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Abstract

The evolution of metabolomics, a field aimed at comprehensively measuring the small organic molecule composition of a
biological matrix, fundamentally reshaped the landscape of analytical measurement reliability. The 2011 release of Standard
Reference Material (SRM) 1950 Metabolites in Frozen Human Plasma by the National Institute of Standards and Technology
(NIST) marked the first reference material providing certification for 45 analytes to address the measurement precision of
complex biological matrices. Assigning high-order values to many compounds is highly resource-intensive for a National
Metrology Institute. Furthermore, certified values for individual metabolites cannot resolve the broad challenges associated
with sample processing, analytical measurement, and data processing in untargeted workflows. The metabolomics commu-
nity recognized the potential for SRM 1950 to serve as a benchmark material for method development and technical quality
control (QC) rather than strictly for quantification. Recognizing this consumer-driven shift, NIST launched a novel reference
material (RM) development strategy to provide accessible, fit-for-purpose materials evaluated by a new statistical framework
for production homogeneity, the Coefficient of Disagreement. Here, we introduce the transition toward matrix-specific QC
Suites featuring phenotypically distinct metabolite profiles, the first generation of which includes a human plasma suite,
urine suite, liver suite, and fecal material. By prioritizing efficient production and embracing a community engagement
model for consensus-based deep characterization, these suites offer a reliable tool for laboratory comparisons, instrument
assessment, software development, and training. This new class of RMs underpins the next phase of measurement reliability,
complementing traditional measurand certification while supporting the diverse needs of comprehensive metabolic profiling.
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Introduction

The field of metabolomics seeks to provide a comprehensive
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snapshot of the small-molecule constituents within a biological
system, offering a functional readout of cellular state and phe-
notype [1]. However, the inherent complexity of the metabo-
lome characterized by a vast chemical diversity spanning sev-
eral orders of magnitude in concentration and a wide array of
physicochemical properties presents a formidable challenge
for analytical chemistry [2]. Validating specific metabolites
or complex metabolite profiles as reliable biomarkers requires
more than findings from a single study; it necessitates the
rigorous comparison of datasets generated across differ-
ent laboratories and diverse analytical platforms, including
liquid chromatography—mass spectrometry (LC-MS), gas
chromatography—mass spectrometry (GC-MS), and nuclear
magnetic resonance (NMR) spectroscopy. Without a common
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measurement scale to harmonize these disparate workflows,
biological insights risk being confounded by technical vari-
ance, hindering the translation of metabolomic discoveries into
clinical or industrial applications.

For decades, the National Institute of Standards and Tech-
nology (NIST) has served as the arbiter of measurement reli-
ability, providing the yardsticks necessary to ground emerging
scientific fields in metrological traceability. Under the leader-
ship of Dr. Stephen A. Wise, NIST’s Analytical Chemistry
Division spearheaded the development of complex matrix
Standard Reference Materials (SRMs) that moved from simple
calibration solutions to embrace the intricacies of biological
fluids and tissues. This culminated in the 2011 release of SRM
1950 Metabolites in Frozen Human Plasma, a landmark mate-
rial developed with the National Institutes of Health (NIH)
[3]. By providing certified values for nearly 50 analytes, SRM
1950 provided the nascent metabolomics community with its
first true benchmark material.

Since its release, NIST SRM 1950 quickly became the most
widely adopted reference material for metabolomics and lipi-
domics. However, with the rapid growth of high-throughput,
untargeted profiling, the limitations of traditional reference
material models have become apparent. The vast chemical
diversity within biological matrices surpasses the practical
reach of the resource-intensive process of individual com-
pound certification. Modern untargeted workflows demand a
breadth of coverage that includes unforeseen analytes, making
a compound-by-compound approach insufficient for the evolv-
ing needs of the field. Additionally, it became increasingly
clear that a single material cannot meet all clinical and ana-
lytical needs, prompting community requests for RMs repre-
senting specific populations (e.g., male and female cohorts) or
disease states. The current fundamental challenge is detecting
and reproducing fold-changes or differential signatures defin-
ing biomarkers between phenotypically distinct groups. This
has inspired a paradigm shift at NIST toward fit-for-purpose
Reference Materials (RMs), alongside the introduction of the
Coefficient of Disagreement (COD) as a new statistical tool
for assessing production-level homogeneity and variability
in metabolomics profiles across an RM lot. These materials
are intended to provide the community with accessible tools
[4] needed for validating accuracy and precision of metabo-
lomics measurements, for evaluating comparability and har-
monization across studies and laboratories [5], for creating
benchmarking datasets for software development [6], and for
underpinning training and proficiency testing.

