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METABOLOMIC APPROACHES APPLIED TO THE STUDY OF 
CERVICAL CANCER: A SYSTEMATIC REVIEW
Natalia Damasceno Almeida1 , Marcos Almeida Matos1, Milena Bastos Brito1, Amancio Jose de Souza1,2

Background: Cervical cancer (CC) is the fourth leading cause of cancer among women 
in the world. Metabolomics can provide a deeper understanding of the underlying 
metabolic alterations associated with its pathophysiology. Objective: To systematically 
analyze metabolomic approaches and findings used in the study of cervical cancer. 
Selection Criteria: Studies that included the use of metabolomics, obtained through 
biological samples, from patients diagnosed with CC. Data collection and Analysis: The 
review was conducted according to the PRISMA guidelines, and registered in PROSPERO. 
The terms of Medical Subject Headings (MeSH) and Health Sciences Descriptors (DeCS) 
corresponding to “Metabolomics” and “Cervical Cancer” were used as descriptors. 
Article quality was reviewed based on the QUADOMICS criteria. Results: A total 
of 17 articles were selected for systematic review. Study quality evaluation using 
QUADOMICS demonstrated heterogeneous results. The main changes in metabolite 
levels associated with cervical cancer were identified in alanine, creatine, valine, 
tyrosine, isoleucine, phosphatidylcholine, acetate, lactate and β-glucose. Some amino 
acid levels were reduced in patients with CC and changes in energy metabolism pathways 
were observed. Eight articles tested the diagnostic capacity of metabolomics, obtaining 
results for sensitivity > 90%, specificity between 73% and 99% and AUC between 0.78 and 0.99. 
Conclusion: The results suggest that patients with CC present alterations in energy metabolism, 
amino acids and glycerolphospholipids, pointing to a potential group of specific biomarkers.
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INTRODUCTION
Cervical cancer (CC) is the fourth leading cause 

of cancer among women worldwide1. One of the pos-
sible causes of CC is the persistent infection with Hu-
man Papilloma Virus (HPV). HPV is one of the most 
common sexually transmitted infections in the world, 
being the main virus associated with the development 
of neoplasms2-5.

In recent years the development of new analyt-
ical techniques in DNA sequencing and biomolecule 
measurements has expanded the ability to character-
ize phenotypic changes in pathological processes6. 
Metabolomics is capable of simultaneously analyzing 
multiple metabolic pathways in cells, tissues, and body 
fluids, connecting genetic processes to phenotypic ex-
pression, and listing specific metabolites involved in 
the pathophysiology of diseases6,7.

Given the current scenario in which CC continues 
to be a serious health problem for women, metabolo-
mics can be a useful tool in expanding the knowledge 
on this disease. This review aims to systematically an-
alyze metabolomic approaches in the study of cervical 
cancer, describing the specific metabolites associated 
with the development of cervical cancer, identifying 
possible biomarkers and metabolomic profiles in the 
context of cervical neoplasia which can lead to inno-
vative clinical approaches.

MATERIALS AND METHODS
This systematic review was conducted according 

to the Preferred Reporting Items for Systematic Re-
views and Meta-Analysis (PRISMA)8 guidelines and 
was registered in the International Prospective Reg-
ister of Systematic Reviews (PROSPERO) database 
under number CRD42020215301.

A computerized bibliographic search was carried 
out in the electronic databases MEDLINE / PubMed, 
Latin American and Caribbean Literature in Health 
Sciences (LILACS), Scientific Electronic Library Online 
(SciELO), Virtual Health Library (VHL) and the databas-
es of gray literature: Google Scholar and Open Gray. 
As descriptors, the terms in force in the Medical Sub-
ject Headings (MeSH) and Health Sciences Descriptors 
(DeCS) corresponding to “Metabolomics” and “Cervi-
cal Cancer” were used. The terms were combined with 
the Boolean operators “AND” and “OR” (Appendix S1). 
A manual search was also carried out on the refer-
ence list of the selected articles. All searches were car-
ried out from 08/28/2020 to 05/11/2021.

The works were identified by title and abstract by 
two reviewers (N.D.A. and A.J.S.), who followed the 
inclusion and exclusion criteria. Studies without ab-
stracts whose title suggested meeting the selection 
criteria were also selected for analysis. All divergences 
were resolved by consulting a third reviewer (M.A.M.), 
who finally defined which articles would be fully read. 
The selected works were read in full by three authors. 
Then, the studies were included in the systematic 
review upon agreement of the three reviewers.

