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Abstract
Introduction The Metabolomics Quality Assurance and Quality Control Consortium (mQACC) organized a workshop dur-
ing the Metabolomics 2022 conference.
Objectives The goal of the workshop was to disseminate recent findings from mQACC community-engagement efforts and 
to solicit feedback about a living guidance document of QA/QC best practices for untargeted LC–MS metabolomics.
Methods Four QC-related topics were presented.
Results During the discussion, participants expressed the need for detailed guidance on a broad range of QA/QC-related 
topics accompanied by use-cases.
Conclusions Ongoing efforts will continue to identify, catalog, harmonize, and disseminate QA/QC best practices, including 
outreach activities, to establish and continually update QA/QC guidelines.

Keywords Metabolomics · Quality control (QC) samples · Liquid chromatography–mass spectrometry (LC–MS) · Internal 
standards · Blanks · System suitability testing (SST) · Analytical batch

1 Introduction

The development and dissemination of quality assur-
ance (QA) and quality control (QC) practices in targeted 
and quantitative small molecule analysis have been suc-
cessfully implemented and refined during the last twenty 
years and are currently at a mature status (for example, 

European Medicines Agency, 2018; US Food and Drug 
Administration (FDA) 2018). The development of QA and 
QC best practices for untargeted small molecule analysis 
is ongoing in untargeted metabolomics applications. While 
earnestly in development (Broadhurst et al., 2018), these 
QA and QC best practices have not reached general agree-
ment globally nor a mature status. There is a critical need to 
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standardize, disseminate, implement, and provide training 
in QA and QC best practices in untargeted metabolomics 
studies to ensure high quality data generation, analysis, and 
reporting. To assist in these goals, the Metabolomics Quality 
Assurance and Quality Control Consortium (mQACC) was 
formed in 2018 following a workshop held at the National 
Institutes for Health in 2017 (Beger et al., 2019).

mQACC is an international consortium with more than 
90 members, driven by a mission to engage the metabo-
lomics community to communicate and promote the devel-
opment, dissemination, and harmonization of QA/QC best 
practices in untargeted metabolomics (https:// www. mqacc. 
org/). mQACC operates through distinct working groups 
(WGs). The Best Practices WG was established to identify, 
catalogue, harmonize, and disseminate QA/QC best prac-
tices for untargeted metabolomics, which are agreed upon 
in the metabolomics community (Fig. 1).

The Best Practices WG has been and continues to engage 
with the metabolomics community in multiple complemen-
tary ways including questionnaires, online and face-to-face 
workshops and interactive forums and through face-to-face 
workshops at national and international conferences to dis-
cuss QA and QC in metabolomics. One recent face-to-face 
workshop was held at Metabolomics 2022, the 18th annual 
conference of the Metabolomics Society, in Valencia, Spain 

on June 19th 2022. The objectives of the workshop were to 
1) disseminate findings from the mQACC Best Practices 
Working Group’s extensive community engagement efforts 
in relation to LC–MS untargeted metabolomics; and 2) 
solicit further feedback from the international metabolomics 
community on the compiled and summarized findings to 
establish a best practices living guidance document that will 
be freely accessible to researchers.

The objective of this workshop report is to further dis-
seminate information obtained throughout this community 
engagement process and further engage scientists in the field 
on QA/QC best practices in metabolomics.

2  Workshop structure

The workshop was structured to report on the information 
gathered on four key QC topics through the mQACC Best 
Practices WG community engagement activities and gather 
additional insight from workshop attendees on each topic. 
To accomplish these goals, it was delivered by six mQACC 
members across a two-hour period and designed to be inter-
active between the workshop organisers and attendees. With 
over 200 scientists in attendance, mQACC was introduced 
to the audience during a 5-min presentation. This was fol-
lowed by four 25-min sessions, each structured to include an 
introduction to a specific topic, presentation of key findings 
from community engagement efforts, polling questions for 
the audience managed through the EventsAIR mobile phone 
application, and a facilitated 10-min discussion that included 
Q&A. The four topics presented were (1) pooled and intra-
study QC samples; (2) system suitability evaluation; (3) use 
of internal standards and (4) design of the analytical batch, 
as highlighted in Fig. 1. Over 140 attendees responded to 
each poll question. The polls were recorded, and the results 
are available in Fig. 2. There was high engagement by the 
workshop attendees as evidenced by the wide range of com-
ments and feedback received during the discussion.

