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Abstract: Breast cancer is a leading cause of mortality in women worldwide, primarily due to challenges in early detection and 
limited access to timely treatment. While mammography is widely used, it may produce false positives and lead to overdiagnosis. 
Recent advancements suggest that electronic nose technology, based on the detection of volatile organic compounds (VOCs), may 
offer a complementary non-invasive approach to breast cancer screening. This systematic review evaluates current detection methods 
and explores the feasibility and diagnostic value of the electronic nose, assessing its integration into existing clinical strategies. 
Methods. Study design: A systematic review was conducted following PRISMA guidelines. Eligibility criteria: Seventy-six original 
articles were included, alongside data from eight additional studies. Eligible studies were published in English or Spanish, evaluated 
VOCs as a breast cancer screening method, and reported identified VOCs. Systematic reviews, duplicates, editorials, and articles 
without full-text access were excluded. Information sources and search strategy: Searches were conducted in PubMed, Web of Science, 
Wiley Online Library, and Science Direct between September and October 2024. Keywords included: volatile organic compounds, 
breath biomarkers, volatolomics, breast cancer, breast carcinoma, screening, detection, and electronic nose. A total of 581 articles were 
retrieved: 64 from PubMed, 44 from Web of Science, 152 from Wiley, and 321 from Science Direct. Study selection: Zotero was used 
for reference management and duplicate removal. Two reviewers independently screened titles and abstracts; eligible full texts were 
reviewed, and discrepancies resolved by consensus. Data extraction: A standardized form was used to collect author, publication year, 
population, intervention, comparator, main results, and analysis-relevant data. Three reviewers performed the extraction independently.
Keywords: volatile organic compounds, electronic nose, breast cancer, screening, early detection

Introduction
Breast cancer is one of the leading causes of cancer-related death among women worldwide, with approximately 670,000 
deaths reported in 2022.1,2 Early detection remains the cornerstone of improving prognosis and survival rates. 
Conventional screening methods such as mammography, ultrasound, and biopsy have proven valuable, but present 
limitations related to accessibility, radiation exposure, overdiagnosis, and patient discomfort. Therefore, there is 
a growing interest in alternative, non-invasive diagnostic strategies.3–7 Screening and diagnosis for breast cancer in 
Mexico are based on clinical examination and breast self-examination, together with the use of mastographys, ultrasound, 
and biopsies; however, there is a deficient number of available mastographys and specialist radiologists who interpret 
these studies, together with a poor culture of prevention in the population, which contributes to late diagnosis even in 
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those with suggestive clinical symptoms.3,8,9 With the above, there is a need to implement screening tools that are 
simpler, faster, cheaper, and more convenient for users, taking into account that early detection is, so far, the most critical 
point in the fight against breast cancer.10

Among these, the analysis of volatile organic compounds (VOCs) has emerged as a promising approach. VOCs are 
low molecular weight compounds that readily evaporate at room temperature and are produced as metabolic byproducts 
during normal and pathological processes. In the context of cancer, cellular alterations such as hypoxia, oxidative stress, 
and dysregulated metabolism result in specific VOC profiles, which can be detected in exhaled breath, urine, sweat, and 
other biofluids.

The detection of VOCs can be performed using gas chromatography-mass spectrometry (GC-MS), which allows 
detailed molecular identification, or through electronic noses (E-noses)—devices that mimic human olfaction by 
recognizing patterns in complex VOC mixtures. E-noses offer the advantages of portability, rapid analysis, and cost- 
effectiveness, making them suitable for potential implementation in clinical or population-level screening programs. 
Despite encouraging preliminary results, challenges remain. These include the lack of standardized sampling protocols, 
variability in sensor performance, and insufficient validation across diverse populations. This review aims to evaluate the 
current evidence regarding VOCs as biomarkers for breast cancer detection and assess the role of E-nose technology in 
this context. By identifying knowledge gaps and emerging trends, the study contributes to the growing field of 
metabolomic-based cancer diagnostics.11,12

Materials and Methods
Source of Data
Our systematic review was performed following PRISMA (Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses) guidelines as shown in Figure 1. The information search was performed in PubMed, Web Of Science, Wiley 
Online Library and Science Direct databases, with studies published from January 1, 2018 to October 1, 2024. The 

Figure 1 PRISMA flowchart of selection of reports analyzed for breast cancer detection by volatile organic compounds. Source: Page MJ, et al. BMJ 2021;372:n71. doi: 
10.1136/bmj.n71. This work is licensed under CC BY 4.0. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/.
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keywords used were the English terms: volatile organic compounds, breath biomarkers, volatolomics, breast cancer, 
breast carcinoma, screening, detection, artificial intelligence and electronic nose, identifying synonyms for each MeSH 
term. The search was conducted in September and October 2024, where a total of 581 articles were found, of which 64 
were obtained from PubMed, 44 from Web Of Science, 152 from Wiley Online Library and 321 from Science Direct.

