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Abstract Human blood is a self-regenerating lipid-rich bio-
logical fluid that is routinely collected in hospital settings. The
inventory of lipid molecules found in blood plasma (plasma
lipidome) offers insights into individual metabolism and
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physiology in health and disease. Disturbances in the plasma
lipidome also occur in conditions that are not directly linked
to lipid metabolism; therefore, plasma lipidomics based on
MS is an emerging tool in an array of clinical diagnostics and
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disease management. However, challenges exist in the trans-
lation of such lipidomic data to clinical applications. These
relate to the reproducibility, accuracy, and precision of lipid
quantitation, study design, sample handling, and data shar-
ing. This position paper emerged from a workshop that initi-
ated a community-led process to elaborate and define a set
of generally accepted guidelines for quantitative MS-based
lipidomics of blood plasma or serum, with harmonization
of data acquired on different instrumentation platforms
across independent laboratories as an ultimate goal.ll We
hope that other fields may benefit from and follow such a
precedent.—Burla, B., Mak. Arita, Mas. Arita, A. K. Bendt,
A. Cazenave-Gassiot, E. A. Dennis, K. Ekroos, X. Han, K. Ikeda,
G. Liebisch, M. K. Lin, T. P. Loh, P. J. Meikle, M. Oresic,
O. Quehenberger, A. Shevchenko, F. Torta, M. J. O. Wakelam,
C. E. Wheelock, and M. R. Wenk. MS-based lipidomics of
human blood plasma: a community-initiated position paper
to develop accepted guidelines. J. Lipid Res. 2018. 59:
2001-2017.

Supplementary key words clinical trials ® diagnostic tools ® lipids ®
mass spectrometry ® absolute concentrations ® clinical research ® data
sharing ¢ National Institute of Standards and Technology Standard Ref-
erence Material 1950 e quality control

Blood plasma is a self-regenerating well-defined biologi-
cal fluid that can be easily collected with minimal health
risk. It is also rich in lipids and related metabolites, and its
composition reflects diverse aspects of both metabolism
and general human physiology in health and disease. Ad-
vances in MS, data processing algorithms and tools, data-
bases, knowledge about lipid diversity, and the availability
of a broad palette of high-quality synthetic standards have
stimulated efforts toward the systematic quantification of
plasma lipids in various clinical contexts. Such advances
have also enabled the practical use of large biobanks as-
sembled by generations of clinicians and clinical chemists
to correlate lipid composition with the onset and pro-
gression of disease. In turn, this has triggered massive ef-
forts toward the discovery of clinically relevant biomarkers
(1-11). Although these efforts have produced some prom-
ising markers and means of monitoring the severity of dis-
ease, the fundamental conclusion was that, despite the
diversity of pathophysiological disturbances, the plasma
lipidome remains a tightly regulated and precisely defined
constellation of lipid molecules. Thus, as for common
clinical plasma indexes, the time has come to establish
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reference concentrations for individual lipids. Studies
spearheaded by the LIPID MAPS consortium (12) and,
more recently, by the National Institute of Standards and
Technology (NIST) study group (13) have determined
consensus values of plasma lipid concentrations in the
NIST Standard Reference Material (SRM) 1950 plasma
(Fig. 1). Efforts are underway to establish reference values
for the concentration of various lipid species for individu-
als of different gender and ethnicity (14-20).

We therefore speculate that the “starting phase” of plasma
lipidomics is over. The lipidomics community should now
make an effort to deliver concordant concentrations of
individual lipids together with broad lipid class coverage, as
these analyses are now routinely performed in dozens of
laboratories worldwide.

Despite the overall success to date, the field faces several
challenges (21). First, it is difficult to harmonize the pub-
lished data and make them amenable to independent mul-
tidimensional data-mining by interested researchers. It
appears that current efforts are filling selected pathophysi-
ological niches, but hardly contribute to the understand-
ing of compositional trends at a systemic level. Second, the
quality of lipidomics data and the robustness of methodol-
ogies suffice for discovery research, but fall short of the
common requirements for potential diagnostic applica-
tions (22). Communication between research and clinical
communities remains to be fully developed and there is no
system in place to assess and cross-correlate plasma lipido-
mic profiles obtained by different laboratories in various
clinical settings. This leads to an odd (and strategically un-
acceptable) situation where a rapid increase in the total
volume of produced data does not contribute to data re-
finement (23).

This position paper emerges from a workshop held in
Singapore in April 2017 on this topic and whose partici-
pants committed themselves to communicating their
workflows and generally agreed conclusions. The motiva-
tion to do so is founded on the belief that the community
involved with MS-based lipid analysis should come to-
gether to set guidelines generally accepted in the field. To
facilitate this process (possibly in an order of priority for
applications), it was decided to strictly limit the discus-
sion in this work to the lipidomic analysis of human
blood (in particular, blood plasma and/or serum) and to
MS as the main measurement technique, rather than
other techniques, such as NMR. If successful, other ap-
plications would be expected to benefit and follow from
such a precedent.

Different layers of quality assurance (QA) and quality
control (QC) measures are prerequisites to obtain
reproducible and quantitatively concordant datasets. Batch-
to-batch variations are an inherent characteristic of high-
throughput analytics, irrespective of the precise nature of
the analysis. This is largely recognized in clinical diagnos-
tics, where performance verification and QC measures, in-
cluding external QA programs and proficiency testing, are
put in place to detect significant deviations. In fact, clinical
laboratories are mostly concerned about “between-methods
bias”. Data are rarely merged among different laboratory
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Fig. 1. Concentrations of lipid species reported for the NIST SRM 1950 reference plasma. Each lipid species reported by at least three labo-
ratories from the NIST SRM 1950 comparative plasma study (13) is indicated at its consensus concentration (median of means) as vertical
dark lines within the shaded bars. Many of the shown species represent sums of species that can be further divided into more structurally
resolved species, if analyzed with methods revealing higher structural information. The shaded boxes indicate the concentration range of
the identified lipid species, illustrating that the actual number of lipid species and their concentration range are likely to be much larger in
reality. The name of the highest abundant lipid species is displayed for each lipid class. The sum of the concentrations of individual lipid
species of the lipid classes are indicated as vertical thick lines to the right of the shaded bars. Lipids measured in clinical chemistry laborato-
ries are indicated at the top of the figure, with plasma or serum concentration ranges corresponding to clinical laboratory reference values
in healthy adult people (139), except for triglycerides and total cholesterol (TC) where the 5th and 95th percentiles of the plasma concentra-
tions in a large Dutch cohort are indicated (140). 1,25(OH)2D3, bioactive 1,25-dihydroxyvitamin Ds.

methods unless well-harmonized, and we see no conceptual
reason why data concordance could not be reached for the
plasma lipidome. Different QA and QC methods have been
developed for MS-based metabolomics and lipidomics
(5, 24-27). However, the implementation of QA/QC
strategies varies in both fields (23, 28, 29). Therefore, a
community-initiated approach toward generally accepted
guidelines for clinical application of plasma lipidomics
seems pertinent, with an ultimate goal for harmonizing

data acquired on different instrumentation platforms in
independent laboratories. We appreciate the challenges
involved in achieving this goal. This work mostly considers
analyzing the core components of the plasma lipidome,
and we understand that for some physiologically impor-
tant, yet low abundant or unstable, lipids for which no
reliable internal standards (ISTDs) or alternative analytical
methods are available, this may not be feasible, as is the
case for oxidized lipids (30-33).

Mass spectrometry-based lipidomics of human blood plasma 2003
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Here, we propose that such laboratory practices could be
adopted by a community largely representing research and
development in the area of life sciences and also in clinical
testing. Therefore, recommendations for potential future
adoption are organized into three main categories: pre-
analytics, analytics, and post-analytics. This short write-up is
not intended to be comprehensive, particularly with re-
spect to the various subcategories addressed here (Fig. 2).
Instead, as introduced above, it should serve as a working
document for a growing number of subscribers.

PRE-ANALYTICS

We define pre-analytics as “all procedures before the ac-
tual lipidomic analysis”. This includes study design, specifi-
cation of the nature and origin of samples, collecting and
communicating demographic and clinical data, and how
plasma and serum are sampled and stored.

Standards and guidelines

Relevant guidelines for bioanalytical method validation
and performance include the Food and Drug Administra-
tion (FDA) Bioanalytical Method Validation Guidelines
(34, 35), the European Medical Agency (EMA) Bioanalyti-
cal Method Validation Guideline on bioanalytical method
validation (36), and the Japanese Ministry of Health, La-
bour, and Welfare (MHLW) Guideline on Bioanalytical
Method Validation in Pharmaceutical Development (37).
These guidelines were initially tailored for pharmaceutical,
pharmacokinetic, and toxicokinetic applications and thus
include MS as a methodology. However, many of the criteria

Pre-Analytics

Analytics

and strategies mentioned in these guidelines are also ap-
plicable and relevant for the development and validation
of lipidomic assays to be used in clinical research (38, 39).
Following such guidelines will facilitate the development of
clinical applications for plasma lipidomics.

Laboratory methods that are developed in-house are
considered “laboratory-developed tests”. They need to
undergo stringent validation processes as prescribed by
certain standards, e.g., the International Standards Organi-
zation 15189 (40) and Clinical Laboratory Improvement
Amendments (CLIA) (41), and subscribe to external QA
programs for monitoring of their ongoing performance.
These are required as part of accreditation of a routine
clinical laboratory by the relevant regulatory authority. The
same validation process and subscription to external QA
programs are required each time a method is applied in a
different laboratory.

Looking forward, guidelines and protocols used in clini-
cal diagnostics and clinical chemistry will also be relevant
for plasma lipidomic assays, including the International
Standards Organization 15189 and CLIA laboratory proto-
cols. These guidelines cover an extensive range of required
topics for the accreditation of diagnostics and assays, and
include training, QA/QC, administrative processes, infra-
structure/facility design and management, human re-
sources, auditing, and system design.

However, all of these clinical diagnostic guidelines do
not, or only superficially, cover MS-based metabolomics
and lipidomics. Furthermore, only a few MS-based methods
have been published that were validated according to such
guidelines (42-47). Recently, the Clinical Laboratory Stan-
dards Institute (CLSI) issued the CLSI C62-A guideline on

Post-Analytics
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Fig. 2. Human plasma lipidomics workflow. The major steps covered in this position paper are indicated together with important bio-
graphic parameters, sample preprocessing and analytical aspects, QC measures, and guidelines that should be considered and/or reported
with quantitative plasma lipidomics datasets. HRMS, high-resolution MS.
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MS in the clinical laboratory (48, 49). Considering such
guidelines during assay development may improve the
quality and adoptability of lipidomic assays for plasma anal-
ysis in clinical settings.

In this position paper, we aim to highlight the critical
aspects of quantitative lipidomics of human plasma. The
primary focus is the application of plasma lipidomics in
high-quality clinical research and the identification of bio-
markers. The use of plasma lipidomics in clinical diagnos-
tics is a logical extension to that, but is currently still a
rather distant scenario. Regardless of the application, cur-
rent research and development into nucleic acid, protein,
and metabolite biomarkers is likely changing clinical re-
search and diagnostic procedures over time and thus will
also require new or specific guidelines. Acceptance of new
procedures and the willingness to define new guidelines
will depend critically on the clinical performance, useful-
ness, simplicity, and applicability of novel methodologies,
as well as on proper communication and documentation.
It is therefore up to the respective communities to define
standards in line with evolving practice in contemporary
and future clinical research and development.

Collection of demographics and clinical data

The value of a public plasma lipidomic database (e.g.,
for meta-analyses and the establishment of reference val-
ues) is highly dependent on the quality of the data associ-
ated with the samples. We encourage the community to
put effort into collecting associated biographic and clinical
data and to actively participate in the planning and imple-
mentation of novel regulations concerning data collection,
anonymization, de-identification, and reporting (see also
section Data sharing). Collected personal and clinical data
intended for future use in publications (together with
lipidomic data) should be defined at the time of applica-
tion for approval by institutional review boards, so that
the participants’ consent forms state that the informa-
tion is being collected ethically, thereby allowing full use
of the collected data.