Observational studies that included the use of me-
tabolomics, obtained through biological samples, from 
patients diagnosed with CC were included in the search. 
Articles describing the metabolic profiles of tissues and 
samples and the potential use of metabolomics as a di-
agnostic and prognostic tool were included. There was 
no limitation on time or publication language. Studies 
whose interventions involved specific analysis on drug 
therapy, carried out on animals, case reports, letters, 
abstracts, conference proceedings, case studies, re-
view or conglomerates were excluded.

The information extracted from studies included: 
author, date of publication, geographic origin, title, mag-
azine, type of study, financing, among others. Data on 
the participants of each work, number of participants, 
sex, age, use of medications and comorbidities were re-
corded. The patients in the selected studies were divid-
ed into three groups: patients with cervical cancer, pa-
tients with intraepithelial lesions and the control group 
constituted by healthy women (not every selected ar-
ticle described all three categories). Finally, data from 
metabolomic analysis were collected, such as the meth-
od used, the analyzed sample (fluid or biological tissue) 
and the metabolites found in association with cancer.

Article quality was accessed using QUADOMICS9, 
an adaptation of the Quality Assessment of Diagnostic 
Accuracy Assessment (QUADAS)10 for studies using omic 
technologies.

RESULTS
Identification and selection of studies

A total of 124 references were identified in the 
initial search. 24 articles were selected for complete 
reading. Seven studies were further excluded for the 
following reasons: two for containing analysis ex-
clusive for HPV, two for treating only high-grade in-
traepithelial lesions, two for using metabolomics for 
specific analysis and one due to the impossibility of 
separating the results from cervical cancer patients 
from other patients. Finally, 17 articles11-27 were se-
lected for systematic review (Figure S1).

General characteristics of the selected studies

All studies selected for systematic review were 
published in the English language, from 2004 to 2021 
(Table 1). Nine were of the cross-sectional type and eight 
were prospective studies. Most articles were of Chinese 
origin (10) and the relationship between the origin and 
the number of studies is shown in Figure S2A.

The average age of patients with CC in the inves-
tigated articles ranged between 40 and 50 years. All 
576 patients with CC were diagnosed through the 
association of clinical analysis and histological exams 
and a total of 529 patients made up the control group. 
Five articles presented HPV testing and of the 156 cer-
vical cancer patients tested 129 (82.7%) were HPV +. 
Women with intraepithelial lesions totaled 505, 182 
with LSIL (NIC I), 287 with HSIL (NIC II / III) and for 36 
patients the lesion degree was not described.
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Sample types used for metabolomic analysis 
included blood serum/plasma (10), cervical tissue 
(4), cervical cells (1), volatile organic components 
(VOCs; 1) and cervical washes (1). Metabolomics 
studies were conducted using NMR (five articles), liq-
uid chromatography coupled to mass spectrometry 
(LC-MS;  eight articles), gas chromatography coupled 
to mass spectrometry (GC-MS; three articles) and la-
ser ablation coupled to rapid evaporative mass spec-
trometry (LA-REIMS; 1 article) (Figure 2B and 2C).

Within the 17 selected studies, 16 reported some 
type of support or funding. Only Sitter et al. (2004) 
did not report any financial support.

Quality assessment of articles using QUADOMICS

From the 17 items recommended by QUADOMICS 
two were not used (items 2 and 14) since these are ap-
plicable to phase IV clinical studies which were not pres-
ent in our sampled articles. Six articles reached 80% or 
more of the evaluated QUADOMICS criteria (12/15). 
Among these, Paraskevaidi et al. (2020) and Ying et al. 
(2015) obtained the highest score, reaching the pro-
posed quality criteria for 13 items (87%; Table S1).

Metabolites Associated with Cervical Cancer

75 metabolite alterations were mentioned as rel-
evant in the context of cervical cancer (Table 2). Of 
these, 24 were mentioned by two or more studies. 
Alanine was cited as relevant in six articles, lactate in 
five, β-glucose and creatine in four studies, these be-
ing the metabolites with the highest overall frequen-
cy among those listed (Table 3).