Study Selection
All retrieved records were managed using Zotero software and duplicates were removed. Two reviewers, Orduña and 
Alcántara, independently evaluated the titles and abstracts of the retrieved studies, and the selected articles were reviewed 
in full text to determine their eligibility. Any discrepancies were resolved by consensus with the work team.

Eligibility Criteria
To successfully retrieve useful articles, duplicate and Portuguese-language articles were eliminated. Seventy articles and 
information from 3 studies obtained from websites and organizations were included, meeting the following criteria: 
original research published in English or Spanish, evaluation of the efficacy of VOCs as a screening method for breast 
cancer, and reporting of identified VOCs. Systematic reviews, duplicate studies, letters to the editor, and articles without 
access to the full text were excluded. We examined references used in previous systematic reviews and included 
additional relevant studies needed, these being 5 references.

Data Extraction
A form was used to extract data from the included studies. The information collected included: authors, year of 
publication, study population, intervention, comparison, main results, and data relevant to the analysis. Data were 
extracted independently by two reviewers and a third reviewer corroborated the information on the form.

Results and Discussion
Advantages and Disadvantages of Current Methods for Breast Cancer Diagnosis and 
Screening
The World Health Organization defines screening as applying tests or studies in an asymptomatic population to detect 
signs of cancer as early as possible.8 Screening seeks to include the population that meets certain specific criteria to avoid 
leading to false positives.13 The main objective of screening is to detect a pathology in a Timely manner, without the 
need to wait for symptoms to begin to manifest themselves.14,15 Table 1 shows the advantages and disadvantages of 
current methods for diagnosing and screening breast cancer.16

Electronic Nose (E-nose)
The early history of the electronic nose takes us back to the 1960s when the Bacharac company built a device called 
a “sniffer” that consisted of just a gas sensor for testing.17 While that device was not considered an electronic nose, it is 
the first approach to what we now consider an “E-nose.”During the 1980s, the first intelligent devices were developed to 
mimic human olfactory ability.18,19 An electronic nose, or “E-nose”, is an elaborate device for detecting and recognizing 
volatile organic compounds (VOCs), mimicking the functioning of the human sense of smell but with increased 
sensitivity.20 In general, electronic noses translate chemical information captured by nanosensors using automated 
recognition algorithms, interpreting “chemical fingerprints”.20,21 By having an electronic sensory system, electronic 
noses can capture various elements and recognize them within a sample.22

Current analytical methods for the analysis of exhaled breath can be divided into two main groups, the first being the 
“classical” identification and quantification techniques, such as proton transfer reaction mass spectrometry (PTR-MS) 
and gas chromatography coupled to mass spectrometry (GC-MS), and the second, methods associated with pattern 
recognition or also called “electronic nose” (E-nose) and ion mobility spectroscopy (IMS) methods.23,24 Electronic noses 
can improve the quality of life by offering simple devices such as prevention and screening methods for diagnosing 
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Table 1 Conventional Methods for Breast Cancer Detection

Method Advantages Limitations/Risks Clinical Considerations

Clinical Breast Examination and Self-Examination ● Low cost
● Promotes health awareness
● Easily accessible

● Low sensitivity in early stages
● Operator-dependent
● May result in false positives

● Recommended as a supportive measure
● Does not replace imaging tools
● Detects lesions ≥1 cm

Mammography ● Detects non-palpable lesions
● Reduces mortality when done regularly
● Widely used in screening

● False positives
● Overdiagnosis
● Radiation exposure
● Costly in some settings

● Standard for screening women over 40
● Should be individualized based on age and risk factors

Breast Ultrasound ● Useful in dense breasts
● Radiation-free
● Differentiates solid from cystic lesions

● Highly operator-dependent
● Subjective interpretation
● Not recommended as a stand-alone screening method

● Complementary to mammography
● Preferred in young women or during pregnancy

Biopsy (Core Needle or Surgical) ● Provides definitive histopathological diagnosis
● Less invasive than surgical biopsy (in case of CNB)

● Invasive procedure
● Possible complications
● Re-biopsy may be required if tissue is insufficient

● Essential for confirming diagnosis
● Guides therapeutic planning based on histology

https://doi.org/10.2147/B
C

T
T.S525265                                                                                                                                                                                                                                                                                                                                                                                                                                                 

Breast C
ancer: Targets and Therapy 2025:17 

808

O
rduña-M

edina et al                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



international diseases such as breast cancer and using breath analysis and other human biofluids. Methods for exhaled 
breath analysis are concentrated in Table 2.