3  Workshop content

In this workshop, four distinct QA/QC key areas were 
addressed as outlined below. The presentations provided 
for each of the four topics are available in Supplementary 
File 1 and the responses to the polls are available in Fig. 2.

In the workshop, the first presentation focused on 
pooled and intra-study QC samples. Pooled and intra-study 
QC samples are typically created by combining small ali-
quots of each biological test sample or a representative 
subset of all study samples to create a single QC sample, 
which is then processed in the same way as the biological 
test samples (Broadhurst et al., 2018; Viant et al., 2019). 
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Fig. 1  Metabolomics QA/QC key areas
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Data from the analysis of pooled QC samples can be used 
for batch correction, filtering, system conditioning, and 
metabolite annotation, among others. The creation of the 
pooled QC sample is dependent on the type of sample 
matrix, and the step at which it is generated affects how the 
data can be used (i.e., correction of either instrument vari-
ance or extraction and instrument variance). The number 
of QCs injected at the beginning and during an analytical 
batch, and the injection method and placement of pooled 
QCs within the sequence are specific to the instrument and 
method used. Precision of data from pooled QC samples is 
currently only assessed visually using principal component 
analysis, but future developments to include quantitative 
metrics for data evaluation and reporting may be consid-
ered. Dilution series of pooled QC are currently not used 
broadly but provide objective evidence of signal linearity 
(Croixmarie et al., 2009; Lewis et al., 2016).

The second presentation focused on system suitability 
testing (SST), which includes all activities performed prior 
to analyzing study samples to ensure that the analytical 
system is fit for purpose and within specification. SST is 
used to assess the operation and lack of contamination of 
the analytical platform (Broadhurst et al., 2018; Viant et al., 
2019), helping to minimize the loss of precious samples 
if the instrument/assay is not performing up to specifica-
tion. Universal SST ensures that the instrument is operat-
ing within certain specifications, while assay-specific SST 
assesses instrument suitability for a particular project. The 
majority of the metabolomics community currently performs 
both types of SST. SST needs to be passed before study 
samples are analyzed, and appropriate corrective measures 
need to be taken if it fails (Evans et al., 2020). Both in-house 
and commercial standard mixtures and biological samples 
can be used for SST, and evaluation metrics should include 
retention time, mass, and sensitivity assessments using pre-
defined acceptance criteria. There is currently no commu-
nity-wide agreement on metrics to use or acceptance criteria, 
and additional commercial mixtures and better longitudinal 
monitoring software/record-keeping are needed.

The third presentation discussed the use of internal stand-
ards (IS) as a widely adopted QC measure in the metabo-
lomics community, with increased importance in large 
multi-batch studies. Different types of IS are used, including 
isotopically labeled compounds, exogenous compounds, and 
isotopically labeled extracts, with the selection and number 
of ISs used being method dependent. Similar to pooled QC 
samples, the step at which ISs are added in the workflow 
determines the use of derived data (i.e., evaluation of either 
instrumental variance or extraction and instrumental vari-
ance) and ISs allow for assessing data quality through vari-
ous metrics, such as peak shape, retention time drift, signal 
response, mass accuracy, stability, and matrix effect. The IS 
signal can be compared to pre-established cutoff criteria for 
outlier elimination and batch acceptance. However, there 
is still no community consensus on how to use IS during 
post-processing. While there is need to build consensus on 
common ISs to improve intra- and inter-lab comparisons and 
facilitate data sharing, community interactions have shown 
there may be a lower barrier to establishing a common set of 
metrics for assessing data quality, regardless of the selection 
and number of ISs.