In 10 studies that used blood serum/plasma as 
a biological sample, 18 metabolites were found in 
common. Metabolites showing decrease in patients 
with CC were: valine, glutamine, histidine, isoleucine 
and leucine. In two articles lysophosphatidylcholines 
(lysoPC) and acetate were described as increased. 
Β-glucose, alanine, lactate, aspartate, glutamate, for-
mate, tyrosine and threonine were not consistentaly 
altered in the presented studies. Phosphatidylcho-
line was decreased in the three studies where it was 
detected, interestingly Zhou et al. in 2019 reported 
that this reduction occurred among patients with 
poor prognosis, whereas patients with good progno-
sis had an increase in this metabolite in their sam-
ples (Table 4).

Table 3 - Metabolites found in common in selected studies.
Metabolites Studies Sample Disturbance Statistical analysis

Alanine

Abdula et al. 2020 Cervical tissue Increase -
Silva et al. 2008 Cervical tissue Decrease P=0.01
Sitter et al. 2004 Cervical tissue Increase -
Chen et al. 2021 Cervical tissue Increase P=0.003

Ye et al. 2015 Plasma/Serum Increase P=0.024
Hasim et al. 2012 Plasma/Serum Decrease P<0.05

Creatine

Abdula et al. 2020 Cervical tissue Decrease -
Silva et al. 2008 Cervical tissue Decrease P= 0.008
Sitter et al. 2004 Cervical tissue Increase -
Hasim et al. 2012 Plasma/Serum Decrease P>0.05

Lactate

Abdula et al. 2020 Cervical tissue Increase -
Sitter et al. 2004 Cervical tissue - -
Chen et al. 2021 Cervical tissue Increase P=0.01
Khan et al. 2019 Plasma/Serum Increase AUC= 0.74 / P<0.001

Hasim et al. 2012 Plasma/Serum Decrease P<0.05

β-glucose

Abdula et al. 2020 Cervical tissue Decrease -
Sitter et al. 2004 Cervical tissue Decrease -

Ye et al. 2015 Plasma/Serum Decrease P=0.039
Hasim et al. 2012 Plasma/Serum Increase P>0.05

Valine
Hasim et al. 2012 Plasma/Serum Decrease P<0.05
Hasim et al. 2013 Plasma/Serum Decrease P=0.000

Shi et al. 2015 Plasma/Serum Decrease P=0.001

Tyrosine

Abdula et al. 2020 Cervical tissue Decrease -
Chen et al. 2021 Cervical tissue Increase P=0.009
Hasim et al. 2012 Plasma/Serum Decrease P<0.05
Hasim et al. 2013 Plasma/Serum Decrease P=0.027

continue...
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Metabolites Studies Sample Disturbance Statistical analysis

Isoleucine
Abdula et al. 2020 Cervical tissue Decrease -
Hasim et al. 2012 Plasma/Serum Decrease P<0.05
Hasim et al. 2013 Plasma/Serum Decrease P=0.004

PC

Silva et al. 2008 Cervical tissue Increase P>0.05
Nan et al. 2021 Plasma/Serum Decrease P<0.001

Cheng et al. 2020 Plasma/Serum - AUC: 0.842

Zhou et al. 2019 Plasma/Serum Increase GP group
Decrease PP group

P=0.00 / ATxPR -AUC:0.78 / ATxPB - 
AUC:0.78 / PB x PR - AUC:0.90

Yin et al. 2015 Plasma/Serum Decrease AUC>0.79

Acetate
Abdula et al. 2020 Cervical tissue Decrease -

Ye et al. 2015 Plasma/Serum Increase P<0.05
Hasim et al. 2012 Plasma/Serum Increase P<0.05

α-glucose
Abdula et al. 2020 Cervical tissue Decrease -
Hasim et al. 2012 Plasma/Serum Increase P>0.05

Aspartate
Chen et al. 2021 Cervical tissue Increase P<0.001
Khan et al. 2019 Plasma/Serum Increase AUC= 0.76 / P<0.001

Hasim et al. 2013 Plasma/Serum Decrease P=0.000

Glutamate
Khan et al. 2019 Plasma/Serum Increase AUC= 0.81 / P<0.001

Hasim et al. 2013 Plasma/Serum Decrease P=0.007

Lyso PC
Yang et al. 2017 Plasma/Serum Increase AUC: 0.94
Yin et al. 2015 Plasma/Serum Increase AUC>80