Fit-for-purpose QC Suites
NIST’s new RM development strategy, the Metabolomics

Quality Assurance and Quality Control Materials (MetQual)
program, focuses on providing cost-friendly, matrix-matched
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materials designed specifically for untargeted and differen-
tial analysis. Unlike single-point reference materials, these
“QC Suites” include phenotypically distinct metabolite
profiles to mimic the variations encountered in clinical
and research settings. Serving as versatile QA/QC tools for
the metabolomics community, these suites support routine
measurements, analytical method suitability, and analyst
training. Furthermore, they enable researchers to evaluate
data comparability across different laboratories and ana-
lytical approaches, while simultaneously providing a robust
benchmark for assessing the confidence of metabolite anno-
tation and identification. By providing these varied suites
and qualitative characterizations with lists of confidently
annotated metabolites, NIST is laying the foundational
groundwork to help researchers evaluate whether observed
phenotypic differences in the metabolome reflect true bio-
logical variation or arise from variability in sample process-
ing, measurement techniques, or data handling.

In this Trends article, QC Suite donor characteristics are
detailed in Table 1. Additional context on both the compo-
sition and the philosophy of each suite can be found in the
NIST Reference Material Information Sheets (RMIS) that
accompany each RM (https://shop.nist.gov); these docu-
ments provide comprehensive information on donor pool
demographics, collection procedures, processing, and dis-
tribution format, and serve as the primary technical record
for each material, including data lists of confident metabolite
annotations and identifications (also found in Supplementary
Information). Furthermore, the work of Lippa et al. [4] out-
lines definitions, design considerations, and intended uses
of reference materials in untargeted metabolomics (“Fit-for-
purpose QC suites”), including sections describing guiding
principles that informed the QC suite compositions.

RM 8231 frozen human plasma Suite

Blood matrices are the most widely used biofluid in clini-
cal trials and metabolomics due to their accessibility and
reflective nature of systemic physiology. Providing a refer-
ence material in a matching matrix ensures that the qual-
ity control steps more closely mimic the clinical samples
being analyzed, thereby helping plasma suiteto account
for matrix-dependent effects during extraction or ioniza-
tion. As an alternative to SRM 1950, RM 8231 is a three-
part suite designed specifically for untargeted, differential
metabolomics.

The suite includes unadulterated pooled human plasma
from distinct cohorts (Table 1):

e Diabetic Plasma (Pool 1): pooled from donors (6 male,
5 female) with glucose > 126 mg/dL and low/normal tri-
glycerides (< 150 mg/dL) (Table S1)


https://shop.nist.gov
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Table 1 Donor characteristics for each metabolomics QC Suite. SD denotes standard deviation

Diabetic Plasma (Part 1)

Hypertriglyceridemic Plasma (Part 2)

African-American Plasma (Part 3)

RM 8231
Age (years) 34to 68 31to72 20 to 25
Sex (Male/Female) 55/45 100/0 50/50
55% White 55% White
Race 36% African American or Black 36% African American or Black 100 % African American or Black
9% Asian 9% Hispanic
Fasted Yes Yes Yes
Anticoagulant Lithium heparin Lithium heparin K2 EDTA
Glucose (mg/dL) 143 109 N/A
Triglycerides (mg/dL) 124 367 N/A
RM 8232 Female Non-Smoker Urine (Pool 1) Female Smoker Urine (Pool 2) Male Non-Smoker Urine (Pool 3) Male Smoker Urine (Pool 4)
Age (years) 33t0 63 28 to 47 51to 58 45 to 51
Sex (Male/Female) 0/100 0/100 100/0 100/0

Gravimetric Density (g/mL)

