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Abstract The National Institute of Standards and Technology
administers quality assurance programs devoted to improving
measurements of nutrients and related metabolites in foods,
dietary supplements, and serum and plasma samples. These
programs have been developed in collaboration with the Na-
tional Institutes of Health to assist measurement communities
in their efforts to achieve accurate results that are comparable
among different laboratories and over time. Targeted analytes
include micronutrients, botanical markers, nutritional ele-
ments, contaminants, fatty acids, and vitamin D metabolites.
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Introduction

The National Institute of Standards and Technology (NIST)
provides a variety of resources to assist measurement com-
munities in achieving measurement quality objectives.
These resources include Standard Reference Materials
(SRMs), analytical methods, and quality assurance programs.
Since the mid-1980s, NIST has administered eight quality
assurance (QA) programs, each of which has been designed
for different measurement communities [1]. Laboratory par-
ticipation in these programs is voluntary, although funding
agencies may require participation as a condition of issued
grants and contracts. The QA programs are not proficiency
testing programs, and criteria are not established for accept-
able performance. Rather, the programs can be considered
performance improvement exercises with a primary goal of
achieving accurate (precise and unbiased) results that are
comparable across a measurement community over time.
This report highlights the achievements of NIST QA pro-
grams to support measurement comparability for nutrients
and related metabolites and provides examples of how pro-
grams are tailored to the needs of diverse measurement
communities.

Micronutrients Measurement Quality Assurance
Program

The NIST/NCI Micronutrients Measurement Quality Assur-
ance Program (MMQAP) was established in 1984 to assess
measurement quality metrics related to the determination of
specific fat-soluble vitamins and carotenoids in human
serum/plasma that were thought to protect against various
cancers. These compounds initially included retinol, o-
tocopherol, and total (3-carotene, but in later years, the program
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expanded to include cis and frans isomers of 3-carotene, o-
carotene, lutein, zeaxanthin, (3-cryptoxanthin, lycopene, 0-
tocopherol, y-tocopherol, 25-hydroxyvitamin D, vitamin K,
and coenzyme Q10. Some of the early participants expressed
interest in the determination of vitamin C in serum, and in the
mid-1990s, separate exercises were initiated to support mea-
surements of this micronutrient. Two exercises are adminis-
tered each year for both of the vitamin C and fat-soluble
vitamin components. The data are evaluated, and summary
statistics are generated; participants are also provided with
individualized reports of their performance.

Because the MMQAP is now a mature program with data
that span nearly 30 years, retrospective analysis of perfor-
mance indicators can provide insight into challenges associated
with individual analytes and the effectiveness of the program
to produce improved measurement comparability [2—4].

Plots showing the concordance and apparent precision
for six nutritional analytes, measured from 1984 to 2012, are
provided in Fig. 1. Dramatically improved performance is
evident during the initial 5 years of the program. In subse-
quent years, these performance indicators have fluctuated
within narrow bounds that are analyte dependent. For ex-
ample, for the past 10 years, the apparent precision for total

Fig. 1 Interlaboratory
composite concordance and
apparent precision for selected
micronutrients, plotted as a
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retinol has remained less than 5 % relative standard devia-
tion (RSD) whereas the apparent precision for total o-
carotene has remained greater than 10 % RSD. Similar
trends can be observed for concordance. Somewhat unex-
pected sources of measurement variability have been iden-
tified. These include misidentification of components and
ambiguity in definitions for analytes reported as the sum of
components. Expected sources of variability include cali-
bration errors, purity corrections, chromatographic interfer-
ences, and instrumental biases.

Over the course of administering the MMQAP, statistical
approaches have evolved to help analysts better understand
their performance and to utilize this information in improv-
ing their measurement capabilities. In early exercises, mea-
surement results were summarized based on calculation of
the mean and standard deviation to characterize consensus
values and population dispersion. This approach is sensitive
to the presence of outlier data that may result from method
biases, calculation errors, and other blunders. To address
these limitations, a different approach based on the use of
robust statistics has evolved. Assuming that the majority of
the results for a given analyte in a given sample can be
described as normally distributed, the median provides a
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robust estimate of the consensus value. The standard devi-
ation for the majority population was initially estimated
from the range of the central 50 % of the results and more
recently from the median of the absolute deviations from the
median. Use of the median and either of these robust esti-
mates of the standard deviation is more objective and is less
sensitive to outlier data.

Other statistical indicators and graphical tools have been
developed to characterize measurement performance of in-
dividual participants over time (see Electronic supplemen-
tary material, Fig. S1) [2]. In the context of a performance
improvement program, these indicators provide useful mea-
sures of performance that are based on the capabilities of the
community (i.e., the exercise participants) rather than the
capabilities of a reference laboratory. Measurement compa-
rability provides an indication of agreement with the con-
sensus value for a given analyte and exercise and is defined
by the difference between the analyst's measurement and the
consensus value. Measurement concordance has been de-
fined as the average comparability for a given participant
across all similar-matrix samples in a given interlaboratory
exercise. In a similar fashion, the apparent precision has
been defined as the standard deviation of the participant's
comparabilities for all samples in an exercise.

