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Introduction

Over the past decade, metabolomics testing has expanded
from primarily research applications to a more prominent
role in clinical testing, particularly for inherited disorders of
metabolism. Metabolomics refers to the comprehensive
analysis of the metabolome or the collection of all metab-
olites measured in a biological specimen.1,2 The clinical
analysis of the metabolome holds great promise for more
efficient, sensitive, and specific testing that can be used to
detect disease signatures, uncover new diseases and asso-
ciated biomarkers, and provide functional support of results

sequencing. Nonetheless, the technical and bioinformatic
complexities of metabolomics testing present challenges
both among clinical laboratorians looking to incorporate
metabolomics into their service, and clinicians who order
these tests and utilize results to help guide patient care.
nomics approved this statement on 28 April 2025.
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The complexity of clinical metabolomics stems from the
vast chemical diversity of analytes in a sample, with no
single analytic method capable of achieving full coverage.
Many technical approaches have been developed to address
this, resulting in substantial differences between laboratories
in both analytic methods and the scope of analytes detected.
The situation is compounded by variation inherent to
the metabolome itself, stemming from multiple factors
including clinical and nutritional status, medications,
specimen type, and many others. The postanalytic data
processing is similarly complex and differs significantly
from the well-established pipelines used for genomics
analysis, again leading to interlaboratory variation in data
analysis and reporting. This document presents 6
fundamental points to consider, summarized in Table 1,
which were developed to guide laboratorians and clinicians
involved in the clinical application of metabolomics testing
for the detection of genetic disease.
Materials and Methods

This points to consider statement is based on expert opinion
and informed by a literature review. A literature search was
conducted in Medline (PubMed) on December 19, 2022
using the search strategy outlined in Table 2. The yield was
deduplicated and limited to peer-reviewed articles published
in the English language since 2005. The starting yield of
1180 articles was independently screened by 2 workgroup
members serving as reviewers. During initial article
screening, the reviewers included only original (randomized
controlled trials, cohort studies, case-control studies, case
reports, etc) and secondary research articles (eg, systematic
reviews with or without meta-analyses and scoping reviews)
and excluded commentaries, editorials, and narrative
reviews. Each reviewer then read each article more thor-
oughly and scored articles using a simple classification of
“definitely relevant” (score = 1), “possibly relevant”
(score = 2), or “not relevant” (score = 3). This exercise
identified 146 “high priority” articles flagged as relevant or
possibly relevant by both reviewers (average score < 2).
Workgroup members reviewed the high-priority articles and
identified pertinent information to supplement workgroup
discussions. The workgroup met 6 times to deliberate over
the literature review findings and develop expert opinions
for this Points to Consider document. Before finalizing the
Table 1 Points to consider in the application of metabolomics testin

(1) The human metabolome is large, diverse, and in constant flux.
(2) Metabolomics is an emerging and heterogeneous field that lacks
(3) The clinical application of metabolomics to individual specimens
(4) The yield of metabolomics testing is much lower than that of gen
(5) Metabolomics testing has limitations and does not replace standa
(6) Metabolomics has several useful clinical applications.
document, the workgroup added 5 relevant references
published since December 2022.

Any conflicts of interests for workgroup members are
listed at the end of the article. The American College of
Medical Genetics and Genomics (ACMG) Laboratory
Quality Assurance Committee reviewed the document
providing further input on the content, and a final draft was
presented to the ACMG Board of Directors for review and
approval to post on the ACMG website for member
comment. Upon posting to the ACMG website, an email and
link were sent to all ACMG members inviting participation
in the 30-day open comment process. All members’ com-
ments and additional evidence received were assessed by the
authors, and these recommendations were incorporated into
the document as deemed appropriate. Member comments
and author responses were reviewed by representatives of
the ACMG Laboratory Quality Assurance Committee and
the ACMG Board of Directors. The final document was
approved for publication by the ACMG Board of Directors.