1.01068 *+ 0.00108 SD

1.01614 + 0.00229 SD

1.01826 *+ 0.00352 SD

1.02499 * 0.00056 SD

RM 8462 Normal Liver Congested Liver Fatty Liver
Age (years) 14to 25 46 to 52 43 to 50
Sex (Male/Female) 100/0 100/0 50/50
BMI (average) 255 275 353
Liver within normal limits, mild Moderate vascular congestion, iy
Liver Histology Notes congestion normal mild congestion Mild fatty change

RM 8048 Omnivore Diet Stool Vegetarian Diet Stool
Age (years) unknown unknown
Sex (Male/Female) unknown unknown
BMI (average) unknown unknown

Diet Logs and Dietary Profiles

NIST SP260-252 [9]
Section 2 and Appendix A

NIST SP260-252 [9]
Section 2 and Appendix A

e Hypertriglyceridemic Plasma (Poolt 2): pooled from
donors (11 males) with triglycerides > 300 mg/dL and
glucose < 100 mg/dL (Table S2)

e African-American Plasma (Pool 3): pooled from healthy
donors (8 male, 8§ female) between 20 and 25 years of age
(Table S3)

Early analyses using untargeted 'H NMR metabolomics
(Fig. 1) identified varying levels of glucose, lactate, acetate,
betaine, glycine, EDTA (collection anticoagulant), and hip-
purate across the donor pools while lipidomics identified
lauric acid-containing lipids in the hypertriglyceridemic
pool and oxidized fatty acid-containing phospholipids in the
African-American pool [7], thereby confirming the unique
cohort profiles of the phenotypically different groups.

RM 8232 frozen human urine Suite

While plasma represents a tightly regulated systemic snap-
shot of the body’s circulating molecules, urine offers a
different but complementary view of the human metabo-
lome. Urine is a biofluid excreted from the kidneys and the
product of the body’s primary filtration and waste clearance
system. Urine is heavily enriched with specific classes of
compounds (i.e., waste and by-products of metabolism from
foods, drugs, or environmental contaminants, microbiome

metabolism, excess electrolytes, etc.) that are cleared quickly
from the blood or present there only in trace amounts. This
RM suite provides matrix-matched materials for urinary
profiling allowing for the precise monitoring of exposure
profiles and the evaluation of excretory system integrity.
Such data are vital for healthcare providers in diagnos-
ing metabolic imbalances and assessing the physiological
impact of external stressors. To ensure distinct metabolic
signatures suitable for differential analysis, the suite com-
prises pooled human urine from four phenotypically distinct
cohorts (Table 1):

Female non-smoker (Pool 1) (Tables S4 and S8)
Female smoker (Pool 2) (Tables S5 and S9)
Male non-smoker (Pool 3) (Tables S6 and S10)
Male smoker (Pool 4) (Tables S7 and S11)

"H NMR spectra revealed distinct pool-level metabolic
profiles (Fig. 1), with the detection of several metabolites.
For example, signals assigned to ibuprofen and its metab-
olites, 2-hydroxyibuprofen and carboxyibuprofen, were
observed in the female pools, whereas glutarate, 3-hydroxy-
phenylacetate, and N-acetylcysteine—acetaminophen were
among the features differentiating the male non-smoker,
female non-smoker, and female smoker pools, respectively.
These observations reflect NMR-detectable differences in
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Fig.1 NIST Metabolomic QC Suites, clockwise from left to right:
plasma (RM 8231), urine (RM 8232), liver (RM 8462), and stool
(RM 8048). Phenotypically distinct donor pools for each material
are conveyed with 'H NMR spectra or principal components analy-

the pooled materials; signals not observed in a given pool
may be present below the NMR detection limit. This urine
suite approach allows researchers to validate methods and
software designed to detect differences driven by environ-
mental exposure and lifestyle factors.