Dietary Supplement Laboratory Quality Assurance
Program

The Dietary Supplement Health and Education Act (DSHEA,
1994) amended the Food, Drug and Cosmetic Act to establish
dietary supplements as a new regulatory category distinct
from food and drugs. This law imposed certain requirements
on manufacturers to characterize the identity, purity, and
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composition of dietary supplements as well as the ingredients
used in their manufacture. The Dietary Supplement Labora-
tory Quality Assurance Program (DSQAP) was established as
a collaborative effort between NIST and NIH-Office of Die-
tary Supplements (ODS) to support the measurement infra-
structure of the dietary supplement community [5, 6]. The
primary focus of the DSQAP is measurement performance
improvement, and the program offers tools that can assist
participants in demonstrating compliance with current Good
Manufacturing Practices established by the FDA.

Unlike many other quality assurance programs, the
DSQAP functions as a survey program. Different measure-
ment challenges are addressed in each exercise, which include
abroad spectrum of sample types and analyte classes. Because
each exercise targets different analytes and sample matrices,
individual studies reflect short-term sources of measurement
variability. Exercises include up to six individual studies com-
prised of measurement of phytochemicals, fatty acids, fat-
soluble vitamins, water-soluble vitamins, contaminants, and
nutritional elements. Control materials are distributed with the
unknown samples, and when possible, SRMs (or other certi-
fied reference materials) are utilized for this purpose. The
control samples can be used to verify that the analytical
methods are performing as expected and to assess sources of
variability across a given study.

An example of a summary report for the DSQAP is
shown in Fig. 2. Analyte levels are ordered from smallest
to largest and are identified with the laboratory code
(Fig. 2a). A target value and target range is provided based
on NIST data, and the community consensus median and
consensus variability are shown for the study participants.
This depiction of the data provides a way for participants to
easily assess their performance relative to the other partici-
pants in the study, and relative to the target values. The
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Fig. 2 Summary report for caffeine, DSQAP Exercise A. Error bars represent +2 standard deviations for individual labs
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Youden plot (Fig. 2b) facilitates comparisons of data
reported for the unknown with data reported for the control.
Boxes represent the target and consensus variability ranges
for unknown and control data. The sources of measurement
biases are sometimes apparent from these plots. For exam-
ple, if a laboratory reports values for both control and
unknown samples that are consistently low or high com-
pared with target values, this may indicate calibration prob-
lems. However, if biases are apparent for only the control or
the unknown sample, this could suggest that the differences
are due to sample matrix effects. Differences between the
community consensus and the target value could result from
methodological differences, such as might occur for incom-
plete extraction recovery by participants.

Lessons learned from past exercises provide useful
guides for measurement improvement. When specific chal-
lenges are identified, the root cause is often relevant to other
applications and analytical methods. For example, extrac-
tion efficiency has been demonstrated to vary with the type
of sample matrix under study. Dried botanicals offer the
biggest challenge, followed by finished products, extracts,
and solutions. Experience has shown that sample extraction
is one of the likely sources of measurement bias for natural-
matrix materials. Other common sources of bias include
calibration errors, lack of method specificity, handling
losses, analyte degradation, and blunders (e.g., calculation
errors, mislabeled samples, transposed numbers, incorrect
units). The unpredictability of blunders makes them difficult
to eliminate; however, the routine use of control materials
can assist in their detection.

Vitamin D Metabolites Quality Assurance Program

Vitamin D is essential to bone metabolism and calcium
homeostasis, and deficiencies have been linked to in-
creased risks in the development of cancer, diabetes, and
other diseases. Vitamin D is obtained from the diet (vita-
min D, and vitamin D) and through exposure to sunlight
on the skin (vitamin D;). Both forms are converted in the
liver to respective 25-hydroxyvitamin D (25(OH)D) me-
tabolites. These metabolites are further converted to 1,25-
dihydroxyvitamin D (1,25(OH),D), the active form of
vitamin D. Because 25(OH)D has a relatively long half-
life of 2 to 3 weeks, the concentration of 25(OH)D in
serum is the preferred indicator of vitamin D status [7].
Clinical methods used in the assessment of vitamin D
status have been subject to a high level of scrutiny as a
consequence of recent high-profile litigation and adverse
reports in the public media. Evidence-based guidelines for
vitamin D status depend on the use of precise and unbi-
ased assays for vitamin D metabolite(s) that are compara-
ble among different laboratories over time.