Point 1: The human metabolome is large, diverse,
and in constant flux

The metabolome encompasses a large, heterogeneous pop-
ulation of small molecule metabolites spanning a wide range
of sizes (typically < 1500 Da) and physicochemical prop-
erties (eg, small polar amino acids, hydrophobic lipids, and
bulky sterols).1 The metabolome includes metabolites
traditionally evaluated in clinical metabolic testing (eg,
amino acids, acylcarnitines), as well as clinically relevant
compounds not covered by current biochemical genetic
laboratories (discussed in point 6) and many molecules
derived from foods, medications, human microbiomes, and
other environmental exposures. Collectively, more than
200,000 metabolites have been putatively identified in hu-
man biospecimens. However, only about 10% of these are
currently associated with human disease, with many of the
measured metabolites originating from exogenous com-
pounds, chemical adducts, and derivatives.3

The metabolome is variable and highly influenced by
both biological and technical factors. This is in stark contrast
to the human genome, which remains relatively constant and
has a defined reference set for comparison. Moreover,
genomic results are typically discrete variables, whereas
metabolomic results are continuous variables. Preanalytical
considerations, such as sample type (eg, plasma or urine),
collection tube type (presence and type of anticoagulant or
g to genetic disease

standard approaches to testing and quality assurance.
represents a fundamental change in testing.
omics testing in identifying genetic diseases.
rd biochemical genetics testing.



Table 2 Literature search strategy performed on December 19, 2022

No. Search Yield

1 (“Metabolism, Inborn Errors”[Mesh]) 167,668
2 ((inherited metabolic disease) OR (hereditary metabolic disorders)) OR (inborn errors of metabolism) 187,172
3 1 OR 2 187,172
4 (“Metabolomics”2[Mesh]) OR “Metabolome”[Mesh] 34,725
5 (((((metabolomics) OR (metabolomic testing)) OR (metabolite)) OR (metabolite testing)) OR

(metabolomics analysis)) OR (clinical metabolomics)
360,852

6 4 OR 5 360,852
7 ((((“Specimen Handling”[Mesh]) OR “Data Analysis”[Mesh]) OR “Incidental Findings”[Mesh]) OR

“Disease Management”[Mesh]) OR “Practice Patterns, Physicians'“[Mesh]
537,342

8 ((((((((((sample handling) OR (sample collection)) OR (untargeted metabolomics)) OR (targeted
metabolomics)) OR (data analysis)) OR (data reporting)) OR (clinical utility)) OR (clinical use)) OR
(testing indication*)) OR (limitation*)) OR (incidental findings)

9,595,523

9 7 OR 8 9,667,112
10 3 AND 6 AND 9 2022
11 10 [Filters: English, Human] 1632
12 11 [Filters: Years 2005 to present] 1180

Before finalizing the document, the workgroup added 5 relevant references published since December 2022.
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other additive), and shipping and storage conditions can all
affect the set of metabolites measured in a sample.3-6 Clin-
ical status (acute illness vs well) and nutritional status
(including fasting, parenteral nutrition, ketogenic diet, and
special formula) can also influence metabolomic results.
Other variables include age, medications, biological sex,
time of day, environmental exposures, and an individual’s
microbiome.7-9 As a result, metabolomics studies provide
only a snapshot of a portion of the metabolome at the time
of sample collection and not a complete, static picture. This
complexity presents challenges both for laboratories in
determining which methods to employ and how to interpret
and report results (point 2) and for clinicians in weighing the
appropriateness of testing in a given clinical situation and
the potential significance of diagnostic, indeterminate, and
nondiagnostic results (points 3 and 4).
Point 2: Metabolomics is an emerging and
heterogeneous field that lacks standard approaches
to testing and quality assurance

There are many different approaches to metabolomics
testing, each with inherent strengths and weaknesses.
Metabolomic data acquisition can be targeted, with mea-
surements restricted to a predetermined set of compounds,
untargeted using unbiased detection parameters to more
broadly interrogate the metabolome, or a hybrid of both
approaches.

Targeted methods sacrifice the scope of compounds
detected for improved sensitivity and specificity and can be
designed to enable metabolite quantitation. Traditional
biochemical genetics tests for amino acids, acylcarnitines,
very-long-chain fatty acids, carnitine panels, and many others
are examples of targeted metabolomics testing in that a
discrete list of analytes is measured and reported.10-12 In
contrast, untargeted data acquisition methods are typically
used in hypothesis-generating experiments to scan for all
analytes within a particular mass range and detect a much
broader list of metabolites. Results generated by untargeted
acquisition are assessed for statistically significant increases or
decreases, between populations or treatment groups (discussed
further in point 3). Untargeted data are not quantitative, are
typically less precise and reproducible than targeted data, and
often require extensive curation to confidently identify me-
tabolites. It is possible that a hybrid approach can be useful,
incorporating stable isotopes to permit quantification of
selected targets, while also performing untargeted discovery of
deviations in analytes across the metabolome.13,14