RM 8462 human liver Suite

While biofluids like plasma and urine offer an excellent
systemic overview of an organism, analyzing solid tissue
introduces a completely different set of biochemical and ana-
lytical challenges. NIST prioritized the development of tis-
sue-based materials to support invasive diagnostic research.
The analytical challenges posed by tissue-specific matrix
effects, cellular heterogeneity, massive concentrations of
lipids, and complex sample preparation demand rigorous
quality control to harmonize data across measurement plat-
forms. Derived from human liver specimens from the EPA
Human Liver Biobanking Project [8], archived cryogeni-
cally at the NIST Biorepository, RM 8462 supports differ-
ential proteomics and metabolomics. The suite categorizes
materials into three health states based on pathological data
collected at the time of autopsy and body mass index (BMI)
(Table 1):
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sis (PCA) of 'H NMR spectra. PCA for RM 8462 represents tissue
extracts prepared from lyophilized samples (blue) and frozen, wet
tissue (black, expert analyst; red, intermediate analyst; green, novice
analyst) for each donor pool during an analyst training exercise

e Normal liver: BMI<27.5 (Tables S12, S15, S18)

e Congested liver: identified by pathologist visual inspec-
tions (Tables S13, S16, S19)

e Fatty liver: BMI average of 35.3 (Tables S14, S17, S20)

Preliminary NMR (Fig. 1) and LC-MS data demonstrate
that these materials produce measurable and reproducible
differences, with principal component analysis (PCA) scores
showing distinct separation between the three health states.
By providing matrix-matched tissue RMs, NIST reduces
the analytical uncertainty inherent in solid-organ profiling,
helping ensure that metabolic signatures are a true reflec-
tion of cellular pathology rather than artifacts arising from
incomplete homogenization, non-representative sampling,
or suboptimal extraction of complex tissues.

RM 8048 human fecal material

As research into the human microbiome explodes, stool has
transitioned from a discarded waste product to a goldmine
of biological information with fecal metabolomics reveal-
ing the functional aspect of the microbial community. To
support this field, NIST with support from the Institute for
the Advancement of Food and Nutrition Sciences (IAFNS)
developed RM 8048 [9]. From an analytical chemistry
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perspective, stool is difficult to standardize. It is inherently
non-homogeneous, containing varying amounts of undi-
gested dietary fiber, water, shed intestinal epithelial cells,
and dense bacterial pellets. A single, homogeneous pool
acts as a stable benchmark for this community. The NIST
material consists of homogenized stool from multiple donors
resuspended in water at 100 mg/mL. It is divided into two
dietary parts (Table 1):

e Omnivore donors: pooled from five self-reported healthy
donors (Tables S21, S23, S25)

e Vegetarian donors: pooled from three self-reported
healthy donors (Tables S22, S24, S26)

RM 8048 underwent extensive multi-omic characteriza-
tion including metagenomics and metabolomics by LC-MS
and '"H NMR [9]. The inclusion of two distinct dietary
cohorts supports development and validation of methods
designed to detect differences. 'H NMR data differences
between omnivore and vegetarian donors are represented
in Fig. 1.

For the microbiome industry to achieve widespread com-
mercial success, it must move beyond fragmented discovery
toward analytical standardization. NIST reference materials
provide the “metrological anchor” necessary to harmonize
measurements, fostering the customer trust and data com-
parability required to scale microbiome-based technologies
into global markets.

Quantifying reliability: the coefficient
of disagreement

The transition toward complex matrix RMs for untargeted
metabolomics requires a corresponding shift in statistical
methodologies for assessing material production consist-
ency. Traditional methods for evaluating homogeneity and
stability, such as analysis of variance (ANOVA) or trend
analysis, often reduce high-dimensional data to binary
“homogeneous/heterogeneous” decisions and only focus on
statistical significance, which are frequently insufficient for
determining whether a material is fit for its intended pur-
pose in untargeted workflows [10]. To address this, NIST
has introduced the Coefficient of Disagreement (COD) as an
intuitive framework that characterizes the range of variabil-
ity an end-user can reasonably expect when comparing two
randomly selected samples from a material production [11].

For a pair of vials, v; and Vis COD is calculated across K
measured attributes, such as metabolite peaks, spectral
buckets, or taxa. First, a pairwise discrepancy, feature-
to-feature discrepancy (FFD(k)) is calculated for each
attribute k. The specific FFD is selected to match the data

type and intended interpretation. For example, for non-
negative peak-height data, the relative discrepancy can be
expressed as

max{y;, yjk}

FFD(k) = — -
min{y., yj}
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where y; and y; are the measurements for attribute k in
the two vials. This metric is directly interpretable as the
proportional difference between the two measurements. For
presence/absence data, such as selected NMR spectral-bin
analyses, a Jaccard distance can instead quantify disagree-
ment in detected features. For LC—MS and other data that
span several orders of magnitude, discrepancies may be cal-
culated after log transformation to emphasize relative rather
than absolute differences.