We suggest that the minimum set of personal and clini-
cal data collected along with plasma/serum samples should
be subject age, gender, BMI, ethnicity, fasting status, and
prescription medications, including drugs directly affect-
ing lipid metabolism (e.g., nonsteroidal anti-inflammatory
drugs, anticoagulants, and statins) and also drugs with
insufficiently characterized metabolic impact (i.e., hor-
mones, including contraceptives, steroids, and diuretics)
(17, 50-52). It should also include significant medical con-
ditions (e.g., affected with chronic disease). Recent re-
search suggests that the spectrum of drugs affecting the
lipidome composition is broad, and metabolic side-effects,
being harmless per se, might bias the outcome of epide-
miological studies. We therefore suggest providing detailed
data on all given, prescribed, selfmedicated drugs and
health supplements together with lipidomics datasets and,
if applicable, to analyze datasets for potential confounding
effects of these medications. Specific populations, such as
pediatric cohorts, may require different/additional sets of
relevant variables.

The submission of additional parameters is strongly en-
couraged and for adults should include: diabetic/insulin
status, HDL/LDL/triacylglycerol (TG) values, blood pres-
sure, full blood count, C-peptide, C-reactive protein, smok-
ing status, alcohol consumption, diet, intake of dietary
supplements, type and frequency of exercise, and other
information on lifestyle. Recoding of socio-economic indi-
cators can also be of value, as these may offer information
about dietary and environmental exposure. This data col-
lection must be within the practice guidelines of local insti-
tutional review boards and legislation related to human
biomedical research and personal data protection, but also
with an outlook toward depositing the data in internation-
ally accessible repositories. The latter generally mandates
strict separation of identification keys from the individuals
involved in the research.

Plasma versus serum

Plasma and serum are two distinct matrices, and the lipid
profiles of plasma and serum obtained from the same
blood draw differ (53, 54). Serum is obtained from coagu-
lated blood, whereby various compounds, including lipids
and lipid-modifying enzymes, are released in extracellular
vesicles or in soluble forms from platelets, leukocytes, and
erythrocytes during the clotting process. The coagulation
process therefore leads to generation or degradation of
speciesin alipid class-dependent manner. This can strongly
affect the abundances of lysophospholipids (lyso-PLs),
sphingosine 1-phosphates (S1Ps), prostaglandins, leukotri-
enes, resolvins, and other oxylipins, as opposed to major
lipoprotein-bound TGs and cholesteryl esters (54-57). In
clinical practice, serum is more widely used and may there-
fore be more suitable or acceptable for diagnostic applica-
tions. The measurement of lipids generated by the clotting
process is also used to assess the treatment efficacy of anti-
platelet drugs (58-60). However, plasma obtained from
freshly drawn anticoagulated whole blood can be consid-
ered as the closest matrix to blood plasma in vivo. The use
of capillary blood has several advantages for specific clini-
cal applications, such as point of care and screening, allow-
ing blood sampling without trained personnel. However,
capillary blood, when collected via finger prick, is often
contaminated with skin tissue fluid, applied cosmetics, and
antiseptics, among others, and is prone to hemolysis.
Therefore, we recommend the use of plasma obtained
from venous blood for future lipidomic projects for better
robustness and for comparing and interpreting physiologi-
cal conditions.

Blood collection and plasma/serum preparation

The method and timing of blood collection and plasma/
serum preparation can have significant impact on down-
stream analyses (61, 62). Often neglected in clinical research,
blood collection and plasma/serum preparation should be
kept consistent between experimental groups, sites, and
studies, and be reported. Because lipid concentrations can
exhibit substantial circadian variations, the time point of
blood collection should be kept consistent within a study
(63). Venous blood should be collected using established

Mass spectrometry-based lipidomics of human blood plasma 2005
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protocols, with practices that minimize artifacts, such as he-
molysis, clotting, platelet activation, and hemoconcentra-
tion from venous stasis (64, 65). Blood should preferably
not be taken from infusion catheters (e.g., to avoid hemo-
lysis and dilution of the blood by residual infusion solu-
tion). However, where unavoidable, discarding the initial
volume of drawn blood may reduce artifacts (64).

Plasma should be prepared from whole blood collected
directly in tubes containing dried or liquid anticoagulant
to minimize clotting. Containers spray-coated with KeEDTA
are routinely used in clinical practice; it is currently the
most commonly used anticoagulant in lipidomic research.
Other common anticoagulants include lithium heparin
and citrate. The anticoagulant can have an impact on lipid
extraction and ionization in MS, and blood collection
tubes have been identified as a source of interference in
metabolomics studies (66-69). Limited and partially con-
tradicting data are available as to the effects of different
anticoagulants on the lipidomic readout (56, 66, 70-72).
The mechanism of the different anticoagulants, i.e., the
calcium-chelating effects of EDTA and citrate, as opposed
to heparin, may also be relevant to inhibit the calcium-de-
pendent ex vivo formation or degradation of some lipid
classes (56, 73). Of note, the NIST SRM 1950 plasma (dis-
cussed in detail later in this text) was prepared from lithium
heparin-anticoagulated blood (74) and might not be a suit-
able reference for certain lipid classes that are produced or
degraded in a calcium-dependent manner. Although more
data on the effects of the anticoagulants are needed, it is
important that the same anticoagulant is used throughout
a study and among studies that will be compared, and to
report the anticoagulant/collection tubes in detail. When
using collection tubes with an anticoagulant solution (e.g.,
citrate), the tubes should be filled to the indicated volume
to ensure the appropriate ratio of sample to anticoagulant
and to avoid nonuniform dilution of the collected blood;
this is a potential source of error and variation (71).

Collected anticoagulated whole blood should be pro-
cessed consistently and as soon as possible to limit ex vivo
metabolic processes that can affect the lipid profiles. Chill-
ing of whole blood after collection is also generally advis-
able, especially when immediate processing after collection
is not possible, as this substantially reduces ex vivo forma-
tion or degradation of certain lipid classes, e.g., S1P, lyso-
PL, and eicosanoids (68, 72, 75-78). However, ex vivo cold
exposure might lead to platelet activation and consequent
release of platelet-derived lipid species into the plasma. On
the other hand, plasma obtained from cooled whole blood
has been reported to contain lower levels of specific plate-
let-derived eicosanoids (77). The authors hypothesized
that cold-induced ex vivo platelet aggregation led to a more
efficient removal of platelets from plasma during centrifu-
gation and lowered the levels of these specific lipid species.
Cooling could also have slowed down the enzymatic pro-
duction and release of these lipids. Platelets are rich in lip-
ids of diverse classes and, upon activation, produce and
release various bioactive lipid species (79). Residual platelets
in plasma can therefore confound the measured plasma
levels of specific lipid species. High variability of residual
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platelet content can result from differences in plasma den-
sity/viscosity, which is reflected by the erythrocyte sedi-
mentation rate, a parameter that varies between individuals
and is increased in many inflammatory conditions (80, 81).
The centrifugation conditions of whole blood also affect
the number of residual platelets in plasma and the mea-
sured plasma metabolome (76, 82, 83). To ensure effective
and consistent platelet removal, we therefore recommend
using higher relative centrifugation forces than those
sometimes used or suggested to prepare plasma, for exam-
ple, 2,000 g for 15 min (54, 76, 82). However, we note that
centrifugation also leads to platelet activation, which may
be due to compaction as well as acceleration and decelera-
tion forces (83). For serum preparation, the coagulation
status of the collected blood, the clotting time and tem-
perature, and the presence and type of clot activators in
the collection tubes are important considerations, as they
each can affect the lipid profiles of the generated serum
(54).

Hemolysis can have significant effects on the plasma lev-
els of certain lipid species, such as S1P and lyso-PL (68, 77,
84). Conditions causing increased erythrocyte fragility,
such as specific erythrocyte membrane disorders (e.g.,
spherocytosis) and potentially also other disorders (e.g.,
type 2 diabetes), could cause increased hemolysis during
plasma preparation (85, 86). Plasma preparation protocols
will therefore have to be adjusted when studying condi-
tions and lipids that may impact or be affected by hemoly-
sis, respectively. Lipemia is defined as the presence of high
levels of suspended lipoprotein particles resulting in blood
sample turbidity. Lipemia can also cause analytical artifacts
due to volume displacement by the particles and nonho-
mogeneity of the samples (87, 88).

Collectively, detailed information on sample collection
and preparation conditions, as well as visible signs of sam-
ple quality (i.e., hemolysis and lipemia), should be reported
for later data interpretation. Furthermore, validation of
methods for robustness to such preanalytical variabilities
will be helpful in defining practical sample collection pro-
tocols and in interpreting generated lipidomic data.

For certain plasma lipid species (i.e., oxylipins), it may
be difficult to fully prevent sampling artifacts (e.g., partial
platelet activation), and thus the interpretation of such
data must consider possible biases and variabilities result-
ing from such preanalytical effects. In such cases, one
could also consider using alternative or indirectapproaches
to assess the plasma levels of specific lipid species. For ex-
ample, F2-isoprostanes, in particular 8-iso prostaglandin
Fy,, are highly-characterized prostaglandin-like compounds
and are currently the best-studied markers of oxidative
stress. These are routinely tested in urine as opposed to
plasma (89).

These and other parameters may be of relevance for in-
ter-site comparisons and data integration. Measures, such
as using standard operating procedures, should be applied
to limit potential variations during sampling, and clinical
personnel should be encouraged to document and report
any deviations from established procedures. If such con-
trolled reporting is not feasible or realistic, for instance, in
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clinical settings, additional care is needed to avoid sam-
pling bias, particularly across different experimental
groups of which participants may be sampled under differ-
ent settings. Statistical analysis should account for such pos-
sible variations in sampling procedures.

Sample storage

Sample storage and the freezing chain during transport
are crucial aspects of plasma metabolite profiling. Many
metabolites are not stable in plasma and serum, especially
at temperatures above —20°C (56, 68, 77, 90-92). A study
from Haid et al. (93) found that the concentrations of spe-
cific lipids change during storage, even at —80°C, a widely
used storage temperature for biological specimens. They
explained it by possible nonenzymatic hydrolysis and oxi-
dation of lipids (93). However, more data are needed to
understand the limitations and possible measures to stabi-
lize samples during long-term storage. For now, samples
should be stored at —80°C or, if possible, at even lower
temperatures. The containers used for sample storage
should be airtight to prevent sublimation, which can also
affect sample concentrations (94). Freeze-thaw cycles also
affect specific lipid classes and should be kept at a mini-
mum and constant within a study (19, 56, 92), unless con-
trary evidence is available for the stability of the measured
analytes. Preparing aliquots directly after plasma/serum
isolation will help to limit freeze-thaw cycles. The mode of
thawing and the temporary storage of thawed samples can
also affect analytical readouts (95).

Lipid oxidation is usually not an issue for the quantifica-
tion of abundant lipid classes (e.g., phospholipids, sphingo-
lipids, and TGs), but could affect the analysis of lipid species
that contain polyunsaturated fatty acid moieties, oxidized
lipids, and eicosanoids, and may occur during collection,
storage, and lipid extraction (56, 96). Addition of antioxi-
dants immediately after obtaining plasma/serum samples,
during storage, or before extraction may be required to limit
ex vivo lipid oxidation (96, 97). Storage of plasma,/serum
samples and their extracts under an inert gas (e.g., argon)
may also limit oxidation. However, ex vivo lipid oxidation
may also occur enzymatically, which cannot be inhibited
by the addition of antioxidants (56). Interestingly, in the
case of butylhydroxytoluene (typically abbreviated as BHT),
a frequently used antioxidant in lipidomics, the used con-
centrations and the time-point of its addition vary in the
literature (98, 99). While it makes sense to take all reason-
able precautions to ensure the chemical preservation of
lipids, it seems sensible to first adhere to a minimalistic
recipe. We therefore suggest that the efficacy and proto-
cols for the use of antioxidants should be verified by the
community for various lipid classes.

ANALYTICS

Here, we define “analytics” as a collection of MS-based
methods and software employed for identifying and quan-
tifying plasma lipids. Although, from an analytical chemistry
perspective, lipids are classical “small molecules,” the exact
methods of small-molecule analytics are generally not

applicable in lipidomics. Below, we briefly address the fea-
tures of the most common sample preparation and analysis
workflows that are immediately relevant for full-lipidome
quantification.

