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Abstract

In order to be confident of the results acquired during biological mass spectrometry experiments, a systematic approach
to quality control is of vital importance. Nonetheless, until now only scattered initiatives have been undertaken to
this end, and these individual efforts have often not been complementary. To address this issue, the Human Proteome
Organization (HUPO) - Proteomics Standards Initiative (PSI) has established a new working group on quality control at
its meeting in the spring of 2016. The goal of this working group is to provide a unifying framework for quality control
data. The initial focus will be on providing a community-driven standardized file format for quality control. For this
purpose the previously proposed qcML format will be adapted to support a variety of use cases for both proteomics
and metabolomics applications, and it will be established as an official PSI format. An important consideration is to
avoid enforcing restrictive requirements on quality control, but instead provide the basic technical necessities required to
support extensive quality control for any type of mass spectrometry-based workflow. We want to emphasize that this is

an open community effort, and we seek participation from all scientists with an interest in this field.

As mass spectrometry proteomics and metabolomics
have matured over the past few years, a growing empha-
sis has been placed on quality assurance (QA) and quality
control (QC), which are of crucial importance to endorse
the generated experimental results. Mass spectrometry
is a highly complex technique, and because its results
can be subject to significant variability [47], suitable qual-
ity control is necessary to model the influence of this
variability on experimental results. Potential sources of
variability can include the introduction of unexpected
modifications during sample preparation [26], limited
stability of proteolytic digestion [50], the presence of con-
taminants [27], variability in the chromatography [2] and
mass measurements [41], etc. A systematic approach to
quality control makes it possible to quantify the technical
variability within experimental results, which can inform
subsequent data analysis steps and can be fed back to op-
timize the mass spectrometry set-up. For example, Slebos
et al. [45] have combined a meticulous experimental de-
sign with advanced computational quality control proce-
dures to detect deviating measurements in a high-profile
proteogenomic cancer study. This allowed them to trace
the variability in the experimental results to both batch
effects from instrument drift and biological variability,
which would not have been possible by only examining

high-level identification performance. Quality control
plays an increasingly important role in such large-scale
multi-site projects [11, 45, 48, 56] to enable an intra- and
interlaboratory comparison of experimental results. Addi-
tionally, although suitable quality control procedures are
beneficial for any biological mass spectrometry applica-
tion, a formal approach to quality control is of particular
importance in a clinical setting [31, 46].

As a result, computationally derived QC metrics have
been defined to objectively assess the quality of mass
spectrometry experiments [41]. These QC metrics cap-
ture quantitative information that may be related to the
performance of the various processes in a mass spectrom-
etry experiment. The importance of quality control is
exemplified by the recent proliferation of tools that can
compute such metrics [4, 8]. However, most of these tools
require specialized and non-standard experimental and
software environments, which significantly hinders their
evaluation and universal applicability. This problem is
further exacerbated by the fact that each tool extracts
different types of metrics from mass spectral data, and
uses different frameworks to store, visualize, interpret,
and communicate these metrics. In other words, the inter-
operability and comparability of these tools is essentially
non-existent. These problems significantly hinder the sys-
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tematic adoption of existing QC tools in well-established
informatic pipelines. Consequently these tools are not
yet adopted as a standard in the field, hindering biological
mass spectrometry from reaching its full potential.