The final presentation focused on designing an analyti-
cal batch. We defined analytical batch as a series of con-
tinuously analyzed samples. An analytical batch typically 
includes various types of samples, such as blank, pooled QC, 
and study samples, as well as technical replicates injected 
according to specific batch design. Blank samples, i.e., sol-
vent/true blanks or process blanks, are used to evaluate back-
ground contaminants, carryover, and cross-contamination 
between samples. Blank samples should be included at the 

Fig. 2  Polling questions administered to the audience during the 
workshop by using an on-line tool. Note: All questions were ‘choose 
all that apply’ questions. Number of responses N = 140 (Question 1); 
N = 151 (Question 2); N = 153 (Question 3); N = 152 (Question 4); 
and N = 146 (Question 5) participants
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beginning and end of a batch, though a recent study suggests 
they should not be used in-between samples to avoid disturb-
ing column conditioning (Martínez-Sena et al., 2019). The 
batch size depends on various factors, such as the matrix 
type, instrument stability, and staff schedule, and needs to be 
determined during assay development by monitoring signal 
loss and establishing a cutoff criterion.

4  Attendee engagement

The audience participated in discussions after each topic 
was presented, providing feedback, ideas, personal experi-
ences, and constructive criticism of the data presented. Some 
relevant aspects not covered in the presentations included 
the importance of checking mass calibration (particularly 
in ESI- mode), the significance of SST for shared facilities 
where proteomics and metabolomics studies are applied on 
the same instrument, the assessment of carryover, and using 
zero blanks in addition to solvent blanks. Practitioners high-
lighted issues related to retention time shifts and suggested 
using the retention time and signal intensity of features to 
determine the number of QCs needed for system condition-
ing. SST was also discussed with respect to the acquisition 
of MS/MS data to implement QCs for metabolite annotation 
early in the experimental workflow. The feedback received 
pointed out several issues including the need for alternative 
approaches to the repeated injection of pooled QC samples 
as this practice substantially enhances the number of injec-
tions; the limitations of IS usage related to availability and 
cost of isotopically labelled ISs; and challenges related to 
the use of pooled QC samples for feature filtering when tar-
geting low-concentration analytes, particularly in the field 
of exposomics. The workshop polls clearly demonstrated 
that the metabolomics community would like to see a broad 
coverage of information in upcoming mQACC guidelines as 
demonstrated by more than 70% of responders requesting all 
provided options in all five poll questions (see Fig. 2). There 
was one exception in the SST section (Question 3d) where 
chromatographic resolution of isomeric pairs reporting was 
only requested by 50% of responders.

5  Future actions

Based on the reported polls, mQACC guidance documents 
will include information on (1) definitions, (2) preparation 
of QC samples and ISs, (3) analysis of QC and blank sam-
ples in batches, (4) data interpretation and acceptance cri-
teria for QCs, SST, and ISs, and (5) reporting QC-related 
data. It should be noted that mQACC has a task group dedi-
cated to harmonizing and disseminating QA/QC report-
ing guidelines, who published reporting guidelines for QC 

samples in 2022 (Kirwan et al., 2022). Furthermore, a clear 
need for inclusion of use-cases has been expressed by the 
participants.

During the final discussion, the need for detailed guide-
lines, similar to those available for targeted bioanalytical 
assays, was emphasized to consolidate the use of QC sam-
ples in untargeted LC–MS-based metabolomics. While the 
community recognizes the importance of QA/QC in this 
area, concerns were raised regarding minimum require-
ments, as well as the associated effort in terms of time and 
cost. Due to the diversity of applications, methods, and 
instruments employed, and with the aim of being inclu-
sive, the mQACC guidelines seek to provide useful tools 
to practitioners rather than being prescriptive. Therefore, 
the focus of the living guidance will be on training scien-
tists and improving the way they perform and report their 
experiments rather than establishing strict minimum require-
ments. Ongoing efforts to identify, catalog, harmonize, and 
disseminate the QA/QC best practices, including outreach 
activities to scientists working in this field, will continue in 
the future to establish and update QA/QC guidelines. These 
efforts included a mQACC organized workshop during the 
Metabolomics 2023 conference which focused on the fol-
lowing topics; (1) metabolite annotation/identification, (2) 
reference materials, (3) data quality review and (4) quality 
assurance (Fig. 1).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11306- 023- 02060-4.
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