Analytical batches

An analytical batch is defined as a set of study samples
that is processed and/or analyzed in a single continuous
experimental setup (e.g., plate or day). The size of a batch
is a tradeoff between sample throughput and technical/
practical feasibility. A single batch should allow a consistent
and reproducible analysis with minimized temporal effects.
Differences in the experimental conditions (i.e., reagent
lots, self-made mixes of ISTDs, pipettes, or instrument con-
ditions) can lead to so-called batch effects, which are de-
fined as systematic differences between batches of samples
together with smaller differences between samples within
each batch. However, “within-batch” variations can also
occur, for example, intra-batch drift caused by temporal
differences in sample processing (first vs. last sample),
temperature shifts, and evaporation. These differences may
or may not be correctable (see the Post-Analytics section).

To avoid batch-dependent biases and subsequent spuri-
ous correlations, stratified randomization of study samples
is essential, considering key study factors across batches
(i.e., treatment, age, or gender groups). Spatially stratified
randomization may also be important when processing
samples using multi-well plates and robotic systems. Infor-
mation for each sample (preparation and analytical batch)
should be reported even when batch corrections have been
performed, because such information on batch-to-batch
variation can help to improve analytical methods.

ISTDs

ISTDs are critical elements to determine bona fide con-
centrations of lipid analytes. The use of ISTDs in MS also
helps to compensate for inherent variations in sample pro-
cessing (e.g., variations in lipid extraction efficacy, lipid class-
dependent losses, matrix effects, and ionization suppression)
and in instrument performance. ISTDs used for quantify-
ing lipids should be added before lipid extraction. Ideally,
an ISTD should be structurally similar and have a com-
parable MS/MS fragmentation pattern as the compound
being quantified. In a method for 150 eicosanoids, 26 deu-
terated ISTDs were employed allowing excellent and
reproducible quantification of plasma samples (100). In
plasma lipidomics, we are committed to quantifying the
molar abundance of hundreds of lipid molecules. How-
ever, using an authentic ISTD for quantifying each indi-
vidual lipid is currently not possible or feasible. Therefore,
the mass spectrometer, the analysis method (e.g., MS or
MS/MS, precursor or neutral loss scanning) and the analy-
sis conditions (e.g., analyte concentration range and buffer
composition) should be selected such that a very limited
set of ISTDs (typically, one to two molecules per lipid class)
adequately reflects the quantitative properties of the mea-
sured molecules in the lipidome.

Recommendations concerning the number, concen-
tration, type, and characteristics of ISTDs may be helpful
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toward harmonization of datasets. Defining a consensus
minimal set of ISTDs or commercially available ISTD mixes
for analyses may be useful. Different analytical approaches
(e.g., direct infusion vs. LC-MS) may require distinct ISTD
sets; however, common platform-independent ISTD
mixtures may be advantageous. The ISTD concentrations
should be close to the physiological values typical for cor-
respondent lipid classes. Isotope-labeled analogs of endog-
enous lipids represent gold standards of ISTDs for plasma
lipidomics, irrespective of the platform used. However, reli-
able ISTDs with adequate chemical purity and exactly
known lipid content are only available for a limited num-
ber of lipid subclasses and fatty acid compositions. The use
of several ISTDs per lipid class, with a wide range of acyl
chain length and degree of saturation, may improve spe-
cies quantification. Other strategies, such as using a combi-
nation of internal and external calibrations, may be more
practical and affordable for large-scale analyses. A com-
bined approach of using self-prepared (and therefore
more affordable) stocks of ISTDs that are validated using
high-quality commercial standards is another practical way
to balance the costs (17).

Many plasma lipids are bound to soluble carrier proteins
(e.g., albumin) or associate with multiprotein assemblies
(lipoproteins) and extracellular vesicles. Some lipids may
not be efficiently separated from their carriers and precipi-
tate with proteins during extraction. The protocol and ma-
trix in which ISTDs are added to the plasma samples (e.g.,
as a low-volume spike or as part of the extraction mixture)
might result in differences in how much ISTD is co-ex-
tracted compared with endogenous counterparts. Prepar-
ing standards in surrogate matrices (e.g., stripped or native
plasma), which is a widespread practice for clinical assays
for exogenous compounds, is controversial in lipidomic
applications. Surrogate matrices can be sources of con-
tamination or increased background, or contain minute
amounts of endogenous species.

Thus, each dataset should report information on ISTDs,
including their chemical name, position of isotope labels,
origin, and possibly also the lot number, concentration,
chemical and isotopic purities, solvent/matrix, storage con-
ditions, and when they were added to the samples.

Inconsistencies between individually prepared ISTD
solutions (from stock or original ISTDs) are important
sources of variation in quantification. Variability of concen-
trations of in-house-prepared standards is associated with
differences in quality, chemical stability, and limited solu-
bility of synthetic lipids, as well as preparation errors and
evaporation of volatile solvents from stock solutions. Re-
gardless of their precise origin, analytical inconsistencies
could be recognized and appropriately corrected without
jeopardizing the integrity of the entire project by imple-
menting lipid standard validation protocols. The use of
commercially available ready-made ISTD mixes with ex-
actly known concentrations of individual lipids may never-
theless be the more robust and consistent approach in
high-throughput clinical analyses.

The use and development of novel comprehensive and
easily available isotope-labeled ISTD mixes should be further
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encouraged by the lipidomics community. An example of
such ISTD mixes is commercially available ISTD mixes con-
taining isotope-labeled species from all major phospho-
lipid classes (4, 101).

Lipid extraction

Lipid extraction from plasma or serum samples is the
key step to eliminate the protein matrix and ensure the
compatibility of samples with downstream analytical meth-
ods. However, lipid extraction is also a major source of
variability between samples and between methods. The
employed protocol should therefore be shared in detail
and at least cover the major aspects described below.

There are numerous published lipid extraction methods
that can also be automated for high-throughput clinical
analysis (26, 71, 102-107). The applied extraction principles
(e.g., one/two-phase liquid-liquid extraction, solid-phase
extraction) and the parameters of extraction protocols
(e.g., temperatures, sample/solvent ratio, re-extractions,
use of sonication, vortexing, extraction under inert gasses,
mixing and centrifugation details) are the major determi-
nants of lipid recovery; however, they are also responsible
for artifacts in lipid identification and inconsistencies in
quantification. For instance, reconstitution in different vol-
umes or different solvent may affect overall lipid recovery;
whereas drying of lipid extracts in a heated vacuum concen-
trator may cause oxidation and biased loss of lipids due to
binding to plastic or glass surfaces. The production of novel
species ex vivo can also induce artifacts and affect recovery.
Examples of such artifacts include enzymatic hydrolysis
leading to the formation of lysophospholipids from the re-
spective phospholipids, diacylglycerols from TGs, and free
cholesterol from cholesteryl esters, as well as acid-induced
chemical reactions, such as acyl and phosphate-migrations.
We therefore encourage the lipidomics community to fur-
ther compare, validate, and develop existing or novel meth-
ods for robust high-throughput compatible extractions of
plasma samples.

It is unlikely that a single unified lipid recovery protocol
could serve different analytical approaches: the diversity of
lipid extraction and analysis protocols is unavoidable. How-
ever, on a positive note, the allowed flexibility in analytical
routines is important for further method development,
and one should not try to reduce it to some self-proclaimed
“gold standard” methodologies. It is critically important
to always include reference plasma samples in analyzed
batches and report data as molar concentrations; this al-
lows early identification of biases and systematic or occa-
sional inconsistencies. Reporting lipid concentrations in a
transparent format allows the data to be compared across
independent studies and could spare the field from major
interpretation biases.

Quantitative lipid profiling by direct infusion, LC-MS,
and LC-MS/MS

Plasma lipids can be analyzed by a range of MS-based
methods, and currently no method dominates the field.
LC-MS, direct flow injection (108), and direct-infusion/
shotgun MS (DIMS) are the most common approaches
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yielding different data in terms of coverage, specificity, and
sensitivity. However, within each approach, there is sub-
stantial variation in methods and software owing to the
properties of the mass spectrometers and/or the type of
chromatography.

The analysis of very low abundant (nanomoles per liter
range) lipid mediators (e.g., eicosanoids, specialized pro-
resolving mediators, oxysterols) is exclusively targeted and
relies on LC-MS/MS in multiple reaction monitoring
(MRM) mode (on triple quadrupole) (100, 109) or paral-
lel reaction monitoring (PRM) mode (on quadrupole TOF
or hybrid quadrupole Orbitrap) (52), or high-resolution
selected ion monitoring (on Orbitrap) MS. More abundant
lipid classes in the high micromoles per liter to millimoles
per liter range (e.g., glycerolipids, glycerophospholipids,
cholesterol esters, and ceramides) can be analyzed by
DIMS as well as by LC-MS and LC-MS/MS. DIMS platforms
offer robust high-throughput analysis of large sample sets
due to relatively short run times, simple set-up, and easy
maintenance (99, 110). Importantly, lipid analytes are ion-
ized together with ISTDs and the analyte composition does
not change with time; this equalizes matrix effects, al-
though at a cost of considerable and matrix-dependent ion
suppression, and potentially simplifies quantification. On
the other hand, DIMS analyses result in highly convoluted
spectra and, due to matrix interference, lipid class cover-
age and sensitivity toward individual components are
generally lower compared with LC-MS methods. Matrix in-
terference can be a significant source of variability in any
MS analysis and may thus impact quantification when only
one or a few ISTDs are used; this is especially the case in
LC-MS, where lipid species are separated over the chro-
matographic space.

Therefore, a truly comprehensive lipidome analysis
might require the parallel use of several analytical plat-
forms (each suited for a subset of lipid classes), the applica-
tion of specific ISTDs, and particular sample preparation
techniques. Frequently, plasma lipidome analysis is focused
on a selection (typically 20 to 25) of the most abundant
lipid classes that can be analyzed in a single run on the
available mass spectrometer.

In summary, the palette of analytical approaches reflects
the diversity of physicochemical and structural properties
of individual constituents of the lipidome. It is also guided
by the research goals and priorities of throughput versus
molecular specificity. Diverse analytical platforms are bound
to coexist, and the lipidomics community faces the chal-
lenge of creating a framework that harmonizes and cross-
validates the data acquired across different projects. A
generally adopted requirement to report absolute (molar)
concentrations of analyzed plasma lipids, irrespective of
employed methodology and study design, could be a first
step toward this goal.

Experimental QC samples

In addition to ISTDs, reference and QC samples should
be processed and analyzed with study samples within each
experimental batch. These should address process and
instrument variations to track analytical fidelity of the experi-

mental workflow (27). Examples of these are: i) Batch con-
trol samples to monitor and potentially compensate for
variation between individual batches; these batch QC
(BQC) samples could include plasma samples of the same
defined source (e.g., preferentially a pool of a representa-
tive subset of the study samples) that are sequentially and
intermittently processed with the study samples using the ex-
act same procedures applied to the samples. The study and
BQC samples are then analyzed in the same sequence as
they were processed. i) Invariant matrix control samples
are also required to assess the stability of the analytical plat-
forms, i.e., a technical QC (TQC) sample, which is a repeat-
edly injected control sample (e.g., pooled BQC extracts or
other reference samples) that can be used to monitor
equilibration and performance of the LC-MS instrument
over time. Ideally, a TQC is the most invariant QC sample
over time for a given matrix. #z) Control samples are also
required to determine the analytical performance toward
individual lipids, i.e., coefficient of variation (CV), blank-
sample ratio, limit of detection and lower limit of quantifica-
tion, linearity, and stability.

Blanks should be prepared using the same containers,
solvents, and procedures as the study samples, by extract-
ing the same ISTD mix in the absence of plasma or serum.
Extracted blanks should also be analyzed at regular inter-
vals throughout the batch.

The ratio of QC samples to study samples depends on
sample size, analytical requirements, and experimental
setup. Guidelines such as the FDA and EMA Bioanalytical
Guidelines (35, 36) detail the use of specific QC samples.
QC samples for testing lower and upper limits of detection
are usually not applicable for lipidomics analyses, but
might be used in panels for specific lipids that have corre-
sponding isotope-labeled ISTDs. In general, it is advisable
to have QC at low clinical decision points and high concen-
trations. Signal saturation and dilution-related effects can
occur in direct-infusion and also in LC-MS analyses. Dilu-
tion series of QC (i.e., TQC) samples can provide informa-
tion for each measured lipid species on linearity of the
responses.