Threonine
Yang et al. 2017 Plasma/Serum Increase AUC: 0.85

Hasim et al. 2013 Plasma/Serum Decrease P=0.007

Glutamine
Ye et al. 2015 Plasma/Serum Decrease P=0.030

Hasim et al. 2012 Plasma/Serum Decrease P<0.05

Formate
Ye et al. 2015 Plasma/Serum Decrease P=0.012

Hasim et al. 2012 Plasma/Serum Increase P<0.05

Choline
Silva et al. 2008 Cervical tissue Increase P>0.05
Sitter et al. 2004 Cervical tissue Increase -

Phenylalanine
Abdula et al. 2020 Cervical tissue Decrease -
Hasim et al. 2013 Plasma/Serum Decrease P=0.002

Histidine
Hasim et al. 2012 Plasma/Serum Decrease P<0.05
Hasim et al. 2013 Plasma/Serum Decrease P=0.000

Phosphate
Silva et al. 2008 Cervical tissue Increase P=0.004
Chen et al. 2021 Cervical tissue Increase P=0.017
Shi et al. 2015 Plasma/Serum Increase P=0.02

Taurine
Sitter et al. 2004 Cervical tissue Increase -
Hasim et al. 2013 Plasma/Serum Decrease P=0.047

Leucine
Hasim et al. 2012 Plasma/Serum Decrease P<0.05
Hasim et al. 2013 Plasma/Serum Decrease P=0.003

Glycine
Chen et al. 2021 Cervical tissue Increase P=0.001
Hasim et al. 2013 Plasma/Serum Decrease P=0.000

PE
Nan et al. 2021 Plasma/Serum Decrease P<0.05

Cheng et al. 2020 Plasma/Serum - AUC>0.788

...continue

Caption: BT = before treatment / GP = good prognosis / PP = poor prognosis. / AUC = Area under the curve. / LysoPC = lysophosphatidylcholine.
- = not reported
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Nine of the reviewed articles performed statistical 
analysis on the accuracy of metabolimic techniques 
used in the diagnosis of CC (Table 3). Paraskevaidi 
et al. (2020) reported that the LA-REIMS of cell sam-
ples was able to classify 41 out of 45 patients with 
high-grade lesions and CC, presenting a sensitivity of 
91%, specificity of 73% and AUC of 86%.

Only Zhou et al. (2019), used metabolomics as a 
prognostic analysis method in cervical cancer. This 
study, which analyzed blood plasma samples, demon-
strated that phosphatidylcholine [PC (15: 0/16: 0)], 
phosphatidylglycerol [PG (12: 0/13: 0), lactosylceramide 
[LacCer (d18: 1/16: 0 )], D-Maltose and phthalic acid 
can function as potential biomarkers when analyzed 
together to monitor the prognosis of patients with CC 
(Table 3).

Eleven studies analyzed patients with cervical in-
traepithelial lesions. Abdula et al. (2019) found that 
the levels of α-glucose and β-glucose were reduced 
in the tissue of patients with CIN when compared 
with patients with CC (Table 3). Ilhan et al. (2019) re-
ported 71 metabolites which allowed the authors to 
distinguish between patients with cervical cancer and 
high-grade injuries with an AUC> 0.80. Ye at al. (2015) 
reported an increase in alanine and reduced levels of 
glutamine, carnitine, inositol, β-glucose and formate 
in cervical lavage samples from patients with cervical 
cancer compared to CIN. Hasim et al. (2012) found 
that changes in plasma levels of acetate, acetone, for-
mate, glycoprotein, α-glucose and β-glucose can form 
a unique profile capable of differentiating CC from 
CIN. Chen et al. (2021) indicated that their results 
were able to distinguish precancerous cervical lesions 
from normal cervical epithelium and cervical cancer.

DISCUSSION
The age of patients with cervical cancer ranged 

between 40 and 50 years in the studies listed by this 
systematic review (Table 1). Such data is compatible 
with studies by the American Cancer Society that re-
ports the average age at diagnosis of 50 years28. In ad-
dition, most studies used mass spectrometry (MS) as 
the basis for the metabolomic analysis (Figure S2B), 
the same was observed by Ahmed-Salim et al. (2020) 
in their systematic review on the use of metabolomics 
in the study of other types of cancer.

The main metabolites described as relevant by the 
articles studied in this review are amino acids and com-
ponents related to carbohydrate metabolism (Table 2). 
Of the 24 compounds found in common, 14 were ami-
no acids, which were largely reduced in samples from 
patients with CC (Table 3). These results are further 
supported by a previous systematic review by Ahmed-
Salim et al. (2020) which also observed a decrease in 
amino acid levels in patients with ovarian cancer.