@ Springer

The NIST/NIH Vitamin D Metabolites Quality Assurance
Program (VitDQAP) was established in 2009 with the princi-
ple objective of improving the accuracy of measurements of
25(0OH)D in serum and plasma samples. As with the other QA
programs administered by NIST, participants use methods of
their choice to measure 25(OH)D in the samples. Participants
who use commercial assay kits based on immunoassays report
25(OH)D as a total value, whereas participants who use
chromatographic methods report 25(OH)D, and 25(OH)D;
separately. The principle objective of the VitDQAP is harmo-
nizing measurements made by the vitamin D measurement
community through the reduction of method biases.

Representative results from a recent VitDQAP exercise are
illustrated in Fig. 3. To assess potential method-specific biases,
levels of 25(OH)D have been plotted individually for each
method (levels for chromatographic methods represent the
sum of 25(OH)D, and 25(OH)D;). Immunoassays generally
provided slightly higher results in this study compared with
chromatographic-based techniques, and the all-lab median was
higher than the reference laboratory value. Future VitDQAP
exercises will utilize samples that are high in 25(OH)D, and 3-
epi-25(0OH)Dj5 as challenge samples to assess possible mea-
surement biases that may result from atypical patient samples.

A key component in achieving measurement comparabil-
ity is the use of reference materials as measurement controls
and for method calibration. SRM 972 and its replacement
SRM 972a Vitamin D Metabolites in Human Serum were
developed for use as control materials for 25(OH)D assays

25
® A methods
—— IAmedian * = 95% Cl
m LC methods
=" LC median * = 95% CI
20 4 ]

15 5

10 - —_—————t———

25(0OH)D;,,,, (ng/mL) in SRM 968d L1

| [ccuvEg

T T T T T T
=200 OO0 =0
NN N T

34 4

FQ(EI‘\-‘?OCD\O thNH’}NO&UOalﬂ
NNmFﬂ‘ﬂ!—N = NNM V(\Imr
Laboratory Code

Fig. 3 Results for 25(OH)Dry in SRM 968d Level 1 from the
VitDQAP Summer 2010 exercise. Immunoassay methods include ra-
dioimmunoassay, enzyme immunoassay, and chemiluminescent immu-
noassay. Error bars represent +£1 standard deviation for individual
laboratory mean results. The “~95 % CI” represents the approximate
95 % confidence interval
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[7]. SRM 972 (now depleted) consisted of four serum pools
with differing levels of 25(OH)D,, 25(0OH)Ds, and 3-epi-
25(0OH)D;3. Levels of some metabolites were adjusted
through dilution and spiking procedures. Based on com-
ments from users of this SRM, the replacement material
was formulated using pools of prescreened sera to achieve
the desired metabolite levels (only the 3-epi-25(OH)D3 me-
tabolite was fortified in one pool by spiking).

Interlaboratory Analytical Comparison Study of Total
Fatty Acid Concentrations in Human Serum

Risk factors for the development of cardiovascular disease
have long been associated with consumption of dietary fat;
however, in recent years, emphasis has moved away from
measures of total fat to characterization of individual fatty
acids. Sources of dietary fat are characterized by levels of
saturated fatty acids, mono- and polyunsaturated fatty acids,
and trans fatty acids. Serum lipids are likewise characterized
by their constituent fatty acids, and the resulting fatty acid
profiles may provide indications of risks for the development
of atherosclerosis and other cardiovascular diseases [8].

The most common methods for the determination of fatty
acids employ a derivatization step to form the methyl esters
(FAMESs) followed by analysis using gas chromatography
with flame ionization detection or GC/MS. Liquid chroma-
tography is also used for fatty acid analysis. As with GC-
based techniques, derivatization is required; however, this
step is included for purposes of detection rather than sepa-
ration. A variety of derivatizing reagents are available to
label the fatty acids with fluorophores or chromophores.

A quality assurance program for improving the accuracy of
measurements of fatty acids in human serum has recently been
established by NIST, NIH-ODS, and CDC. Samples distrib-
uted during the summer of 2012 included three levels of a
candidate SRM. These samples are human serum materials

that are representative of (1) donors who have not taken fish or
flaxseed oil supplements for 1 month prior to collection, (2)
donors who have taken flaxseed oil supplements for a mini-
mum of 1 month prior to collection, and (3) donors who have
taken fish oil supplements for a minimum of 1 month prior to
collection. In addition to these unknowns, SRM 1950 Metab-
olites in Human Plasma was distributed to participants for use
as a control. Twenty-four fatty acids were identified for deter-
mination in the initial exercise (see Table S1, Electronic
supplementary material).

Conclusions

Quality assurance programs have been developed to assist
measurement communities achieve measurement quality ob-
jectives. The goals of the programs differ slightly depending
on the needs of the participants, but improved measurement
concordance and, where possible, accuracy remain common
objectives.
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