Standard reference materials

The NIST SRM 1950 plasma is a well-accepted and char-
acterized standard reference plasma for which comprehen-
sive lipidomics analyses were conducted (12, 13, 74). It was
prepared in 2007 from 100 donors representing the ethnic
distribution of the US and with a female to male ratio of
1:1. All donors were “healthy,” as judged by a limited health
check. Biases in specific lipids caused by conditions present
in a few donors might be possible. Absolute concentrations
of diverse metabolites, including specific lipids such as fatty
acids and steroids, estimated with independent approaches,
are available (74, 111). As noted above, the NIST SRM
1950 plasma has been collected from lithium heparin anti-
coagulated blood, whereas EDTA is the predominant anti-
coagulant in lipidomics research (74).

Recently, the NIST SRM 1950 plasma was analyzed by a
study group comprising 31 laboratories, which used various
quantitative analytical methods, relying on LC-MS/MS and
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direct infusion (shotgun) profiling on different mass spec-
trometers (13). The study group reported consensus values
of absolute (molar) concentrations of specific species from
different lipid classes that rely on the concordance between
independent measurements. These data now can be used
in comparisons in future work.

Using the NIST SRM 1950 as a reference plasma will not
only be useful in harmonizing datasets but will also provide
valuable information on the analytical variability across ap-
proaches, platforms, and software, recognizing problematic
lipid species and classes whose quantification is “consis-
tently inconsistent” between sites, identifying platform-
dependent quantification biases, and, hence, enabling the
continuous improvement and standardization of quanti-
tative plasma lipidomics. The routine use of SRM for re-
search is not trivial, given the limited quantity and high
cost of using such material. However, this is the only way to
reach quantification consistency across the entire lipido-
mics community and, eventually, to integrate lipidomics in
clinical chemistry routines world-wide. To reduce the costs
and extend the life of the NIST SRM 1950 repository, it
might be useful to prepare and assign calibrator values to
in-house reference materials (e.g., pooled plasma from
other sources). Periodic comparison of in-house calibra-
tors with SRM would then be a sensible next step toward
standardization. The plasma lipidomics and metabolomics
communities should also aim to estimate the future need,
available supply, and quality of the NIST SRM 1950 plasma,
and start planning for potential commonly acceptable al-
ternatives for the future.

In conclusion, we strongly recommend analyzing and
reporting the NIST SRM 1950 reference (for the moment)
and employing QC samples so that datasets can be compared.

POST-ANALYTICS

Raw data processing

Processing of MS raw data to extract abundances of lipid
species is another key aspect of lipidomic analyses. Data
processing has a major impact on the reported data and
data quality in untargeted data-dependent acquisition (DDA)
and data-independent acquisition (DIA), as well as in tar-
geted approaches. The default parameters of software tools
are subject to change, and thus, all (not just the modified)
parameters should be reported. When web services are
used, the software version number and the date accessed
should be documented. Methods applied to ensure correct
peak picking and integration are also important consider-
ations, particularly for targeted strategies (e.g., MRM). Cri-
teria for manual input and data curation (e.g., manual peak
integration) should also be documented.

We encourage researchers to provide detailed informa-
tion in their data analysis workflow to help other research-
ers to reproduce data analyses and to optimize their own
workflows, enable improvements in algorithms, and provide
benchmarking of data processing tools. This would be
akin to harmonization efforts in other fields, such as in
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proteomics with the “minimum information about a pro-
teomics experiment (MIAPE)” guidelines (112). For plasma
lipidomics, our starting situation is particularly opportune,
especially in combination with: ¢) standardized reference
materials (described above); and ) commonly agreed
reporting of molar values. It is also timely, with several har-
monization efforts underway concurrently, such as the
Lipidomics Standards Initiative (see also the Immediate
Outreach section below).

Isotope interferences and response factors

Isotopic interferences can lead to an incorrect assign-
ment of signals and errors in quantification, which can be
caused by up to M+4 isotopologues. Particularly in DIMS
and hydrophilic interaction chromatography (HILIC)-MS,
isotopic interferences can affect lipid quantification. Lon-
ger chromatographic runs may allow better separation of
species that might otherwise overlap, and thus they can re-
duce isotopic interferences. Post-analysis corrections can
help to improve the quantification of the affected species,
and changes in the relative isotope distribution, depending
on the chain length, should be integrated into the calcula-
tions (113, 114). Furthermore, the fatty acid composition
in complex lipids can considerably (several fold) affect
their MS response and should be estimated and considered
during quantification, using multiple class-wise ISTDs.
Such corrections, if applied or omitted, can lead to signifi-
cantly diverging concentration values, such as noted for
cholesteryl esters (115).

Lipid annotations

Plasma lipids are (and in the foreseeable future, will be)
analyzed by diverse methods, each of which delivers differ-
ent levels of structural specificity with respect to the identi-
fication of structurally unique molecules. For example,
lipid identification relying solely on matching of accurately
determined masses of intact molecules (i.e., as in the top-
down shotgun lipidomics) will not distinguish lipids that
belong to the same class and share the same number of
carbon atoms and double bonds in their fatty acid or fatty
alcohol moieties. If lipid identification also uses MS/MS
and/or retention time matching, it becomes possible to
distinguish molecules with unique fatty acid and fatty alco-
hol moieties. The exact positioning of double bonds could
be further determined using ion mobility MS or ozonolysis
(116).

To make datasets comparable, reported lipid names
must be categorized, standardized, and drawn correctly
depending on the level of identification (117-119). We
strongly recommend the use of respective hierarchical no-
menclature, such as PC 36:3 or PC 18:1_18:2, or further
with positional information (119, 120). This distinction will
help to match molar concentrations of plasma lipid species
irrespective of analytical methods. For example, concentra-
tions of isobaric molecular species of lipids quantified by
LC-MS/MS could be summed up and compared with the
total concentration of their entire pool determined by
top-down shotgun lipidomics. Similarly, it should be possible
to compare the summed concentration of several lipid
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classes with integral indexes determined by clinical blood
tests (17). In this comparison, the total cholesterol index
would reflect the sum of concentrations of free cholesterol
and cholesterol esters. Similarly, total TG index reflects the
summed concentration of all measured glycerolipids.

Data QC

Processed datasets should be subjected to a rigorous QC
process to check and potentially remove artifacts at the spe-
cies and dataset levels. A first line of data QC procedures
should aim to filter lipid species that do not fulfill specific
criteria, e.g., as defined in the FDA/EMMA guidelines for
bioanalytical methods (35, 36). CVs for analytes in the QC
samples (preferably BQC samples, see above) should gen-
erally be within 20%, a common threshold in the literature.
However, FDA and EMA recommend a maximum CV of
15%, except at the lower limit of quantification (35, 36).
Dilution series of a QC (i.e., of TQC) sample provides in-
formation for each measured lipid species in terms of the
linearity of response: only signals with a linear response
should be considered for quantification. Reported spe-
cies should have been quantified in at least 95-99% of
samples to avoid issues with missing values and to avoid
reporting species that cannot be reliably quantified. Lip-
ids that were monitored in a targeted analysis, but not
detected, should also be reported and clearly indicated
as “not detectable.”

Specific metabolites and lipids, such as sphingadienine
1-phosphate (S1P d18:2), have been proposed as markers
for plasma and serum quality and preanalytical conditions
(77,121-124). Although these markers still have to be vali-
dated in larger cohorts and in patients with different dis-
eases and under different treatments, the measurement of
several independent markers of sample quality would add
valuable information to the lipidomics datasets, enabling
better interpretation of data and the identification of po-
tential artifacts, especially when analyzing samples from
existing biobanks.

Harmonized and commonly applied minimal sets of
QC procedures and criteria will improve data quality.
We encourage databases and journals to require a certain
set of QC information, i.e., CVs and results from a refer-
ence material (such as the NIST SRM 1950) for data
submission.

Quantification

Quantification of measured lipids in standardized con-
centration units is essential for comparison and interpreta-
tion of shared data and a prerequisite for clinical research
applications. Reported concentrations should be expressed
in the SI unit, moles per liter, whenever possible, depend-
ing on the analytical approach. Ultimately, this will allow
for a true comparison. The percentage of total lipids or
molar percentages depend on the applied method and
coverage. Molar percentages are informative and legiti-
mate; yet we would like to encourage reporting of molar
concentrations whenever possible, which would still allow
subsequent calculations of molar percentages.

Calculation of individual lipid concentrations from
lipidomic datasets comprises different steps and requires
specific assumptions that will affect estimations: 7) normal-
ization with the corresponding ISTD; ) correction for
isotopic overlap and isotope distribution effects; i) nor-
malization for the starting sample amount; ) calculation
of absolute concentrations based on spiked ISTDs, calibra-
tion curves, and response/ correction factors; and v) drift/
batch corrections.

Step i.  ISTDs can be used for the absolute quantifica-
tion of lipids. The gold standard would be the use of stable
isotope-labeled ISTDs for each measured lipid species.
However, only a very limited number of such standards are
available; thus the challenge is to perform the analysis such
that concentrations of other lipids could be inferred from
the abundances of ISTDs. This, in turn, is bound to rely on
several nonobvious assumptions and the entire workflow
needs to be independently validated.

Step ii.  Isotopic interferences can be numerically cor-
rected by subtracting the theoretical isotopologue abun-
dance from an affected species. However, such numerical
methods have limitations and can decrease precision or be
impossible altogether, e.g., when the contribution of the
interference is considerably higher than the actual signal
from the analyte. Also, isotopic correction algorithms are
method dependent. Different algorithms are applied for
MS- and MS/MS-based quantification and should be ad-
justed to mass resolution of the employed instrument (113,
125). Applied isotopic correction methods and corrected
species should be documented, which will help to identify
potentially problematic corrections.

Step 12.  For plasma and serum samples, normalization
with the sample volume is the single most robust and ac-
cepted strategy for reporting absolute concentrations. The
blood and plasma volumes are highly regulated and the
within-subject biological CV of the hematocrit is approxi-
mately 3% (126). The use of other signal normalization
approaches, such as total ion counts, the sum of measured
lipid abundances per class, or the total and protein levels,
are prone to artifacts, as they depend on the analytical
method as well as the sample. This is of special concern, as
clinical samples might have different protein, total metabo-
lite, or lipid levels. Thus, we discourage the use of such al-
ternative methods for normalization and quantification.

Step . Calibration curves for ISTDs and assay-specific
response factors for particular lipids in standard addition
experiments are required for absolute quantification to
compensate for species-specific, concentration-specific,
and matrix-dependent effects, given the defined ISTDs.
Plasma samples can have considerable variations in matrix
effects, especially in workflow relying on separation of lip-
ids by reversed-phase chromatography (127); thus, the ro-
bustness of the response factors in different plasma
samples should be established in both healthy subjects and
patients.
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Step v. Systematic variations within and between ana-
lytical batches may be present even after normalization
with ISTDs in the form of continuous and discrete shifts.
Drift and batch effect correction methods modify data and
may themselves introduce errors and variation (e.g., due to
model overfitting). When “global” correction methods are
applied to a dataset, individual lipid species might not be
appropriately corrected. We therefore recommend per-
forming these corrections at a lipid species level, as lipids
from different classes and chain lengths or saturations may
be differently affected by drift/batch effects. The applica-
tion of correction methods should be done conservatively
and only when there is statistical evidence for batch or drift
effects. Models, parameters, and the magnitude of per-
formed corrections should be reported.

Above, we have pointed to a few of the most common
(and, hence, well-understood) issues in lipid quantifica-
tion. However, practical implementation of quantification
routines is dependent on the instrument platform: for ex-
ample, isotopic correction algorithms heavily depend on
the mass resolution and are different for low-resolution
(triple quadrupole), high-resolution (TOF), and ultra-
high-resolution (Fourier-transform ion cyclotron reso-
nance or Orbitrap) instruments. Considering the method
differences, the community should not enforce strict
guidelines for the method of lipid quantification, such as
those applied to the quantification of pharmaceuticals and
their metabolites. Therefore, we underscore the value of
absolute (molar) quantification and encourage research-
ers to provide data for cross-platform comparisons, which
could identify unavoidable platform-specific biases. Open-
ness and transparency of reported datasets will work more
efficiently than the most comprehensive and stringent
guidelines.

