optimized extraction protocol
that we developed specifically for this application, coupled
with SF-ICP-MS analysis, we were able to quantify 11
clinically relevant elements (Ca, Cs, Cu, Fe, K, Mg, Na, P,
Rb, S, and Zn) in the majority of NBS samples after
accounting for measurement uncertainties. In addition, some
elements (Li, Cd, Cs, Cr, Ni, Mo, and Pb) were detected at
high levels in a minority of NBSs, indicating that the assay
may be useful for determining infants who have been exposed
to supraphysiologic levels of trace elements while in utero.
We are aware of only two other studies that have used
ICP-MS for element detection in dried blood spots
(Chaudhuri et al., 2008; Cizdziel, 2007), only one of which
measured elements using an extraction-based protocol
(Chaudhuri et al., 2008). In the first study, the authors
reported successful measurement of lead and mercury but not
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Table 3. Comparison of background element levels in blank filter paper vs adjacent filter paper.

Element Median lot Median lot ~ Median lot Median Median ratio adjacent Median ratio adjacent Median ratio adjacent
W-031 W-041 W-051 adjacent paper paper/lot W-031 paper/lot W-041 paper/lot W-051
Al 3.01 0.61 0.75 1.62 0.54 2.65 2.16
Ba® 0.44 0.36 0.09 0.46 1.05 1.27 5.14
Ca® 220.28 212.48 136.82 181.54 0.82 0.85 1.33
Ccdb 4.66 3.90 0.63 9.20 1.97 2.36 14.70
Ce® 6.06 4.83 0.57 9.50 1.57 1.97 16.53
CoP 47.81 35.30 53.12 3.50 0.07 0.10 0.07
cr® 8.75 8.84 7.34 14.10 1.61 1.59 1.92
Cs® 0.10 0.05 0.07 0.90 8.65 16.43 12.29
Cu® 0.40 0.12 0.09 0.28 0.72 2.39 3.16
Fe* 2.49 2.45 1.39 4.29 1.72 1.75 3.10
K® 2.06 3.20 7.35 948.04 459.11 296.51 129.06
Li® 1.85 2.62 6.00 3.40 1.83 1.30 0.57
Mg? 31.87 40.95 43.37 30.63 0.96 0.75 0.71
Mn* 1.02 0.67 0.16 0.90 0.88 1.34 5.75
Mo® 1.75 0.74 5.28 23.30 13.32 31.67 4.41
Na 58.30 72.31 94.20 646.28 11.09 8.94 6.86
Ni° 26.07 17.79 15.16 58.70 2.25 3.30 3.87
P? 9.60 11.94 1.32 34.52 3.60 2.89 26.23
p2° 24.24 15.61 5.47 40.10 1.65 2.57 7.33
R2° 2.89 3.09 7.27 1010.90 349.84 327.20 139.03
S* 8.57 11.36 19.07 25.45 2.97 2.24 1.33
S2° 0.11 —0.04 0.21 3.40 30.35 —90.31 16.29
Sr* 0.39 0.35 0.21 0.35 0.91 1.00 1.67
Ti® 37.23 15.66 18.84 32.40 0.87 2.07 1.72
TIP —0.01 0.04 0.04 0.04 -7.97 1.00 0.99
ub 0.28 0.19 0.12 0.20 0.72 1.05 1.66
A 2.27 2.80 3.42 3.70 1.63 1.32 1.08
Zn* 0.51 0.43 0.18 1.77 3.49 4.09 10.02

#Concentration in ng/mg paper extracted.
®Concentration of element in pg/mg paper extracted.
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Figure 2. Reproducibility of element measurements in NBS. The figure shows a bar graph of the natural log of the median element concentration
(ng/spot) vs the mean CV of duplicate one-half spot NBS samples.

cadmium (Chaudhuri et al., 2008). In the second study, that over solution-based ICP-MS of measuring elements in solid
introduced sample material into the ICP-MS by laser ablation, matrices and thus requires no extraction/digestion procedures.
Pb, Ca, V, Fe, Cu, and Zn were measured in dried blood However, limitations of this method include filter-blank and
samples (Cizdziel, 2007). This technique has the advantage sample heterogeneity issues, matrix effects, and calibration

Journal of Exposure Science and Environmental Epidemiology (2011) 21(4) 361



O]
@ Langer et al.

Element measurement in neonatal blood spots

100 -
90 -
80 -
70
60 -
50 -
40 -
30 -
20 -
10 -

%CV

L OVNSXYXOoE®S®
SP=EXgad32

()
L=E=

o c "3 & 0> C QT O - S5 = =
zNJ68"=panddFz<k

Element

Figure 3. Interassay element reproducibility in SRM blood spots. The figure shows a bar graph of element vs the average CV from five assays of
triplicate SRM spotted filter paper samples per assay. *Significantly different (Tukey’s test P<0.05) between at least two of the five batches.

challenges that limit quantitative analysis, particularly for
multi-element applications (Pisonero and Gunther, 2009).