It is important to note that data acquired through an
untargeted acquisition method might subsequently be
analyzed using a targeted approach in which only a subset of
metabolites is evaluated. Thus, when referring to “targeted”
and “untargeted” metabolomics, it is important to distin-
guish between the steps of data acquisition and analysis,
with the most critical distinction lying in the analysis and
data processing. Urine organic acid analysis, performed in
biochemical genetics laboratories by gas chromatography
mass spectrometry, often involves untargeted data acquisi-
tion followed by some form of targeted analysis to identify
relevant compounds.11

Newly emerging metabolomics tools extend the scope of
traditional clinical testing to reveal a much wider view of
metabolism. However, gains in the amount of information
gathered come with enormous technical challenges stem-
ming from the chemical diversity of the metabolome, and no
single analysis can comprehensively detect all major
chemical classes. To achieve the broadest coverage, most
metabolomics platforms use a composite of multiple
orthogonal tests run in parallel utilizing multiple different
approaches to sample preparation, chromatographic sepa-
ration, and ionization. Numerous excellent reviews have
been written describing effective metabolomics testing
strategies and common pitfalls.2,15-17
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Approaches to metabolomics testing vary widely among
laboratories.18 Although details of individual testing strate-
gies differ, all workflows include the basic steps: (1) sample
collection, (2) analyte extraction, (3) analyte separation, (4)
analyte detection (most commonly by mass spectrometry),
(5) data curation to convert raw metabolomic data into
meaningful metabolite identifications, (6) data analysis to
glean biological or clinical significance from metabolite
data, and (7) effective communication of the results to the
ordering clinician. Methodological differences at every step
can introduce biases that may skew results and their inter-
pretation, which could range from minor differences in
metabolic patterns to the failed detection of entire classes of
compounds. Even when measuring the same commercial
standards, results from different laboratories can vary sub-
stantially.19 Similarly, assumptions made in applying sta-
tistical models to data analysis could inadvertently discard
important compounds from the data set or amplify the
importance of clinically insignificant ones.

The field is further complicated by the lack of practice
resources and guidelines associated with clinical metab-
olomics testing. The continual technological advancements
and relatively small number of laboratories offering such
testing make it difficult to develop formal guidelines specific
to clinical metabolomics testing, although guidelines do exist
for clinical liquid chromatography-tandem mass spectrometry
test validation that are relevant to metabolomics, particularly
targeted applications.20 Similarly, proficiency testing pro-
grams do not currently exist for metabolomics testing, and
laboratories engaged in this work must therefore operate
without an essential quality assurance mechanism. Many
groups are working to address these deficiencies. For
example, the Metabolomics Quality Assurance and Quality
Control Consortium has developed several resources to
improve quality assurance and quality control practices in the
field of untargeted metabolomics testing.21,22

Because of the heterogeneity in metabolomics ap-
proaches and quality assurance practices, laboratories of-
fering such testing should clearly describe their
methodology and its limitations to help clinicians select
proper testing and understand and apply the results. As with
any clinical test, it is best when there is communication
between the ordering clinician and laboratory regarding the
indication for the test, limitations of the analysis, and sig-
nificance of the results.

Point 3: The clinical application of metabolomics to
individual specimens represents a fundamental
change in testing

Historically, metabolomics studies have been confined to
research settings and have relied on the statistical compar-
ison of cohorts to identify biomarker abnormalities. This is
largely due to the fact that a metabolomics profile of an
individual participant can be influenced by numerous inci-
dental biological or technical factors (see point 1) that can
mask important biomarker findings or, worse, cause
spurious elevations that can be misattributed to the test
variable.

Cohort studies are not possible when performing diag-
nostic testing on a single individual (“N-of-1” studies),
presenting a major challenge to the application of metab-
olomics in a clinical setting. N-of-1 studies lack the statis-
tical power of cohort studies and therefore underperform in
their ability to detect subtle biomarker abnormalities. In
addition, metabolic profiles can be influenced by analytical
factors such as suppression, enhancement, or interference
that can occur in individual specimens from matrix effects
(eg, medications and other exogenous factors). These factors
are difficult, if not impossible, to recognize in individual
data sets and can, in rare instances, lead to inaccuracies in
analyte levels that would otherwise be statistically elimi-
nated through large-scale cohort studies. Finally, individual
metabolomics profiles must be compared with a reference
sample set to make meaningful conclusions about a
participant’s metabolite levels. When comparing between
samples, numerous variables can skew a specimen’s
metabolomics results, including deviations in collection
protocols, storage intervals, dietary/fasted status, and/or
interday instrument performance.