Data sharing

Depositing raw data (original unprocessed data gener-
ated by the instruments, e.g., spectra, MRM chromato-
grams) serves as experimental proof and allows other
researchers to independently reanalyze data to test differ-
ent hypotheses or to validate findings. However, such re-
analyses still rarely appear in the scientific literature, which
may be explained by lack of dataset transparency, poor or-
ganization of the associated meta-data, and difficulties in
processing vendor-specific file formats. Submission of abso-
lute concentrations of lipids in each analyzed sample com-
bined with the responsibility to provide associated raw
data would be a practical compromise. Nevertheless, de-
position of raw data may allow for the systematic and auto-
mated reanalysis of experiments with improved or novel
computational approaches. Centralized and uniform pro-
cessing of raw data from different experiments across
platform sites and samples is important to achieve a much-
needed harmonization of datasets. An open format, like
mzML, that is compatible with MRM, PRM, DDA, and
DIA data is preferred for raw data submission (128). Ef-
forts to obtain better data conversion tools and support
from vendors for the transfer of proprietary raw data for-
mats to open formats should be intensified and become a
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part of the instrument acquisition process (129). Open
formats of MS raw data may be essential in the future for
clinical applications and would enable the community to
develop better data analysis algorithms in the field of
lipidomics.

Reporting analytical details and results should be done
primarily in consistent “machine-readable” formats based
on XML or structured tabular formats. The proteomics
community has established several open formats for data
exchange from proteomics experiments, between software
types, and for data sharing (130, 131). These file formats
include mzQuantML and mzTab. TraML is a file format for
the exchange of targeted MS/MS transition lists, and the
qcML format provides QC information of the instrument
used for the analysis of samples, e.g., mass accuracy. Re-
cently, efforts are being made to further adapt and define
these formats for metabolomic and lipidomic applications
(132). Reported data should also include all relevant QC
data, such as the CVs of the measured lipid species and data
from reference materials, among others. For reporting of
diagnostic/analytical performance in clinical studies, an
alignment with the Standards for Reporting Diagnostic
Accuracy (STARD) standard should be considered (133).

Journals publishing lipidomics data should also enforce
reporting all the experimental, analytical, and data process-
ing details. Molecular and Cellular Proteomics, for example, has
recently updated their data disclosure and deposition
requirements (see http://www.mcponline.org/content/
data-reporting-requirements and http://www.mcponline.
org/page/content/clinical). Some journals, including Nature
Scientific Data, require the full submission of data and asso-
ciated information using ISA-Tab data format files (http://
www.isacommons.org) (134). The lipidomics community
could consider negotiations with relevant journals in defin-
ing minimal sets of data to be reported for the submission
of lipidomics data. The lipidomics community should
furthermore actively participate in the current efforts to
integrate and enhance metabolomics/small molecule in-
formation into established open XMI-based MS data for-
mats, to define novel reporting formats for targeted method
parameter, QC data, clinical parameters, and other infor-
mation of relevance to clinical “omics” research.

Plasma lipidomic applications are a well-defined and rel-
evant starting point for efforts toward defining the report-
ing and data exchange formats of clinical omics data and
associated information. The focus of this position paper is
on quantitative plasma lipidomics. Although various data-
bases/repositories for metabolomics and lipidomics data
exist (e.g., Human Metabolome Database, MetaboLights,
MassBank, LIPID MAPS), they are mostly focused on raw
data and spectral information (118, 135-138). Human Me-
tabolome Database entries can contain information on me-
tabolite concentrations in biological samples; however, any
associated data is in the form of free text and links to refer-
ences. What is currently lacking and is urgently needed is
a repository that allows systematic storage and structuring
of lipid concentration data, with associated analytical and
clinical data. Recently, LIPID MAPS, in collaboration
with the Metabolomics Workbench, has implemented
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an open data repository for large lipidomic datasets
(https://www.lipidmaps.org).

Regulatory aspects of data sharing

Country-specific regulations restrict the storage and
sharing of human data in central repositories. Omics data-
sets may allow for the re-identification of subjects from de-
identified datasets based on omics profiles and the reported
demographic and clinical data. Strategies should be devel-
oped at different levels to enable the best use of datasets for
research, while warranting data privacy and compliance to
national and international laws and regulations. These
strategies may include: ¢) including the potential interna-
tional sharing of samples and/or data derived from the
samples in ethics approval and patient consent forms; i)
using sampling protocols that allow for the proper de-iden-
tification (e.g., large enough participant pools to allow for
full anonymization or de-identification); i) proper and
internationally accepted de-identification procedures (e.g.,
the researcher involved in sample analysis must not be in a
position to re-identify samples); and ¢v) using data struc-
tures and information technology infrastructures that en-
force and ensure data privacy and security.

IMMEDIATE OUTREACH

This work has been inspired by the widespread under-
standing of the importance for standardized analytical pro-
tocols, methods of spectra processing, lipid quantification,
and the reporting of lipidomics data. In the field of mo-
lecular medicine, lipidomics is currently recognized as a
discovery tool. However, it is rapidly expanding into neigh-
boring areas, such as clinical research and personalized
monitoring. It is conceivable that, in the future, plasma
lipidomics will draw attention of practicing physicians, sim-
ilar to many established clinical chemistry indexes. That
said, reporting lipidomic data should eventually adhere to
common clinical format and we anticipate that this work
could serve as the first step in this direction.

Plasma lipidomics relies on diverse analytical platforms,
and inter-laboratory concordance of lipids quantification is
notideal. Yet, we argue that the first step toward harmonizing
plasma lipidomic data produced in different laboratories
could be the commitment to report molar concentrations
of individual lipids. This, however, does not alleviate the
need to include clinically relevant meta-data and describe
analytical and statistical procedures as well as to deposit raw
data on dedicated resources in the public domain.

It is difficult to project how quickly this initiative will
progress. Other initiatives aimed at standardization of es-
sential steps in the lipidomic characterization of biological
specimens are underway (e.g., Lipidomics Standards Initia-
tive, https://lipidomics-standards-initiative.org). These are
well-aligned with the specific example of plasma lipidomics
outlined here. Efforts toward promoting the exchange of
data and methods, open discussions on the methodological
and clinical issues, and increased awareness of granting

agencies and journals will be of significant help. Let us re-
mind ourselves that common clinical indices reported by a
clinical blood test and now unequivocally interpreted by
any qualified physician world-wide were not established in-
stantly, but emerged during the lengthy and laborious pro-
cess of harmonizing operation procedures and output
formats. The lipidomics community should follow the
same path. Bl

The authors thank Rebecca Jackson for editing the scientific
language of the manuscript. The first three pictograms in Fig. 2
are based on artwork from Robert Dumitriu, Bucharest,
Romania.

REFERENCES

1. Quehenberger, O., and E. A. Dennis. 2011. The human plasma
lipidome. N. Engl. J. Med. 365: 1812-1823.

2. Harkewicz, R., and E. A. Dennis. 2011. Applications of mass
spectrometry to lipids and membranes. Annu. Rev. Biochem. 80:
301-325.

3. Yang, K., and X. Han. 2016. Lipidomics: techniques, applications,
and outcomes related to biomedical sciences. Trends Biochem. Sci.
41: 954-969.

4. HolCapek, M., G. Liebisch, and K. Ekroos. 2018. Lipidomic analy-
sis. Anal. Chem. 90: 4249-4257.

5. Hyotyldinen, T., L. Ahonen, P. P6ho, and M. Oresi¢. 2017.
Lipidomics in biomedical research-practical considerations.
Biochim. Biophys. Acta. 1862: 800-803.

6. Pechlaner, R., S. Kiechl, and M. Mayr. 2016. Potential and ca-
veats of lipidomics for cardiovascular disease. Circulation. 134:
1651-1654.

7. Wigger, L., C. Cruciani-Guglielmacci, A. Nicolas, J. Denom, N.
Fernandez, F. Fumeron, P. Marques-Vidal, A. Ktorza, W. Kramer,
A. Schulte, et al. 2017. Plasma dihydroceramides are diabetes sus-
ceptibility biomarker candidates in mice and humans. Cell Reports.
18: 2269-2279.

8. Hinterwirth, H., C. Stegemann, and M. Mayr. 2014. Lipidomics:
quest for molecular lipid biomarkers in cardiovascular disease. Circ
Cardiovasc Genet. 7: 941-954.

9. Gorden, D. L., D. S. Myers, P. T. Ivanova, E. Fahy, M. R. Maurya, S.
Gupta, J. Min, N. J. Spann, J. G. McDonald, S. L. Kelly, et al. 2015.
Biomarkers of NAFLD progression: a lipidomics approach to an
epidemic. J. Lipid Res. 56: 722-736.

10. Loomba, R., O. Quehenberger, A. Armando, and E. A. Dennis.
2015. Polyunsaturated fatty acid metabolites as novel lipidomic
biomarkers for noninvasive diagnosis of nonalcoholic steatohepa-
titis. /. Lipid Res. 56: 185-192.

11. Sokolowska, M., L-Y. Chen, Y. Liu, A. Martinez-Anton, C. Logun,
S. Alsaaty, R. A. Cuento, R. Cai, J. Sun, O. Quehenberger, et al.
2017. Dysregulation of lipidomic profile and antiviral immunity
in response to hyaluronan in patients with severe asthma. J. Allergy
Clin. Immunol. 139: 1379-1383.

12. Quehenberger, O., A. M. Armando, A. H. Brown, S. B. Milne, D.
S. Myers, A. H. Merrill, S. Bandyopadhyay, K. N. Jones, S. Kelly, R.
L. Shaner, et al. 2010. Lipidomics reveals a remarkable diversity of
lipids in human plasma. J. Lipid Res. 51: 3299-3305.

13. Bowden, J. A., A. Heckert, C. Z. Ulmer, C. M. Jones, ]. P. Koelmel,
L. Abdullah, L. Ahonen, Y. Alnouti, A. M. Armando, J. M. Asara,
et al. 2017. Harmonizing lipidomics: NIST interlaboratory com-
parison exercise for lipidomics using SRM 1950-Metabolites in
Frozen Human Plasma. /. Lipid Res. 58: 2275-2288.

14. Begum, H., B. Li, G. Shui, A. Cazenave-Gassiot, R. Soong, R. Twee-
Hee Ong, P. Little, Y-Y. Teo, and M. R. Wenk. 2016. Discovering
and validating between-subject variations in plasma lipids in
healthy subjects. Sci. Rep. 6: 19139.

15. Saw, W-Y,, E. Tantoso, H. Begum, L. Zhou, R. Zou, C. He, S. Ling
Chan, L. Wei-Lin Tan, L-P. Wong, W. Xu, et al. 2017. Establishing
multiple omics baselines for three Southeast Asian populations in
the Singapore Integrative Omics Study. Nat. Commun. 8: 653.

Mass spectrometry-based lipidomics of human blood plasma 2013

8T0Z ' JoqUISAON UO ‘¥3101|glg S181NIISuU| eysuljosey] 18 BIo I MMM Wwol) papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

2014

Begum, H., F. Torta, P. Narayanaswamy, P. A. Mundra, S. Ji, A.
K. Bendt, W-Y. Saw, Y. Ying Teo, R. Soong, P. F. Little, et al.
2017. Lipidomic profiling of plasma in a healthy Singaporean
population to identify ethnic specific differences in lipid levels
and associations with disease risk factors. Clin. Mass. Spectrom. 6:
25-31.

Sales, S., J. Graessler, S. Ciucci, R. Al-Atrib, T. Vihervaara, K.
Schuhmann, D. Kauhanen, M. Sysi-Aho, S. R. Bornstein, M. Bickle,
et al. 2016. Gender, contraceptives and individual metabolic pre-
disposition shape a healthy plasma lipidome. Sci. Rep. 6: 27710.
Maekawa, K., K. Okemoto, M. Ishikawa, R. Tanaka, Y. Kumagai,
and Y. Saito. 2017. Plasma lipidomics of healthy Japanese adults
reveals gender- and age-related differences. /. Pharm. Sci. 106:
2914-2918.