To address these issues a unifying framework for QC
data is required, which would make it possible to bring
these scattered initiatives together in a concerted ap-
proach, enabling a long-term strategy for quality con-
trol in proteomics. Moreover, we envision that in the
future QC data will accompany mass spectrometry data
and associated results in repositories such as those coor-
dinated by the ProteomeXchange Consortium [51] and
MetaboLights [22]. This will, for instance, enable scien-
tists interested in the reuse of these data to easily assess
the quality of heterogeneous datasets in the increasingly
extensive catalog of publicly available mass spectrom-
etry data. Therefore, the Human Proteome Organiza-
tion (HUPO) - Proteomics Standards Initiative (PSI) [13]
and members of the Metabolomics Standards Initiative
(MSI) Data Standards task group [42] have established a
new working group on quality control at the HUPO-PSI
meeting during April of 2016 in Ghent, Belgium. This
working group consists of a wide range of stakeholders
from the proteomics and metabolomics communities and
is composed of academic, government, and industry re-
searchers, software developers, journal representatives,
and instrument manufacturers. Its main goal is to define
a community standard format for QC data and associated
controlled vocabulary (CV) terms, in order to facilitate
the use of QC metrics more broadly in the proteomics
and metabolomics communities and to enable the data
exchange and archiving of mass spectrometry-derived
QC metrics. Itis important to emphasize that the working
group does not seek to impose restrictive requirements
on how quality control should be performed and how
QC metrics should be interpreted. Instead, its aim is to
provide the basic technical necessities to support exten-
sive quality control practices over the whole course of
a mass spectrometry experiment and to bolster a strong
community-driven ecosystem of quality control tools and
methodologies. We believe that involvement from experts
in all mass spectrometry-related aspects, from analytical
chemists to bioinformaticians, from both the proteomics
and metabolomics communities, is essential to develop
robust QC procedures and ensure their comprehensive
adoption, and to this end we welcome contributions from
all biological mass spectrometry researchers.

This aim fits into the overall objective of the HUPO-
PSI to define community standards for proteomics data
to facilitate data comparison, exchange, and verifica-
tion [13]. At the same time a strong emphasis is placed on
full interoperability with metabolomics approaches. The
new working group will exclusively address applications
related to quality control, with previously established
HUPO-PSI working groups focusing on mass spectrome-
try, proteomics informatics, molecular interactions, and
protein separations. These working groups have previ-
ously established several standard data formats [12, 23,
38, 39, 55], controlled vocabularies [33, 34], and mini-
mum information guidelines [35, 49], which have signifi-
cantly contributed to the maturation and unification of

proteomics research.

1 Methods

1.1 Mass spectrometry quality control

Myriad applications of mass spectrometry have been used
in biology, each with specific properties and considera-
tions. Therefore, no single strategy for performing quality
control will be appropriate in all scenarios. Both external
factors, such as sample preparation and environmental
conditions, and instrumental factors, from autosampler
to LC pump to column to mass spectrometry method,
contribute to the overall performance and should be mea-
sured in an appropriate quality control regime. For exam-
ple, in shotgun proteomics, the total number of identified
tandem mass spectra is a high-level QC metric that is
often used to assess the performance of an experiment.
However, this is mostly useful for discovery experiments,
where the aim is to identify as many proteins as possible.
It would not be reasonable, however, to count identified
spectra in a selected reaction monitoring (SRM) exper-
iment, since tandem mass spectra are only sometimes
collected in this process, and they are generally not used
as an input to database search. This implies that different
types of QC metrics are needed to suit a wide variety of
experiment types.

QC metrics can vary in the time scale of assessment,
spanning the retention time of a single mass spectrometry
LC gradient or comparing among multiple experiments
over the lifetime of an instrument. QC metrics may reveal
information about different aspects of the experimental
apparatus [41]. The metrics can be identification-free
metrics that are computed from raw spectral data [54],
which can be applied to some extent to both proteomics
and metabolomics use cases. Alternatively, the metrics
may depend upon application-specific results, such as
identification performance, to draw inferences (for exam-
ple, the extent of oxidation or carbamylation observed in
a sample). Additionally, metrics that are closely tied to
data from a particular class of instrument may retrieve
information directly from the control software, such as
column temperature or back pressure [44].