To minimize the imprecision that can result from these
factors, research metabolomics studies are often designed to
collect and store all test samples and reference samples
concurrently following rigid protocols and to analyze all
samples within the same instrument run. These workflows
are not practical in a clinical setting and are therefore a
potential source of inaccuracy in N-of-1 studies.

Despite these challenges, in recent years, multiple groups
have reported successful approaches to diagnose inherited
metabolic disease based on individual metabolomics pro-
files.23-28 These methods use normalization strategies to
bridge data between analytic batches and use outlier detec-
tion analyses, such as z-scoring, to prioritize metabolite
findings and uncover abnormally increased/decreased or
abnormally absent/present (rare) metabolites that charac-
terize many inherited metabolic diseases. In all cases, outlier
detection relies on comparisons of the participant’s profile
with a large reference data set comprising metabolomics
data from unaffected individuals; reference data sets used in
these studies typically exceed 100 samples.24-26 The quality
of outlier calling is directly related to the size and diversity
of the reference set used in comparisons.

Point 4: The yield of metabolomics testing is much
lower than that of genomics testing in identifying
genetic diseases

Metabolomics provides biomarker coverage that is relevant
to only a subset of genetic diseases and its diagnostic scope
should not be conflated with other “omics” technologies,
such as genomic sequencing. A recent study estimated that
approximately 200 genetic diseases could be detected by
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metabolomics platforms when considering the list of known
disease-associated biomarkers currently detectable by state-
of-the-art untargeted metabolomics platforms.23 Using a
different metabolomics platform, a separate longitudinal
study of 2000 participants detected disease-associated bio-
markers in samples representing 70 different inherited
metabolic diseases.29 In both studies, metabolomics was
informative almost exclusively for inborn errors of meta-
bolism (IEM) as opposed to disorders not involving
inherited disruptions in metabolic enzymes and trans-
porters.23,29 There are currently over 6800 Mendelian ge-
netic diseases known in humans (https://omim.org/statistics/
entry, accessed August 19, 2024) including approximately
1000 that are classified as IEM.30 Therefore, unlike geno-
mics testing, the majority of genetic diseases will not be
identifiable by metabolomic testing. Even within the scope
of metabolic diseases, current testing workflows are not
informative for many classes of disorders, including lyso-
somal diseases, congenital disorders of glycosylation, ste-
roid biosynthesis defects, porphyrias, lipoprotein metabolic
defects, and copper metabolic defects.23 To expand the
clinical utility of metabolomics testing, labs must continue
to discover and incorporate new disease biomarkers into
their platforms. They must also acknowledge that many
inherited metabolic diseases will never be detectable by
traditional metabolomics studies and instead may lack a
robust circulating biomarker or require the use of alternative
methods, such as lipidomics or glycomics.

Point 5: Metabolomics testing has limitations and
does not replace standard biochemical genetics
testing

Although metabolomics testing widens the range of condi-
tions detected, it does not replace the need for traditional
evaluations, including amino acids, organic acids, and
acylcarnitines. These tests provide rapid turnaround time,
relatively low cost, and high sensitivity, specificity, and
precision and can reliably detect many metabolic conditions
in both their classic and variant forms. This is particularly
important for the rapid diagnosis of an acutely ill patient, for
which, in addition to concerns of turnaround time and test
performance, metabolomic studies can be virtually uninter-
pretable because of variability introduced by acute clinical
status (eg, metabolic decompensation and multiorgan
dysfunction), medications, and other iatrogenic causes.
Metabolomics testing can also miss metabolic conditions
that could be detected by more precise traditional
biochemical genetics tests, and false-negative clinical
metabolomic findings have been reported due to missing
analyte identifications (eg, failure to detect elevations of
guanidinoacetate in individuals with guanidinoacetate
methyltransferase deficiency, homogentisate in participants
with alkaptonuria, and argininosuccinate in participants with
argininosuccinic aciduria)23,26,31 or an inability to detect
subtle patterns of biomarker abnormalities (eg, failure to
detect plasma lysine reductions in an individual with lysi-
nuric protein intolerance or citrulline reductions in partici-
pants with ornithine transcarbamylase deficiency or a failure
to resolve the isomeric biomarker alloisoleucine in partici-
pants with maple syrup urine disease, although, in this case,
additional biomarkers could be used to narrow the differ-
ential diagnosis).23,26,32 Standard tests (eg, amino acid
analysis) also provide targeted, quantitative measurements
needed for the ongoing monitoring of metabolic diseases;
however, the time, cost, imprecision, and final reportable
output of current metabolomics tests make them largely
unsuitable for this purpose.