Ishikawa, M., K. Maekawa, K. Saito, Y. Senoo, M. Urata, M.
Murayama, Y. Tajima, Y. Kumagai, and Y. Saito. 2014. Plasma and
serum lipidomics of healthy white adults shows characteristic pro-
files by subjects’ gender and age. PLoS One. 9: €91806.

Trabado, S., A. Al-Salameh, V. Croixmarie, P. Masson, E. Corruble,
B. Feve, R. Colle, L. Ripoll, B. Walther, C. Boursier-Neyret, et al.
2017. The human plasma-metabolome: Reference values in 800
French healthy volunteers; impact of cholesterol, gender and age.
PL0S One. 12: €0173615.

Liebisch, G., K. Ekroos, M. Hermansson, and C. S. Ejsing. 2017.
Reporting of lipidomics data should be standardized. Biochim.
Biophys. Acta. 1862: 747-751.

Liebisch, G., C. S. Ejsing, and K. Ekroos. 2015. Identification and
annotation of lipid species in metabolomics studies need improve-
ment. Clin. Chem. 61: 1542-1544.

Simons, K. 2018. How can omic science be improved? Proteomics.
18: €1800039.

Dunn, W. B., D. Broadhurst, P. Begley, E. Zelena, S. Francis-
Mclntyre, N. Anderson, M. Brown, J. D. Knowles, A. Halsall, J. N.
Haselden, et al. 2011. Procedures for large-scale metabolic pro-
filing of serum and plasma using gas chromatography and liquid
chromatography coupled to mass spectrometry. Nat. Protoc. 6:
1060-1083.

Kamleh, M. A., T. M. D. Ebbels, K. Spagou, P. Masson, and E. J.
Want. 2012. Optimizing the use of quality control samples for sig-
nal drift correction in large-scale urine metabolic profiling studies.
Anal. Chem. 84: 2670-2677.

Kauhanen, D., M. Sysi-Aho, K. M. Koistinen, R. Laaksonen, J.
Sinisalo, and K. Ekroos. 2016. Development and validation of a
high-throughput LC-MS/MS assay for routine measurement of
molecular ceramides. Anal. Bioanal. Chem. 408: 3475-3483.
Broadhurst, D., R. Goodacre, S. N. Reinke, J. Kuligowski, I. D.
Wilson, M. R. Lewis, and W. B. Dunn. 2018. Guidelines and con-
siderations for the use of system suitability and quality control
samples in mass spectrometry assays applied in untargeted clinical
metabolomic studies. Metabolomics. 14: 72.

Dunn, W. B, D. I. Broadhurst, A. Edison, C. Guillou, M. R. Viant,
D. W. Bearden, and R. D. Beger. 2017. Quality assurance and qual-
ity control processes: summary of a metabolomics community
questionnaire. Metabolomics. 13: 50.

Bowden, J. A, C. Z. Ulmer, C. M. Jones, |J. P. Koelmel, and R. A.
Yost. 2018. NIST lipidomics workflow questionnaire: an assessment
of community-wide methodologies and perspectives. Metabolomics.
14: 53.

. Tyurina, Y. Y., R. M. Domingues, V. A. Tyurin, E. Maciel, P.

Domingues, A. A. Amoscato, H. Bayir, and V. E. Kagan. 2014.
Characterization of cardiolipins and their oxidation products by
LC-MS analysis. Chem. Phys. Lipids. 179: 3-10.

. Astarita, G., A. C. Kendall, E. A. Dennis, and A. Nicolaou. 2015.

Targeted lipidomic strategies for oxygenated metabolites of poly-
unsaturated fatty acids. Biochim. Biophys. Acta. 1851: 456-468.

. Aoyagi, R., K. Ikeda, Y. Isobe, and M. Arita. 2017. Comprehensive

analyses of oxidized phospholipids using a measured MS/MS spec-
tra library. J. Lipid Res. 58: 2229-2237.

. Morgan, A. H., V. J. Hammond, L. Morgan, C. P. Thomas, K. A.

Tallman, Y. R. Garcia-Diaz, C. McGuigan, M. Serpi, N. A. Porter, R.
C. Murphy, et al. 2010. Quantitative assays for esterified oxylipins
generated by immune cells. Nat. Protoc. 5: 1919-1931.

. Booth, B., M. E. Arnold, B. DeSilva, I.. Amaravadi, S. Dudal, E.

Fluhler, B. Gorovits, S. H. Haidar, J. Kadavil, S. Lowes, et al. 2015.
Workshop report: Crystal City V-quantitative bioanalytical method
validation and implementation: the 2013 revised FDA guidance.
AAPS ] 17: 277-288.

Journal of Lipid Research Volume 59, 2018

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

US Department of Health and Human Services (FDA), Center for
Drug Evaluation and Research (CDER), and Center for Veterinary
Medicine (CVM). 2018. Bioanalytical Method Validation: Guid-
ance for Industry. Accessed May 22, 2018, at https://www.fda.gov/
downloads/Drugs/Guidance/ucm070107.pdf.

European Medicines Agency (EMA). 2015. Guideline on bioanalyt-
ical method validation. Accessed May 22, 2018, at http://www.ema.
europa.eu/docs/en_GB/document_library/Scientific_guideline/
2011/08/WC500109686.pdf.

Ministry of Health, Labour and Welfare (MHLW), Japan. 2013.
Guideline on Bioanalytical Method Validation in Pharmaceutical
Development. Accessed May 22, 2018, at http://www.nihs.go.jp/
drug/BMV/250913_BMV-GL_E.pdf.

Jiang, H., F-F. Hsu, M. S. Farmer, L. R. Peterson, ]J. E. Schaffer, D.
S. Ory, and X. Jiang. 2013. Development and validation of LC-MS/
MS method for determination of very long acyl chain (C22:0 and
(C24:0) ceramides in human plasma. Anal. Bioanal. Chem. 405:
7357-7365.

Welford, R. W. D., M. Garzotti, C. Marques Lourenco, E. Mengel,
T. Marquardt, J. Reunert, Y. Amraoui, S. A. Kolb, O. Morand, and
P. Groenen. 2014. Plasma lysosphingomyelin demonstrates great
potential as a diagnostic biomarker for Niemann-Pick disease type
Cin a retrospective study. PLoS One. 9: €e114669.

International Organization for Standardization (ISO). 2012. ISO
15189:2012 Medical laboratories—Requirements for quality and
competence. International Organization for Standardization,
Geneva, Switzerland.

Centers for Medicare and Medicaid Services. Clinical Laboratory
Improvement Amendments (CLIA). Accessed July 26, 2018, at
https://www.cms.gov/Regulations-and-Guidance/Legislation/ CLIA.
Boulet, L., P. Faure, P. Flore, J. Montérémal, and V. Ducros. 2017.
Simultaneous determination of tryptophan and 8 metabolites in
human plasma by liquid chromatography/tandem mass spec-
trometry. . Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1054:
36-43.

Korver-Keularts, I. M. L. W., P. Wang, H. W. A. H. Waterval, L. A. J.
Kluijtmans, R. A. Wevers, C-D. Langhans, C. Scott, D. D. J. Habets,
and J. Bierau. 2018. Fast and accurate quantitative organic acid
analysis with LC-QTOF/MS facilitates screening of patients for in-
born errors of metabolism. J. Inherit. Metab. Dis. 41: 415-424.
Roche, L., J. Pinguet, P. Herviou, F. Libert, C. Chenaf, A. Eschalier,
N. Authier, and D. Richard. 2016. Fully automated semi-quantita-
tive toxicological screening in three biological matrices using tur-
bulent flow chromatography/high resolution mass spectrometry.
Clin. Chim. Acta. 455: 46-54.

van den Broek, I, F. P. H. T. M. Romijn, N. P. M. Smit, A. van der
Laarse, J. W. Drijthout, Y. E. M. van der Burgt, and C. M. Cobbaert.
2015. Quantifying protein measurands by peptide measurements:
Where do errors arise? J. Proteome Res. 14: 928-942.

Antonelli, G., L. Sciacovelli, A. Aita, A. Padoan, and M. Plebani.
2018. Validation model of a laboratory-developed method for the
ISO15189 accreditation: the example of salivary cortisol determi-
nation. Clin. Chim. Acta. 485: 224-228.

Chen, Y., Q. Liu, S. Yong, H. Ling Teo, and T. Kooi Lee. 2014. An
improved reference measurement procedure for triglycerides and
total glycerides in human serum by isotope dilution gas chroma-
tography-mass spectrometry. Clin. Chim. Acta. 428: 20-25.

Lynch, K. L. 2016. CLSI C62-A: a new standard for clinical mass
spectrometry. Clin. Chem. 62: 24-29.

Clinical Laboratory Standards Institute. 2014. C62-A: Liquid chro-
matography-Mass Spectrometry Methods: Approved Guideline.
Clinical and Laboratory Standards Institute, Wayne, PA.
Nakamura, H., D. K. Kim, D. M. Philbin, M. B. Peterson, F. Debros,
G. Koski, and J. V. Bonventre. 1995. Heparin-enhanced plasma
phospholipase A2 activity and prostacyclin synthesis in patients
undergoing cardiac surgery. J. Clin. Invest. 95: 1062-1070.

Meikle, P. J., G. Wong, R. Tan, P. Giral, P. Robillard, A. Orsoni,
N. Hounslow, D. J. Magliano, J. E. Shaw, ]. E. Curran, et al. 2015.
Statin action favors normalization of the plasma lipidome in the
atherogenic mixed dyslipidemia of MetS: potential relevance to
statin-associated dysglycemia. J. Lipid Res. 56: 2381-2392.
Mazaleuskaya, L. L., J. A. Lawson, X. Li, G. Grant, C. Mesaros,
T. Grosser, 1. A. Blair, E. Ricciotti, and G. A. FitzGerald. 2016. A
broad-spectrum lipidomics screen of antiinflammatory drug com-
binations in human blood. JCI Insight. 1: e87031.

Yu, Z., G. Kastenmuller, Y. He, P. Belcredi, G. Moller, C. Prehn,
J. Mendes, S. Wahl, W. Roemisch-Margl, U. Ceglarek, et al. 2011.

8T0Z ' JoqUISAON UO ‘¥3101|glg S181NIISuU| eysuljosey] 18 BIo I MMM Wwol) papeojumod


https://www.fda.gov/downloads/Drugs/Guidance/ucm070107.pdf
https://www.fda.gov/downloads/Drugs/Guidance/ucm070107.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
http://www.nihs.go.jp/drug/BMV/250913_BMV-GL_E.pdf
http://www.nihs.go.jp/drug/BMV/250913_BMV-GL_E.pdf
http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

54.

55.

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

Differences between human plasma and serum metabolite pro-
files. PLoS One. 6: €21230.

Liu, X., M. Hoene, X. Wang, P. Yin, H-U. Haring, G. Xu, and
R. Lehmann. 2018. Serum or plasma, what is the difference?
Investigations to facilitate the sample material selection decision
making process for metabolomics studies and beyond. Anal. Chim.
Acta. In press.

Ono, Y., M. Kurano, R. Ohkawa, H. Yokota, K. Igarashi, J. Aoki,
M. Tozuka, and Y. Yatomi. 2013. Sphingosine 1-phosphate release
from platelets during clot formation: close correlation between
platelet count and serum sphingosine 1-phosphate concentration.
Lipids Health Dis. 12: 20.

Dorow, J., S. Becker, L. Kortz, J. Thiery, S. Hauschildt, and U.
Ceglarek. 2016. Preanalytical Investigation of polyunsaturated
fatty acids and eicosanoids in human plasma by liquid chro-
matography-tandem mass spectrometry. Biopreserv. Biobank. 14:
107-113.

Colas, R. A., M. Shinohara, J. Dalli, N. Chiang, and C. N. Serhan.
2014. Identification and signature profiles for pro-resolving and
inflammatory lipid mediators in human tissue. Am. J. Physiol. Cell
Physiol. 307: C39-C54.

McAdam, B. F., F. Catella-Lawson, I. A. Mardini, S. Kapoor, ]J.
A. Lawson, and G. A. FitzGerald. 1999. Systemic biosynthesis of
prostacyclin by cyclooxygenase (COX)-2: the human pharmacol-
ogy of a selective inhibitor of COX-2. Proc. Natl. Acad. Sci. USA. 96:
272-2717.