Different types of QC samples of varying complexity
can be used. In proteomics the QC samples can range
from a simple peptide mixture or a single protein digest,
such as BSA, to a complex whole-cell lysate, such as a
yeast or HeLa cell lysate. Complementary information
can be provided by spiking synthetic mixtures into the
experimental samples, which enables monitoring specific
peptides of interest to measure the dynamic range (as
one example). In metabolomics the QC samples can simi-
larly exhibit different levels of complexity: they can be
composed of either pooled samples (combining a small
aliquot of each biological sample), or of mixtures of dif-
ferent compounds or chemical standards [21]. Pooled
QC samples characterize the entire collection of samples
included in the study qualitatively and quantitatively by
providing an average metabolome representation. As an
alternative to pooled QC samples, predefined mixtures of
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certain biological fluids such as serum, plasma, or urine
are commercially available (e.g. via National Institute
of Standards and Technology (NIST)). Additionally, syn-
thetic QC samples prepared under identical conditions
and consisting of a mixture of compounds representing
the different classes of metabolites expected to be present
in the study samples can be used.

These different types of QC samples are not mutually
exclusive; instead how they are used is closely linked to
the experimental design [29], as they are each able to mea-
sure specific performance characteristics, and they should
be used in combination. One consideration is how many
QC samples of each type should be used; another is how to
interleave them with experimental samples [4]. Further,
besides these dedicated QC samples, other commonly
used sample types to assess the quality of a run or an
instrument in proteomics and/or metabolomics include:
blanks, used to monitor or control instrument contamina-
tion; calibration curve samples, spanning a wide dynamic
range and consisting of pure reference compounds; and
internal standards, usually consisting of synthetic pep-
tides or of a single metabolic compound or a mixture
of compounds that is added to all samples to monitor
the reproducibility of the analytical methods. Another
source of qualitative information comes from replicate
measurements; based on the experimental design these
replicates provide identical inputs for each injection and
are typically used to compensate for variance across the
analytical study [14].

1.2 A community-driven standard file
format for QC data

As there is such a wide variety in the composition of
mass spectrometry workflows and corresponding quality
control methodologies, it is impossible to define a single
fixed QC directive. Instead, the HUPO-PSI Quality Con-
trol working group wants to facilitate quality control for a
wide variety of configurations by providing the basic tech-
nical foundation. To successfully communicate and inter-
pret advanced quality control information a unified frame
of reference is required. To this end a community-driven
standardized format for the archival, transmission, anal-
ysis, and visualization of QC metrics derived from mass
spectrometry will function as the focal point supporting
various advanced tasks, as represented in figure 1. The
definition of an unambiguous and expressive standard
file format supported by powerful application program
interfaces (APIs) and robust tools will allow bioinformati-
cians to focus on uncovering novel biological knowledge
instead of being encumbered by low-level implementa-
tion details. This requisite technical infrastructure will
be developed in the context of the HUPO-PSI Quality
Control working group. Crucially, the file format consti-
tuting the centerpiece of the QC ecosystem will support
metrics of an arbitrary type to accommodate QC informa-
tion relevant for all kinds of experimental configurations.
For this we will adopt the previously proposed qcML file
format [53] as the starting point. Although this format
is not an official PSI standard yet, it has been developed
according to the same philosophy, and it has received con-

siderable feedback at the 2016 HUPO-PSI meeting. Based
on this feedback, an updated version of the qcML format
will be developed, which will subsequently be submitted
to the PSI formal document process [52] to establish it as
a PSI standard format. A key part of this work will con-
nect the qcML format and a CV in accordance with the
previously established PSI CV [34] to enable direct inter-
pretability of the collected metrics and addition of further
metrics without the need to update the standard format
to a new version. When metrics are defined in CV terms,
they are more comprehensible, even as QC pipelines gain
complexity and cover thousands of mass spectrometry
acquisitions. This will hopefully also elevate the ease of
informed decision-making during analysis processes [1,
7, 54] and contribute to the prevalence of applied QC in
biological mass spectrometry. An important aspect that
ties in with this semantic interpretability is the devel-
opment of a Minimum Information About a Proteomics
Experiment (MIAPE)-like document for quality control,
as suggested earlier [16]. The information specified in the
MIAPE-QC document will present opportunities for ex-
tensive linking of the QC data to the experimental results.
For metabolomics, some earlier work on capturing the
minimum information for reporting on quality control
already exists [18, 43], but this will need to be revisited in
coordination with the Metabolomics Society Data Quality
and Data Standards task groups [3, 42].