Beyond differences of test performance, the availability
of metabolomics testing is much more limited compared
with routine metabolic tests. At the time of this publication,
a small number of US-based laboratories offer clinically
validated metabolomics testing in urine and plasma samples.
Metabolomic profiling is being done on a research basis at
several institutions and has been performed by multiple
groups as part of the Undiagnosed Diseases Network.
Importantly, the scope and reliability of biomarker de-
tections in metabolomics testing is highly platform specific
and variable (point 2), and it can be difficult to draw con-
clusions about metabolism from a single analysis. For these
reasons, nondiagnostic metabolomics results do not exclude
the possibility of a metabolic disease and, as is standard
practice for all biomarker testing in genetic disease, poten-
tially diagnostic metabolomics results should be confirmed
with additional testing, including DNA sequencing and
other clinical laboratory studies.

Finally, false-positive results and incidental findings are
more likely when using metabolomics testing compared
with conventional targeted studies. In the largest retro-
spective clinical study to date, abnormalities were detected
in over half (912 of 1807) of all participants receiving
metabolomics testing and this included 655 cases with
substantial findings considered suggestive of a specific
category of IEM; ultimately only 128 cases (7.1% of all
participants) detected by metabolomics testing received a
confirmed diagnosis.29 These findings highlight the sub-
stantial interpretative burden associated with metabolomics
testing and demonstrate the importance of providing per-
forming laboratories with pertinent patient information and
the critical role of properly trained personnel in ongoing
applications of metabolomics testing.

Point 6: Metabolomics has several useful clinical
applications

Despite the limitations described above, the study of indi-
vidual metabolomics profiles offers many useful clinical
applications.

First, metabolomic testing provides access to a broad
range of metabolite testing that is not otherwise available.
There are numerous genetic diseases associated with
biomarker abnormalities for which there are currently limited,

https://omim.org/statistics/entry
https://omim.org/statistics/entry
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or no, targeted clinical testing options. In these cases
metabolomics might be the only option to confirm equivocal
molecular findings or to monitor treatment; examples include
the use of metabolomics to detect (1) outlier elevations of
multiple plasma tryptophan pathway intermediates in in-
dividuals with biallelic KYNU variants of uncertain signifi-
cance, (2) outlier accumulation of N-acetyl-D-mannosamine
in biofluids of individuals with the recently discovered ge-
netic disorder NANS deficiency, and (3) a diagnostic pattern
of nicotinamide metabolite abnormalities and subsequent
treatment-induced normalization in NAXE deficiency.33-35

Metabolomics has also been shown to detect certain bio-
markers in circulating biofluids that otherwise could only be
identified in samples requiring invasive collection (eg, cere-
brospinal fluid and muscle or liver biopsies), thus providing a
less-invasive diagnostic approach and eliminating barriers to
obtaining confirmatory testing.36-38

The holistic nature of metabolomic testing can also
confer unique advantages. By simultaneously assaying the
levels of large numbers of metabolites from diverse and
interconnected metabolic pathways, investigators can
broadly screen for a wide range of metabolic diseases. As a
result, global metabolomic testing outperforms conventional
targeted metabolic screening in terms of the diagnostic yield
in individuals with an undifferentiated phenotype.29

Metabolomics can also serve as a companion to genomic
testing to functionally evaluate the pathogenicity of variants
of uncertain significance in known disease genes or in
candidate genes and to identify rare cases where genomics
testing fails to detect the underlying genetic variant(s) in a
true inherited metabolic disease.39-41 Similarly, the rich data
set provided by metabolomics testing can be used as a
second-tier test to reduce false positives in newborn
screening27 and can also improve test specificity through the
detection of treatment-related biomarkers that are necessary
to distinguish medication induced metabolic abnormalities
from those caused by inherited disease.42

Finally, perhaps the most exciting aspect of metabolomics
testing lies in its ability to uncover novel findings that can not
only support a genetic diagnosis but can expand our under-
standing of the pathophysiology of genetic disease. Already,
metabolomics data sets have been mined to identify new
biomarkers in multiple patient cohorts, including phenylke-
tonuria, peroxisomal disorders, urea cycle disease, GLUT1
deficiency, and serine synthesis defects.23,43-47 Continued
growth of metabolomics data sets will enable further retro-
spective patient cohort analyses that will inform treatment
options and guide development of targeted assays that can be
used in future diagnosis and management.
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