Good, R. I. S., A. McGarrity, R. Sheehan, T. E. James, H. Miller,
J. Stephens, S. Watkins, A. McConnachie, A. H. Goodall, and K.
G. Oldroyd. 2015. Variation in thromboxane B2 concentrations
in serum and plasma in patients taking regular aspirin before and
after clopidogrel therapy. Platelets. 26: 17-24.

Patrignani, P., P. Filabozzi, and C. Patrono. 1982. Selective cumu-
lative inhibition of platelet thromboxane production by low-dose
aspirin in healthy subjects. J. Clin. Invest. 69: 1366-1372.

Ellervik, C., and J. Vaught. 2015. Preanalytical variables affecting
the integrity of human biospecimens in biobanking. Clin. Chem.
61: 914-934.

Tolonen, H., M. Ferrario, and K. Kuulasmaa; WHO MONICA
Project. 2005. Standardization of total cholesterol measurement in
population surveys—pre-analytic sources of variation and their ef-
fect on the prevalence of hypercholesterolaemia. Eur. J. Cardiovasc.
Prev. Rehabil. 12: 257-267.

. Chua, E. C-P., G. Shui, I. Tian-Guang Lee, P. Lau, L-C. Tan, S-C.

Yeo, B. Duyen Lam, S. Bulchand, S. A. Summers, K. Puvanendran,
et al. 2013. Extensive diversity in circadian regulation of plasma
lipids and evidence for different circadian metabolic phenotypes
in humans. Proc. Natl. Acad. Sci. USA. 110: 14468-14473.
Lima-Oliveira, G., W. Volanski, G. Lippi, G. Picheth, and G. Cesare
Guidi. 2017. Pre-analytical phase management: A review of the
procedures from patient preparation to laboratory analysis. Scand.
J. Clin. Lab. Invest. 77: 153-163.

World Health Organization (WHO). 2010. WHO guidelines on
drawing blood: best practices in phlebotomy. Accessed February 2,
2018, at http://www.who.int/infection-prevention/publications/
drawing_blood_best/en/.

Gonzalez-Covarrubias, V., A. Dane, T. Hankemeier, and R. J.
Vreeken. 2013. The influence of citrate, EDTA, and heparin
anticoagulants to human plasma LC-MS lipidomic profiling.
Metabolomics. 9: 337-348.

Bowen, R. A. R, and A. T. Remaley. 2014. Interferences from
blood collection tube components on clinical chemistry assays.
Biochem. Med. (Zagreb). 24: 31-44.

Yin, P., A. Peter, H. Franken, X. Zhao, S. S. Neukamm, L.
Rosenbaum, M. Lucio, A. Zell, H-U. Haring, G. Xu, et al. 2013.
Preanalytical aspects and sample quality assessment in metabolo-
mics studies of human blood. Clin. Chem. 59: 833-845.

Yin, P., R. Lehmann, and G. Xu. 2015. Effects of pre-analytical
processes on blood samples used in metabolomics studies. Anal.
Bioanal. Chem. 407: 4879-4892.

Hammad, S. M., J. S. Pierce, F. Soodavar, K. J. Smith, M. M. Al
Gadban, B. Rembiesa, R. L. Klein, Y. A. Hannun, J. Bielawski,
and A. Bielawska. 2010. Blood sphingolipidomics in healthy hu-
mans: impact of sample collection methodology. /. Lipid Res. 51:
3074-3087.

Surma, M. A., R. Herzog, A. Vasilj, C. Klose, N. Christinat, D.
Morin-Rivron, K. Simons, M. Masoodi, and J. L. Sampaio. 2015.
An automated shotgun lipidomics platform for high throughput,

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

comprehensive, and quantitative analysis of blood plasma intact
lipids. Ewr. J. Lipid Sci. Technol. 117: 1540-1549.

Nakamura, K., T. Kishimoto, R. Ohkawa, S. Okubo, M. Tozuka, H.
Yokota, H. Ikeda, N. Ohshima, K. Mizuno, and Y. Yatomi. 2007.
Suppression of lysophosphatidic acid and lysophosphatidylcho-
line formation in the plasma in vitro: Proposal of a plasma sample
preparation method for laboratory testing of these lipids. Anal.
Biochem. 367: 20-27.

Hammond, V. ].,and V. B. O’'Donnell. 2012. Esterified eicosanoids:
generation, characterization and function. Biochim. Biophys. Acta.
1818: 2403-2412.

Phinney, K. W., G. Ballihaut, M. Bedner, B. S. Benford, J. E.
Camara, S. J. Christopher, W. Clay Davis, N. G. Dodder, G. Eppe,
B. E. Lang, et al. 2013. Development of a Standard Reference
Material for metabolomics research. Anal. Chem. 85: 11732-11738.
Yasumoto, A., S. M. Tokuoka, Y. Kita, T. Shimizu, and Y. Yatomi.
2017. Multiplex quantitative analysis of eicosanoid mediators in
human plasma and serum: possible introduction into clinical test-
ing. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1068—1069:
98-104.

Frej, C., A. Andersson, B. Larsson, L. Jun Guo, E. Norstrom, K. E.
Happonen, and B. Dahlback. 2015. Quantification of sphingosine
1-phosphate by validated LC-MS/MS method revealing strong cor-
relation with apolipoprotein M in plasma but not in serum due to
platelet activation during blood coagulation. Anal. Bioanal. Chem.
407: 8533-8542.

Kamlage, B., S. Gonzalez Maldonado, B. Bethan, E. Peter, O.
Schmitz, V. Liebenberg, and P. Schatz. 2014. Quality markers ad-
dressing preanalytical variations of blood and plasma processing
identified by broad and targeted metabolite profiling. Clin. Chem.
60: 399-412.

Yang, W., Y. Chen, C. Xi, R. Zhang, Y. Song, Q. Zhan, X. Bi, and
7.. Abliz. 2013. Liquid chromatography-tandem mass spectrometry-
based plasma metabonomics delineate the effect of metabolites’
stability on reliability of potential biomarkers. Anal. Chem. 85:
2606-2610.

O’Donnell, V. B., R. C. Murphy, and S. P. Watson. 2014. Platelet
lipidomics: modern day perspective on lipid discovery and charac-
terization in platelets. Circ. Res. 114: 1185-1203.

Erikssen, G., K. Liestgl, ]. V. Bjgrnholt, H. Stormorken, E. Thaulow,
and J. Erikssen. 2000. Erythrocyte sedimentation rate: a possible
marker of atherosclerosis and a strong predictor of coronary heart
disease mortality. Fur. Heart J. 21: 1614-1620.

Yin, W., Z. Xu, J. Sheng, X. Xie, and C. Zhang. 2017. Erythrocyte
sedimentation rate and fibrinogen concentration of whole blood
influences the cellular composition of platelet-rich plasma ob-
tained from centrifugation methods. Exp. Ther. Med. 14: 1909-1918.
Lesche, D., R. Geyer, D. Lienhard, C. T. Nakas, G. Diserens, P.
Vermathen, and A. B. Leichtle. 2016. Does centrifugation matter?
Centrifugal force and spinning time alter the plasma metabolome.
Metabolomics. 12: 159.

Soderstrom, A. C., M. Nybo, C. Nielsen, and P. J. Vinholt. 2016.
The effect of centrifugation speed and time on pre-analytical
platelet activation. Clin. Chem. Lab. Med. 54: 1913-1920.

Denihan, N. M., B. H. Walsh, S. N. Reinke, B. D. Sykes, R. Mandal,
D. S. Wishart, D. I. Broadhurst, G. B. Boylan, and D. M. Murray.
2015. The effect of haemolysis on the metabolomic profile of um-
bilical cord blood. Clin. Biochem. 48: 534-537.

Da Costa, L., J. Galimand, O. Fenneteau, and N. Mohandas. 2013.
Hereditary spherocytosis, elliptocytosis, and other red cell mem-
brane disorders. Blood Rev. 27: 167-178.

Lippi, G., M. Mercadanti, R. Aloe, and G. Targher. 2012.
Erythrocyte mechanical fragility is increased in patients with type 2
diabetes. Eur. J. Intern. Med. 23: 150-153.

Nikolac, N. 2014. Lipemia: causes, interference mechanisms, de-
tection and management. Biochem. Med. (Zagreb). 24: 57-67.

Kroll, M. H. 2004. Evaluating interference caused by lipemia. Clin.
Chem. 50: 1968-1969.

Dalle-Donne, I., R. Rossi, R. Colombo, D. Giustarini, and A.
Milzani. 2006. Biomarkers of oxidative damage in human disease.
Clin. Chem. 52: 601-623.

Zivkovic, A. M., M. M. Wiest, U. Thao Nguyen, R. Davis, S. M.
Watkins, and J. Bruce German. 2009. Effects of sample han-
dling and storage on quantitative lipid analysis in human serum.
Metabolomics. 5: 507-516.

Anton, G., R. Wilson, Z-H. Yu, C. Prehn, S. Zukunft, J. Adamski,
M. Heier, C. Meisinger, W. Romisch-Margl, R. Wang-Sattler, et al.

Mass spectrometry-based lipidomics of human blood plasma 2015

8T0Z ' JoqUISAON UO ‘¥3101|glg S181NIISuU| eysuljosey] 18 BIo I MMM Wwol) papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

92.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

2016

2015. Pre-analytical sample quality: metabolite ratios as an intrin-
sic marker for prolonged room temperature exposure of serum
samples. PLoS One. 10: €0121495.

Ceglarek, U, J. Dittrich, C. Helmschrodt, K. Wagner, J-R. Nofer,
J. Thiery, and S. Becker. 2014. Preanalytical standardization of
sphingosine-1-phosphate, sphinganine-1-phosphate and sphingo-
sine analysis in human plasma by liquid chromatography-tandem
mass spectrometry. Clin. Chim. Acta. 435: 1-6.

. Haid, M., C. Muschet, S. Wahl, W. Rémisch-Margl, C. Prehn, G.

Moller, and J. Adamski. 2018. Long-term stability of human plasma
metabolites during storage at -80 °C. J. Proteome Res. 17: 203-211.
Kugler, K. G., W. O. Hackl, L. Aj Mueller, H. Fiegl, A. Graber,
and R. M. Pfeiffer. 2011. The impact of sample storage time on
estimates of association in biomarker discovery studies. J. Clin.
Bioinforma. 1: 9.

Pizarro, C., 1. Arenzana-Ramila, N. Pérez-del-Notario, P. Pérez-
Matute, and J. Maria Gonzalez-Saiz. 2016. Thawing as a critical
pre-analytical step in the lipidomic profiling of plasma samples:
new standardized protocol. Anal. Chim. Acta. 912: 1-9.

Barden, A. E., E. Mas, K. D. Croft, M. Phillips, and T. A. Mori. 2014.
Minimizing artifactual elevation of lipid peroxidation products
(F2-isoprostanes) in plasma during collection and storage. Anal.
Biochem. 449: 129-131.

Araujo, P., T. Bjgrkkjer, L. Frgyland, and R. Waagbg. 2018. Effect
of storage time, temperature, antioxidant and thawing on fatty
acid composition of plasma, serum and red blood cells - a pilot
biobank study. Clin. Biochem. 52: 94-105.

Weir, J. M., G. Wong, C. K. Barlow, M. A. Greeve, A. Kowalczyk, L.
Almasy, A. G. Comuzzie, M. C. Mahaney, J. B. Jowett, J. Shaw, et al.
2013. Plasma lipid profiling in a large population-based cohort. J.
Lipid Res. 54: 2898-2908.

Heiskanen, L. A., M. Suoniemi, H. Xuan Ta, K. Tarasov, and K.
Ekroos. 2013. Long-term performance and stability of molecular
shotgun lipidomic analysis of human plasma samples. Anal. Chem.
85: 8757-8763.

Wang, Y., A. M. Armando, O. Quehenberger, C. Yan, and E. A.
Dennis. 2014. Comprehensive ultra-performance liquid chro-
matographic separation and mass spectrometric analysis of eico-
sanoid metabolites in human samples. J. Chromatogr. A. 1359:
60-69.