To make the qcML format more attractive to the au-
thors of quality metric generators, we will create a soft-
ware library that is able to import and export information
in the qcML format, which will enable developers to eas-
ily create new qcML files and extract information from
existing qcML files. This will mainly be mediated in the
form of the jqcML Java API [6]. Although at present the
jqcML API only structurally validates qcML files against
the schema definition, additional functionality to seman-
tically validate the qcML files based on the terms de-
fined in the CVs and the MIAPE-QC specification will be
added [35]. Similar to APIs for other standard formats [12,
23, 38, 39, 55], the availability of the jqcML API will assist
developers to support the qcML format, fostering the in-
teroperability of QC tools. For example, this will enable
the construction of a custom tool workflow where a first
tool generates various QC metrics, a second tool applies
advanced algorithms to draw inferences from the data,
and a third tool provides long-term storage and visualiza-
tion. Instead of a rigid, monolithic framework, the qcML
format and the jqcML API will support the construction
of modular, highly customizable QC pipelines. Further-
more, besides updates to existing support for the qcML
format in OpenMS [40] and SimpatiQCo [37], native sup-
port will be added to other tools developed by members
of the working group as well, such as QuaMeter [28]
and iMonDB [9]. We will develop a user-friendly graphi-
cal user interface (GUI) tool for visualization of quality
control data in the qcML format, including established
outlier detection techniques to automatically identify low-
quality experiments [7, 54]. This tool will enable visual
data exploration and easy downstream processing of QC
data. These steps will foster broader interest in and adop-
tion for the qcML format, both from developers and end
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Figure 1: The qcML format is intended as the focal point for all QC applications. QC metrics are automatically generated
as experiments are performed, whereupon the qcML data can be stored locally in a laboratory information management
system (LIMS) where it can be used to support project management and data provenance. Additionally, the qcML data
can be submitted to a public data repository, empowering data reuse, and it can facilitate peer review by certifying the
data quality upon publication. Advanced analyses can aid informed decision-making to drive methodology refinements
and automatically notify the instrument operator when a malfunction is detected.

users.

1.3 Broadening the applicability of
quality control

Although shotgun LC-MS/MS proteomics and
metabolomics can assuredly benefit from wider
adoption and automation of quality control, other
classes of data in proteomics and metabolomics can
also benefit from these tools. The working group
particularly emphasizes the use of quality control
in quantitative proteomics methods, from iTRAQ to
data-independent acquisition (DIA) datasets, where
details of the experimental procedures can be employed
to compute further relevant and focused QC metrics. For
example, for iTRAQ experiments the isobaric tagging
reagents can be a source of variability, influenced by the
protein abundances, and fold changes are biased towards
1 : 1 ratios [30]. The labeling efficiency can broadly be
determined by verifying the fraction of MS/MS spectra
for which reporter ions are observed. Additionally, as
iTRAQ reagents bond to primary amines both at the
N-terminus and on lysine residues the labeling efficiency
can be determined in full detail by evaluating the extent
to which the labels are present on one or both of these
sites. Furthermore, the labeling stability can be evaluated
based on the evolution of the reporter ion intensity over
the course of an experiment and their signal to noise
ratios.