The decrease in amino acid levels in samples 
from patients with CC may be related to an increased 
demand for these metabolites by cancer cells, which 
need them for survival and growth30. These com-
pounds are linked to several metabolic pathways, 
participating in anabolic and energetic processes by 
supplying raw materials such as carbon and nitro-
gen, in addition to playing an important role in cell 
signaling pathways30. Figure 1 illustrates the path-
ways in which the main metabolites described in this 
systematic review are involved, demonstrating the 
link between amino acids and energetic pathways. 
Glutamine is reported as decreased in the blood of 
patients with CC by the studies listed in this review. 

Figure 1 – Connection between the metabolic pathways of the most cited compounds among the selected studies.

Legend: Metabolites in orange were cited as relevant by three or more articles, the metabolites in green were cited by at least two studies. 
Metabolites with (*) had a consistent disturbance in all articles in which they were mentioned. Metabolic pathway references extracted from 
Kanehisa (1996).
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The decrease of this component in the plasma may 
be directly related to the activation of oncogenes 
and the inactivation of tumor suppressors, such as 
the Rb protein, which induce the use of glutamine 
and other important metabolites during the unregu-
lated proliferation of neoplastic cells.

The most prominent altered metabolites within 
carbohydrate metabolism were β-glucose, α-glucose 
and lactate. β-glucose levels were decreased in most 
articles that reported it, in contrast, there was no 
consensus for α-glucose. Lactate was reported to be 
increased in three of the four studies that described 
lactate alteration (Table 3). Turkoglu et al. (2016) also 
found contradictory results regarding the regulation 
of carbohydrate related metabolites, in a systematic 
review of ovarian cancer biomarkers. Taken together 
these reports support the association between alter-
ations in energy metabolism and cancer. However, 
the literature points to a lack of consistency in re-
gards to the types and directional regulation of these 
cancer associated metabolites.

Glucose depletion and lactate increase maybe due 
to the Warburg effect, which suggests that an anaero-
bic glycolysis process can occur in tumors where glu-
cose is converted into lactic acid even in the presence 
of oxygen32. As the tumor expands and the need for 
oxygen increases, the use of glycolysis becomes an 
advantageous option, to prevent the development of 
hypoxic conditions33. In addition, it is believed that this 
process creates a favorable catabolic state for tumor 
cells during rapid growth. The more undifferentiat-
ed the cancer cell, the greater the lactate production 
resulting from this process32, 34. The Warburg effect 
is further involved in cell proliferation and malignant 
progression of cancer through an intricate cell signal-
ing pathway that promotes metabolic changes32 35. 
Thus, neoplasms in different stages may have different 
levels of energetic metabolites, which could possibly 
explain the contradictory findings in the listed studies.

Other metabolites such as phosphatidylcholine, 
phosphatidylethanolamine, lysophosphatidylcholine 
and choline were found to be significantly increased 
in the reviewed studies (Table 3). Wang et al. (2010) 

described a similar increase in choline levels in a sys-
tematic review focusing on colorectal cancer. Choline 
is an essential nutrient for the synthesis of the plas-
ma membrane. Through the action of choline kinase 
(CHK), choline is phosphorylated into phosphocho-
line, a precursor to phosphatidylcholine (Figure 1). 
These compounds derived from choline contribute 
to cell proliferation and apoptosis processes, thus, 
changes in the metabolism of these components can 
affect cell growth and tumor survival37, 38.

The diagnostic capacity of metabolomics was 
tested by nine studies in this review. Sensitivity was 
greater than 90%, specificity ranged from 73% to 
99% and AUC varied from 0.78 to 0.99 for sets of 
metabolites. These results demonstrate that metab-
olomic approaches can be an accurate method for 
the diagnosis of cervical cancer. Ilhan et al. (2019), 

Khan et al. (2019), Hasim et al. (2012), Chen et al. 
(2021) and Cheng et al. (2020) also highlighted the 
ability of metabolomics to differentiate cancer pa-
tients from those with CIN (Table 3). Other system-
atic reviews have also pointed to metabolomics as 
a potential method to diagnose ovary29; colorectal36 
and endometrium cancers 39. The use of metabolom-
ics to identify specific types of cancer, by evaluating 
specific differences between metabolites, would be 
extremely useful for clinical practice. However, there 
are still no tools or research capable of establishing 
distinctions between different malignancies based 
solely on metabolic profiles 7.