The COD for a vial pair is then defined as the (1 — f)
quantile of all attribute-level discrepancies:

CODy(v,,v)) = Q)_s{FFDy(k) : k= 1,....K}.

The trimming parameter f is selected according to the
application and is reported with the result. Choosing a
small nonzero g limits the influence of a small number
of extreme or undefined discrepancies while retaining a
conservative, interpretable assessment of agreement across
the large majority of measured attributes. Thus, COD does
not ask merely whether two samples differ statistically; it
describes how much they can differ for the specified pro-
portion of attributes.

The flexibility of this framework permits assessment
across the diverse data types represented by the QC Suites.
For example, in RM 8048 Human Fecal Material, 600
MHz NMR analyses using relative peak-height discrep-
ancies and f = 0.01 produced approximate 95% upper
confidence bounds for COD of 0.1069 and 0.1323 for the
omnivore and vegetarian materials, respectively (Fig-
ure S3). Complementary 700 MHz NMR analyses based
on the presence or absence of spectral features yielded
approximate 95% upper confidence limits of 0.1435 for the
omnivore material (Figure S4) and 0.1632 for the vegetar-
ian material (Figure S5). These platform-specific results
provide complementary evidence that the materials are
sufficiently consistent for their intended metabolomics
applications.

Because COD values are calculated from overlapping vial
pairs, the resulting pairwise observations are not independ-
ent. NIST therefore uses statistical methods appropriate to
the sampling design, including Ove Frank U-statistic estima-
tors, to estimate population-level COD means and variances
and to establish approximate upper confidence bounds. Full
platform-specific FFD definitions, COD calculations, statis-
tical procedures, and suite-level results are provided in the
Supplementary Information.
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Qualitative characterization and nominal
properties

The utility of the next-generation QC Suites extends
beyond providing physical samples; it encompasses the
rigorous assignment of qualitative, or nominal, properties.
While traditional SRMs focus on quantitative measurands,
modern untargeted metabolomics is equally dependent
on the accurate identification, or annotation, of chemical
species. Nominal properties, as defined by the interna-
tional standard ISO 33406, are properties of a phenom-
enon, body, or substance that have no magnitude, such
as the identity of chemical species within each matrix or
the phenotypic label of a biological cohort [12]. For the
untargeted metabolomics community, where the identi-
fication bottleneck remains a significant hurdle, provid-
ing RMs with well-documented qualitative identities is
essential for software benchmarking and the validation of
annotation pipelines. To establish these properties, NIST
employs a suite of complementary analytical techniques,
including liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) and nuclear magnetic resonance (NMR)
spectroscopy (1D and 2D) for metabolite profiling, along-
side next-generation sequencing (NGS) to characterize
community composition specifically for materials like the
Human Fecal Material (RM 8048).

For mass spectrometry-based characterization, NIST
has developed a metrological workflow adapted from
the “Two or More Independent Reference Measurement
Procedures” mode outlined in NIST Special Publication
260-136 [10]. This rigorous protocol for nominal property
assignment is built upon a consensus formula requiring
two or more independent sample preparation methods,
two or more analytical measurement platforms, and three
distinct search algorithms for spectral matching. In the
characterization of the Frozen Human Plasma Suite (RM
8231), this involved parallel extractions using methanol
and ethanol protein precipitation, with data collected on
both Q-Exactive and Fusion Lumos Orbitrap mass spec-
trometers. The resulting spectra were searched using three
distinct algorithms, HighChem-HighRes, HighChemDP,
and NIST, within the Compound Discoverer environment
against both the NIST20 mass spectral library and 2019
mzVault library, providing access to large, curated col-
lections of experimental MS/MS spectra from authentic
standards at different experimental conditions.