In contrast to during a data-dependent acquisition
(DDA) experiment, during a DIA experiment MS/MS
scans are measured with wide isolation windows that do

not target any particular peptide precursor [20]. This way
all analytes within the desired precursor mass range can
be measured in an unbiased fashion, potentially leading
to an increase in reproducibility. To evaluate the perfor-
mance of a DIA experiment general QC metrics from the
DDA setting can likewise be applied. In both cases the
consistency of the LC and MS performance can be evalu-
ated using well-characterized standard QC samples [17],
which can for example be visualized using the powerful
Skyline software tool [15]. Furthermore, specialized QC
metrics can be defined based on the characteristics of a
DIA experiment. For example, the isolation window size
can be evaluated based on the rate of ion interference [57].
This is sample-dependent, as complex samples will lead to
a lower precursor selectivity resulting in highly complex
chimeric MS/MS spectra. Because all analytes are repro-
ducibly measured during a DIA experiment consecutive
MS/MS scans can be compared to each other to further
evaluate the LC and MS performance. Measurements of
the same analyte over repeat scans can be used to assess
the mass accuracy, while successive scans covering the
same isolation window (separated by the duty cycle) can
provide information on the chromatographic sample rate.
An important step during DIA spectrum identification is
the correlation of a precursor ion with its corresponding
product ions. Although a high rate of cofragmentation
complicates an accurate precursor—product correlation
this is essential for obtaining correct peptide identifica-
tions. Some QC metrics that can be used to evaluate
whether precursor and product ions are accurately corre-
lated are for example the fraction of MS isotopic packets
that match product ions [19], the retention time (RT) vari-
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ability of associated ions [10], and whether or not the
elution profiles of corresponding precursor and product
ions match a similar exponentially modified Gaussian
peak shape [24].

MALDI imaging mass spectrometry is an increasingly
popular technique for molecular imaging, yet a standard-
ized approach to quality control has not been established
thus far. Currently, quality assessments are typically done
manually through visual inspection of the spectra. Ad-
ditionally, simple plots can be employed to evaluate the
variation in peak intensities among different measure-
ments [25]. This can, for example, be complemented by
an ion intensity histogram to highlight specific regions
of poor signal. However, these QC methods for MALDI
imaging usually disregard the spatial information present
in the data. Conversely, important qualitative measures
can be defined by comparing nearby measurements as,
for example, spatial proximity has an influence on the
intensity similarity. A recent result has shown how image
analysis measures based on sliding windows of increasing
sizes, which consider the spatial information implicitly,
can be used to accurately replicate manual expert quality
assessments [36].

These are but a few examples of how quality control can
be expanded to further mass spectrometry technologies.
To adequately cover all these different workflows the
novel qcML standard will have to be flexible enough to
support mass spectrometry data ranging from shotgun
proteomics to SRM to MALDI imaging data. This effort
will require a broader perspective than has dominated QC
software to date. The HUPO-PSI QC working group has
members from both the proteomics and the metabolomics
communities and welcomes any contributions, ensuring
wide applicability of the qcML open data standard in a
variety of mass spectrometry-based settings.

2 Conclusions

Quality control will indubitably play a growing role in
aiding the maturation of biological mass spectrometry
as a field. A systematic approach to quality control will
aid researchers to assess their workflows over time or
to compare data among different laboratories. Further-
more, it can stimulate public data reuse to harvest new
knowledge [32]. We envision that the inclusion of QC
metrics will become an integral component when sub-
mitting datasets to public data repositories or for peer-
reviewed publication, similar to the situation for three-
dimensional structures in the Worldwide Protein Data
Bank (wwPDB) [5].

The HUPO-PSI seeks to broaden the conversation sur-
rounding quality control in our community. This effort
will provide a format definition along with examples and
software infrastructure that will enable new research in
the interpretation of QC metrics. We emphasize that
this is very much a community effort, and any and all
contributions are welcome. Our group charter is avail-
able on the HUPO-PSI website (http://psidev.info/
groups/quality-control), including a summary of the
milestones the working group wants to achieve. You can

connect with us through our GitHub repository (https://
github.com/HUPO-PSI/qcML-development) and through
our mailing list (Psidev-qc-dev@lists.sourceforge.
net). These online sources contain further detailed in-
structions on how to get started and how to contribute.
We cordially invite anyone to join the discussion and
participate in this important community effort.
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