Our assay was optimized to measure elements in a half
blood spot, allowing the remainder to be used for other
analyses (e.g. genotyping, measurement of other analytes).
Element measurement in a half spot (in contrast to a single
punch) should theoretically improve assay reproducibility
that can be influenced by sample location on the filter paper
and hematocrit level (Carter, 1978; O’Broin, 1993; Mei
et al., 2001; Holub et al., 2006) that has been shown to be
variable among infants (Kayiran et al., 2003; Bizzarro et al.,
2004). CVs of <10% were obtained between half spots from
the same NBS for most elements in the majority of NBS,
indicating that the assay is highly reproducible.

Our results indicated some significant limitations to using
NBSs as the source material for blood element quantification.
Chief among these is adequate control of extraneous non-
blood element. Our study and a similar study (Chaudhuri
et al., 2008) found significant differences in element levels
between NBS card lots for cadmium and lead. Both studies
and one additional study (Cizdziel, 2007) noted the presence
of high outliers for lead in some of the samples of blank filter
paper that were tested. Thus, stochastic contamination of the
NBS from field processing as well as filter paper lot variation
in background element levels could have a substantial impact
on the ability to quantify selected elements in NBS. For other
elements (e.g. K, Fe, Na, P, Rb, Zn), the filter paper
contributed very little to the total element amount, and
therefore quantification would not be substantially impacted
by lot variation in filter paper element.

Contamination of NBS samples from environmental
sources (e.g. handling, heel sweat), however, could still be
an issue, but the magnitude of this factor remains unclear.
Whether the generally higher element levels observed in the
“blank™ region of spotted paper in comparison to that in
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unspotted cards was the result of environmental contamina-
tion, filter heterogeneity, or “bleed”” from the blood spot is
uncertain. Bleed from the spot could be due to diffusion of
plasma or serum past the designated spot area. Although we
did not visually observe any contamination, our data indicate
that this may have occurred. For example, very low levels of
Fe were measured in the “blank™ spot sampled adjacent to
the blood spot relative to the blood spot, as expected, because
Fe resides mainly in red blood cells that would not be
expected to diffuse to any large degree outside the spot area.
In contrast, Na, which also had very low levels in blank
unspotted filter paper relative to the blood spot, and is
predominantly found in the extracellular compartment of
blood, had a markedly lower corrected median concentration
when corrected for element using correction method B (36%
lower), but not correction method A (4% lower), which
suggests some plasma migration. Further research is needed
to address whether a sample of filter paper that is further
away from the blood sample has lower background element
than one adjacent to the spot, and might provide an ideal
correction that better reflects extraneous non-blood element
sources.

Another limitation to fully quantitative element measure-
ment in NBSs is with regard to the volume of blood spotted
on NBS cards. We assumed in our background element
correction calculations (as described in the Supplementary
material) an 80 ul spotted blood volume based on experi-
ments that showed this blood volume completely filled the
inscribed NBS circle without saturating it (data not shown).
A similar volume assumption has been made by others
(Chaudhuri et al., 2008). This assumption may be proble-
matic if blood is improperly spotted. However, several recent
studies have suggested that spotted blood volume variation
may not be a large concern in properly spotted samples (see
GE Healthcare, 2009 for links to images of valid NBS
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specimens). In a study of phenylalanine measurement in
NBS, concentrations varied by only 11% between punches
from NBSs spotted with either 35 or 100 ul of blood (Adam
et al., 2000). Other recent studies have suggested no
difference in the concentrations of small molecules measured
in same sized punches from filter paper spotted with different
blood volumes (Li and Tse, 2010). In practice, researchers
may want to include an additional volume uncertainty compo-
nent in their calculation of NBS element concentrations, especially
if improperly spotted cards are used in their study.

A further suggestion for improvement in measurement
precision caused by spotted blood volume variation is the
“use of a ratio element such as magnesium or calcium, which
has a narrower range in cord blood, to normalize other
element values™ (Olshan, 2007). However, our data indicate
that Mg and Ca may be inappropriate for normalization
purposes because of both their high level and variability in
blank filter paper samples. Other elements, such as potassium,
which was found at low levels in unspotted filter paper relative
to NBS, could be explored as a candidate to normalize for
volume differences. The ability to quantify a number of
elements that might prove useful in normalizing elemental
values in the NBS is a notable feature of the method described
here. Although we could not address this question with our
data, this is an important area for further research.

Conclusions

In conclusion, our data indicated that at least 11 elements can
be quantified in most NBSs. In addition, seven trace elements
(Li, Cd, Cs, Cr, Ni, Mo, and Pb) were detected in a minority
of NBSs. Thus, this assay could also be useful for
semiquantitative measurement of elements that are found at
relatively high levels in blood to classify individuals to
exposure categories (e.g. high, medium, low) and it could
also be used to screen for highly elevated levels of some trace
elements. However, the fundamental issue that limits the scope
of the technique is uncertainty in element contributions from
non-blood sources. Further improvement in blood element
quantification could be gained from studies that determine the
optimal location for filter paper sampling from the NBS card
for use in control of non-blood sources of element.
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