The analysis carried out using QUADOMICS 
(Table S1) exposes a lack of detailed descriptions 
about patient selection and use of a standard diag-
nostic test for CC. Likewise, most studies were not 
blinded to patient diagnosis or did not make this 
information clear, potentially introducing bias. The 
heterogeneity of the results obtained using QUA-
DOMICS was an important limitation, although most 
articles (70.5%) fulfilled at least 10 of the 15 items 
analyzed, others were rated poorly due to the lack of 
methodological and/or descriptive rigor in the study 
methodology. In addition, the different biological 
samples used, as well as the lack of cancer staging, 
were other limiting points within our analysis.

CONCLUSION
The reviewed CC metabolomic studies suggest 

blood as the main type of biological sample used and 
mass spectrometry as the preferred analytical plat-
form. The average age of patients with cervical can-
cer ranged between 40-50 years and most studies 
added a comparative group of patients with cervical 
intraepithelial lesions to perform their analysis. Fur-
thermore, we can conclude that the methodological 
quality of the identified articles was heterogeneous, 
with a gap of 8 QUADOMICS criteria being met be-
tween the studies with the highest scores compared 
to the lowest scores.

The main metabolites found to be associated 
with cervical cancer were alanine, creatine, valine, ty-
rosine, isoleucine, phosphatidylcholine, acetate, lac-
tate and β-glucose. This suggest that a metabolomic 
profile associated with changes in energy pathways 
and their connections with amino acid depletion, as 
well as with changes in the metabolism of glycero-
phospholipids may be common to CC. In addition, 
the results described point to the effectiveness of 
metabolomics in the diagnosis of cervical cancer and 
in the differentiation of patients with intraepithelial 
lesions. The expansion and refinement of metabolo-
mic approaches towards CC hold great potential for 
clinical applications.
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APPENDIX S1

SEARCH STRATEGY IN THE ELECTRONIC DATABASE.

DATA BASE SEARCH STRATEGY
PUBMED “metabolome”[MeSH Terms] OR “metabolome”[All Fields] OR “metabolomes”[All 

Fields] OR “metabolomics”[MeSH Terms] OR “metabolomics”[All Fields] OR 
“metabolomic”[All Fields] AND “uterine cervical neoplasms”[MeSH Terms] OR 
(“uterine”[All Fields] AND “cervical”[All Fields] AND “neoplasms”[All Fields]) OR 
“uterine cervical neoplasms”[All Fields] OR (“cervical”[All Fields] AND “cancer”[All 
Fields]) OR “cervical cancer”[All Fields] OR (“cancer”[All Fields] AND “cervix”[All 
Fields]) OR “cancer of cervix”[All Fields] OR (“cervix”[All Fields] AND “neoplasms”[All 
Fields]) OR “cervix neoplasms”[All Fields] OR (“uterine”[All Fields] AND “cervix”[All 
Fields]) OR “uterine cervix”[All Fields]

LILACS, SCIELO AND BVS (metabolomics cervical cancer) OR (metabolomics cancer of cervix) OR 
(metabolomics cervix neoplasms) OR (metabolomics uterine cervical neoplasms) OR 
(metabolomics of the uterine cervix) OR (metabolomics uterine cervix neoplasms)

GOOGLE SCHOLAR AND OPEN GRAY Metabolomics cervical cancer
Metabolomics cancer of cervix
Metabolomics cervix neoplasms
Metabolomics uterine cervical neoplasms
Metabolomics of the uterine cervix
Metabolomics uterine cervix neoplasms

Figure S1 – Flowchart of study selection.
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Figure S2 – General characteristics of the selected studies. A. Country of origin and number of studies. B. Analytical 
platforms used in CC metabolomic studies. C. biological sample type / analytical platform on CC metabolomics studies.

Caption: MS = Mass spectrometry. NMR = Nuclear magnetic resonance. LA-REIMS = Laser ablation coupled with rapid evaporative mass 
spectrometry. LC-MS = Liquid chromatography coupled to mass spectrometry. GC-MS = Gas chromatography coupled to mass spectrometry.
VOCs = Volatile organic compounds

Table S1 - QUADOMICS evaluation of the studies included in the systematic review.
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Legend: Y = criteria met / N = criteria not met / ? = Unclear, N / A = not applicable
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