Within this consensus model, highly confident identi-
fications are defined only as those metabolites matched
by all three algorithms across both instrumentation
platforms and extraction methods. This high-stringency
approach, which filters for matches and requires consensus
across 48 datasets per sample, yields a reproducible core
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metabolome for each pool. However, we explicitly recog-
nize that library matching alone, no matter how consistent
across platforms or laboratories, does not eliminate the
risk of misannotation, particularly in the context of sparse
libraries and the combinatorial complexity of metabolite
structures. Accordingly, these identifications are reported
as putative annotations (Metabolomics Standards Initiative
Level 2 [13]), unless supported by authentic standards in
the same matrix (MSI Level 1), and should not be inter-
preted as absolute ground truth. Rather, they provide a
transparent, consensus-based reference against which new
deconvolution algorithms, library-search strategies, and
data-processing tools can be evaluated. As community
datasets accumulate, including cases where MSI Level 1
identifications are established across multiple laboratories,
it may become appropriate to consider additional report-
ing categories for consensus-validated metabolites, but
such developments will require broad community discus-
sion. This qualitative foundation is nonetheless a neces-
sary prerequisite before consistency and variability can be
quantified through more advanced assessments and, where
warranted, before future certified value assignments are
considered.

Outlook: community engagement
and consensus characterization

The transition toward qualitative characterization also
reflects a broader metrological shift in the life sciences.
While quantitative certification requires metrological trace-
ability to the International System of Units (SI), qualitative
properties are often established against high-confidence
spectral databases or through consensus among expert labo-
ratories. As detailed in NIST SP 260-136 [10], the assign-
ment of these properties can involve results from multiple
independent methods or interlaboratory comparisons to
ensure robustness. In departure from internal certification
models, NIST is embracing a community engagement model
for these materials. While NIST performs foundational
homogeneity and stability assessments, deep characteriza-
tion is increasingly driven by consensus-based characteriza-
tion through international interlaboratory studies.

This model is anchored in the success of the de facto
anchor in metabolomics QA/QC, SRM 1950. A 2017 NIST
lipidomics interlaboratory study set the stage for commu-
nity-driven characterization by engaging 31 laboratories
to establish consensus concentration estimates for lipids
in SRM 1950 [14]. While the values are not metrologi-
cally traceable, they provided a critical benchmark for a
community operating in an environment largely deplete
of internal standards. The agreement between these
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community-derived consensus medians and NIST-certified
values demonstrated that aggregated interlaboratory data
could provide reliable estimates suitable for benchmarking
and harmonization.

Building on this blueprint, the Metabolomics Quality
Assurance and Quality Control Consortium (mQACC)
(www.mgqacc.org) Reference and Test Materials Working
Group led a crowdsourcing effort to expand the utility of
SRM 1950 to the wider metabolomics community. The pro-
ject is compiling both quantitative and qualitative data for
SRM 1950 from 25 community submissions and 23 peer-
reviewed publications, encompassing measurements from
LC-MS, GC-MS, direct injection (DI-MS), capillary elec-
trophoresis (CE-MS), and NMR platforms under diverse
analytical conditions. Consensus median concentrations will
be reported along with qualitative identifications.

The success of the SRM 1950 projects now informs
the characterization of the next-generation QC Suites. For
RM 8231, NIST distributed samples to five external enti-
ties, including the International Lipidomics Society (ILS),
Biocrates®, and academic centers like the University of
Florida and the University of Lausanne. This collaboration
utilizes varied platforms to generate quantitative consensus
values for approximately 1000 analytes per plasma pool.
Through this collaborative model, NIST provides the foun-
dational physical benchmarks while the global community
contributes the essential “omic” depth. This rich collec-
tion of consensus data will facilitate the identification of
high-priority analytes for future SI-traceable certification,
ensuring that metrological reliability remains at the forefront
of an increasingly complex and rapidly shifting analytical
landscape.

Conclusion

By transitioning from measurand certification of single-point
materials to qualitative and consensus concentrations for
phenotypically diverse QC Suites, NIST continues to honor
the foundational philosophy of measurement excellence led
by Dr. Steve Wise while adapting to the needs of modern
biology. By prioritizing usability, commutability, and cost-
effectiveness, these fit-for-purpose QC Suites provide the
stable benchmarks necessary to underpin measurement reli-
ability and accelerate the advancement of metabolomics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-026-06769-8.
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