Eggers, L. F., and D. Schwudke. 2018. Shotgun lipidomics ap-
proach for clinical samples. Methods Mol. Biol. 1730: 163-174.
Jung, H. R, T. Sylvinne, K. M. Koistinen, K. Tarasov, D. Kauhanen,
and K. Ekroos. 2011. High throughput quantitative molecular lip-
idomics. Biochim. Biophys. Acta. 1811: 925-934.

Lofgren, L., M. Stahlman, G-B. Forsberg, S. Saarinen, R. Nilsson,
and G. I. Hansson. 2012. The BUME method: a novel automated
chloroform-free 96-well total lipid extraction method for blood
plasma. J. Lipid Res. 53: 1690-1700.

Alshehry, Z. H., C. K. Barlow, J. M. Weir, Y. Zhou, M. J. McConville,
and P. J. Meikle. 2015. An efficient single phase method for the
extraction of plasma lipids. Metabolites. 5: 389-403.

Matyash, V., G. Liebisch, T. V. Kurzchalia, A. Shevchenko, and D.
Schwudke. 2008. Lipid extraction by methyl-tert-butyl ether for
high-throughput lipidomics. J. Lipid Res. 49: 1137-1146.

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37: 911-917.
Folch, J., M. Lees, and G. H. Sloane Stanly. 1957. A simple method
for the isolation and purification of total lipides from animal tis-
sues. J. Biol. Chem. 226: 497-509.

Liebisch, G., M. Binder, R. Schifferer, T. Langmann, B. Schulz,
and G. Schmitz. 2006. High throughput quantification of cho-
lesterol and cholesteryl ester by electrospray ionization tandem
mass spectrometry (ESI-MS/MS). Biochim. Biophys. Acta. 1761:
121-128.

Balgoma, D., M. Yang, M. Sjodin, S. Snowden, R. Karimi, B.
Levanen, H. Merikallio, R. Kaarteenaho, L. Palmberg, K. Larsson,
et al. 2016. Linoleic acid-derived lipid mediators increase in a
female-dominated subphenotype of COPD. Eur. Respir. J. 47:
1645-1656.

Wang, M., C. Wang, R. H. Han, and X. Han. 2016. Novel advances
in shotgun lipidomics for biology and medicine. Prog. Lipid Res.
61: 83-108.

Simé6n-Manso, Y., M. S. Lowenthal, L. E. Kilpatrick, M. L. Sampson,
K. H. Telu, P. A. Rudnick, W. Gary Mallard, D. W. Bearden, T.
B. Schock, D. V. Tchekhovskoi, et al. 2013. Metabolite profiling
of a NIST Standard Reference Material for human plasma (SRM

Journal of Lipid Research Volume 59, 2018

112.

113.

114.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

1950): GC-MS, LC-MS, NMR, and clinical laboratory analyses, li-
braries, and web-based resources. Anal. Chem. 85: 11725-11731.
Taylor, C. F., N. W. Paton, K. S. Lilley, P-A. Binz, R. K. Julian, A.
R. Jones, W. Zhu, R. Apweiler, R. Aebersold, E. W. Deutsch, et al.
2007. The minimum information about a proteomics experiment
(MIAPE). Nat. Biotechnol. 25: 837-893.

Herzog, R., D. Schwudke, K. Schuhmann, J. L. Sampaio, S. R.
Bornstein, M. Schroeder, and A. Shevchenko. 2011. A novel infor-
matics concept for high-throughput shotgun lipidomics based on
the molecular fragmentation query language. Genome Biol. 12: R8.
Wang, M., C. Wang, and X. Han. 2017. Selection of internal
standards for accurate quantification of complex lipid species in
biological extracts by electrospray ionization mass spectrometry-
what, how and why? Mass Spectrom. Rev. 36: 693-714.

5. Alshehry, Z. H., P. A. Mundra, C. K. Barlow, N. A. Mellett, G.

Wong, M. J. McConville, J. Simes, A. M. Tonkin, D. R. Sullivan,
E. H. Barnes, et al. 2016. Plasma lipidomic profiles improve on
traditional risk factors for the prediction of cardiovascular events
in type 2 diabetes mellitus. Circulation. 134: 1637-1650.

Brown, S. H. J., T. W. Mitchell, A. J. Oakley, H. T. Pham, and S. J.
Blanksby. 2012. Time to face the fats: what can mass spectrometry
reveal about the structure of lipids and their interactions with pro-
teins? J. Am. Soc. Mass Spectrom. 23: 1441-1449.

Fahy, E., S. Subramaniam, H. Alex Brown, C. K. Glass, A. H.
Merrill, R. C. Murphy, C. R. H. Raetz, D. W. Russell, Y. Seyama, W.
Shaw, et al. 2005. A comprehensive classification system for lipids.
J- Lipid Res. 46: 839-861.

Fahy, E., S. Subramaniam, R. C. Murphy, M. Nishijima, C. R. H.
Raetz, T. Shimizu, F. Spener, G. van Meer, M. J. O. Wakelam,
and E. A. Dennis. 2009. Update of the LIPID MAPS compre-
hensive classification system for lipids. J. Lipid Res. 50(Suppl):
S9-S14.

Liebisch, G., J. Antonio Vizcaino, H. Koéfeler, M. Trotzmiiller,
W. J. Griffiths, G. Schmitz, F. Spener, and M. J. Wakelam. 2013.
Shorthand notation for lipid structures derived from mass spec-
trometry. J. Lipid Res. 54: 1523-1530.

Koelmel, J. P., C. Z. Ulmer, C. M. Jones, R. A. Yost, and J. A.
Bowden. 2017. Common cases of improper lipid annotation using
high-resolution tandem mass spectrometry data and correspond-
ing limitations in biological interpretation. Biochim. Biophys. Acta.
1862: 766-770.

Malm, L., G. Tybring, T. Moritz, B. Landin, and J. Galli. 2016.
Metabolomic quality assessment of EDTA plasma and serum sam-
ples. Biopreserv. Biobank. 14: 416-423.

Jain, M., A. D. Kennedy, S. H. Elsea, and M. J. Miller. 2017.
Analytes related to erythrocyte metabolism are reliable biomark-
ers for preanalytical error due to delayed plasma processing in
metabolomics studies. Clin. Chim. Acta. 466: 105-111.

Trezzi, J-P., A. Bulla, C. Bellora, M. Rose, P. Lescuyer, M.
Kiehntopf, K. Hiller, and F. Betsou. 2016. LacaScore: A novel
plasma sample quality control tool based on ascorbic acid and
lactic acid levels. Metabolomics. 12: 96.

Liu, X., M. Hoene, P. Yin, L. Fritsche, P. Plomgaard, J. S.
Hansen, C. T. Nakas, A. M. Niess, J. Hudemann, M. Haap, et al.
2018. Quality control of serum and plasma by quantification of
(4E,14Z)-sphingadienine-C18-1-phosphate uncovers common pre-
analytical errors during handling of whole blood. Clin. Chem. 64:
810-819.

Herzog, R., K. Schuhmann, D. Schwudke, J. L. Sampaio, S. R.
Bornstein, M. Schroeder, and A. Shevchenko. 2012. LipidXplorer:
a software for consensual cross-platform lipidomics. PLoS One. 7:
€29851.

Thirup, P. 2003. Haematocrit: within-subject and seasonal varia-
tion. Sports Med. 33: 231-243.

Panuwet, P., R. E. Hunter, P. E. D’Souza, X. Chen, S. A. Radford,
J. R. Cohen, M. Elizabeth Marder, K. Kartavenka, P. Barry Ryan,
and D. Boyd Barr. 2016. Biological matrix effects in quantitative
tandem mass spectrometry-based analytical methods: advancing
biomonitoring. Crit. Rev. Anal. Chem. 46: 93—-105.

Martens, L., M. Chambers, M. Sturm, D. Kessner, F. Levander,
J. Shofstahl, W. H. Tang, A. Rompp, S. Neumann, A. D. Pizarro,
et al. 2011. mzML-a community standard for mass spectrometry
data. Mol. Cell. Proteomics. 10: R110.000133.

Rocca-Serra, P., R. M. Salek, M. Arita, E. Correa, S. Dayalan, A.
Gonzalez-Beltran, T. Ebbels, R. Goodacre, J. Hastings, K. Haug,
et al. 2016. Data standards can boost metabolomics research, and
if there is a will, there is a way. Metabolomics. 12: 14.

8T0Z ' JoqUISAON UO ‘¥3101|glg S181NIISuU| eysuljosey] 18 BIo I MMM Wwol) papeojumod


http://www.jlr.org/

SASBMB

JOURNAL OF LIPID RESEARCH

130.

131.

132.

133.

134.

135.

Deutsch, E. W., S. Orchard, P-A. Binz, W. Bittremieux, M.
Eisenacher, H. Hermjakob, S. Kawano, H. Lam, G. Mayer,
G. Menschaert, et al. 2017. Proteomics Standards Initiative:
fifteen years of progress and future work. J. Proteome Res. 16:
4288-4298.

Martens, L., and J. Antonio Vizcaino. 2017. A golden age for
working with public proteomics data. Trends Biochem. Sci. 42:
333-341.

Salek, R. M., S. Neumann, D. Schober, J. Hummel, K. Billiau, J.
Kopka, E. Correa, T. Reijmers, A. Rosato, L. Tenori, et al. 2015.
Coordination of Standards in Metabolomics (COSMOS): fa-
cilitating integrated metabolomics data access. Metabolomics. 11:
1587-1597.

Bossuyt, P. M., J. B. Reitsma, D. E. Bruns, C. A. Gatsonis, P. P.
Glasziou, L. Irwig, J. G. Lijmer, D. Moher, D. Rennie, H. C. W. de
Vet, etal. 2015. STARD 2015: an updated list of essential items for
reporting diagnostic accuracy studies. BMJ. 351: h5527.
Rocca-Serra, P., M. Brandizi, E. Maguire, N. Sklyar, C. Taylor,
K. Begley, D. Field, S. Harris, W. Hide, O. Hofmann, et al. 2010.
ISA software suite: supporting standards-compliant experimen-
tal annotation and enabling curation at the community level.
Bioinformatics. 26: 2354—2356.

Sud, M., E. Fahy, D. Cotter, A. Brown, E. A. Dennis, C. K. Glass,
A. H. Merrill, R. C. Murphy, C. R. H. Raetz, D. W. Russell, et al.

Mass spectrometry-based lipidomics of human blood plasma

136.

137.

138.

139.

140.

2007. LMSD: LIPID MAPS structure database. Nucleic Acids Res.
35: D527-D532.

Haug, K., R. M. Salek, P. Conesa, J. Hastings, P. de Matos, M.
Rijnbeek, T. Mahendraker, M. Williams, S. Neumann, P. Rocca-
Serra, et al. 2013. MetaboLights—an open-access general-purpose
repository for metabolomics studies and associated meta-data.
Nucleic Acids Res. 41: D781-D786.

Horai, H., M. Arita, S. Kanaya, Y. Nihei, T. Ikeda, K. Suwa, Y.
Ojima, K. Tanaka, S. Tanaka, K. Aoshima, et al. 2010. MassBank:
a public repository for sharing mass spectral data for life sciences.
J. Mass Spectrom. 45: 703-714.

Wishart, D. S., Y. Djoumbou Feunang, A. Marcu, A. Chi Guo, K.
Liang, R. Vazquez-Fresno, T. Sajed, D. Johnson, C. Li, N. Karu,
et al. 2018. HMDB 4.0: The human metabolome database for
2018. Nucleic Acids Res. 46: D608-D617.

Franco-Colon, J., and K. Brooks. 2004. Clinical laboratory refer-
ence values. /n Laboratory Medicine: The Diagnosis of Disease in
the Clinical Laboratory: Clinical Laboratory Reference Values. M.
Laposata, editor. McGraw-Hill Education, New York, NY.

Balder, J. W., J. K. de Vries, I. M. Nolte, P. J. Lansberg, J. A.
Kuivenhoven, and P. W. Kamphuisen. 2017. Lipid and lipopro-
tein reference values from 133,450 Dutch Lifelines participants:
age- and gender-specific baseline lipid values and percentiles.
J- Clin. Lipidol. 11: 1055-1064.¢6.

2017

8T0Z ' JoqUISAON UO ‘¥3101|glg S181NIISuU| eysuljosey] 18 BIo I MMM Wwol) papeojumod


http://www.jlr.org/