Composition and Operation
E-nose works as a multi-sensor system composed of a panel or matrix containing gas–sensitive nanosensors. There are 
sensors based on metal oxide and carbon nanoparticles containing conductive polymers that achieve an analysis or 
creation of respiratory fingerprint by capturing a change in the electrical resistances detected by the metals. The function 
of the sensors is to detect components of a sample and transform them into a physical magnitude, such as resistance, thus 
reflecting how much exposure or affinity the sensors have to the “odorous” sample to which they were subjected.

Electronic noses work with a pattern recognition approach, where the data set obtained from each sample is analyzed 
as an image that is unique and individual to each patient, considered as a “breath print” or respiratory fingerprint, as if it 
were a fingerprint.33–35 As a type of pattern recognition training is created, a mathematical model can be constructed that 
can distinguish between healthy and sick patients by classifying them according to their breath print.22 It is common to 
use the analogy of the functioning of the human nose with that of the electronic nose, since in our olfactory system, odors 
are received by millions of receptor cells in the nose, which translate the information and send it to our brain in the form 
of electrical impulses to be analyzed and interpreted. The system of an electronic nose uses sensors that interact with 
molecules of the exposed gases, converting that information into a sequence of data thanks to an internal resistor.23

Methods such as multiple linear regression, linear discriminant analysis, clustering, k-nearest neighbor (kNN) 
algorithm, artificial neural networks, and fuzzy logic approaches are employed for the analysis of samples obtained by 
an electronic nose.24 Electronic nose analysis methods have advanced to provide fast, accurate, and cost-effective 
solutions in a variety of applications. The integration of sophisticated sensors, data processing techniques and machine 

Table 2 Comparison of Advantages and Disadvantages of Diagnostic Methods for Breast Cancer Screening Worldwide

Method Advantages of the Technique Disadvantages of the Technique Reference

Mastography Gold standard. 
Detection of calcified lesions. 

Early stage detection. 

Reduction of mortality by screening programs. 
Affordable cost. 

Sensitivity 76% to 98% for fat-predominant breasts.

Recommended for people over 40 years old. 
Decreased sensitivity in dense breasts (sensitivity 

30% to 64%). 

Higher number of false positives and negatives. 
Radiation exposure 

Discomfort during the procedure. 

Higher incidence of overdiagnosis.

[25–28]

Breast 

ultrasound

Useful in complementary evaluation. 

Does not use radiation. 

Useful to differentiate solid and cystic lesions. 
Useful in young women. 

Non-invasive. 

Not painful. 
Improves diagnostic sensitivity if complemented with 

mastography (95 to 96%).

Operator dependence. 

Limitations in screening, not recommended as the 

only method as it does not correctly detect 
microcalcifications. 

False positives leading to unnecessary biopsies. 

Similar specificity and sensitivity to mastography 
with its independent use.

[28–30]

Biopsy Does not use radiation. 
Useful for assessing disease progression. 

Useful for monitoring response to treatment. Proporciona 

información histológica y molecular del tumor. 
Sensitivity 94–97%. 

Specificity 98–100%. 
Image-guided core needle biopsies are more accurate.

High costs. 
Invasive procedure. 

Taking a small amount of sample requires 

additional procedure.

[31,32]

Clinical breast 

examination

Low cost. 

Easy to perform. 
Useful as an alternative to mastography when it is not 

possible to perform it.

It is affected by patient-specific factors (health 

status, age, gender and weight). 
Operator dependence.

[16,19,20]
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learning has facilitated the effective use of these technologies in quality control, environmental monitoring and, 
potentially, medical diagnostics.25,26

Influence of Molecular Biology in Breast Cancer Screening
The odor of a patient’s skin, breath, urine, and even blood and saliva has been considered a diagnostic sign since ancient 
times. Kononov et al, mention the existence of evidence regarding the use of odors as a form of diagnosis since 400 B.C., 
with Hippocrates being one of the first people to work on this subject.36 Multiple aromatic compounds, such as phenolic 
acid, and some acid metabolites, such as phenol derivatives or benzene, have been found in human blood.27 Gong et al, 
identified some key metabolites that correlate with breast cancer: N-acetyl-D-tryptophan, 2-arachidonoylglycerol, 
pipecolic acid, and oxoglutaric acid.37 On the other hand, in a study by Park Jiwon, L-octanoyl carnitine, 5-oxoproline, 
hypoxanthine, and docosahexaenoic acid were found to be potential biomarkers for breast cancer.28 A wide variety of 
volatile organic compounds and metabolites with high predictive value for breast cancer detection have been found in 
urine, including 2-propanol and 2-butanone.38 The development of new, more economical, noninvasive, simple and 
compact screening tools for the early diagnosis of breast cancer is a relevant task for clinical analytical chemistry.

Volatolomics
Volatolomics is a subfield of metabolomics focused on the detection and analysis of volatile organic compounds (VOCs) 
released in gaseous form, which are the product of cellular processes released to the external environment by pathways 
such as air exchange in the lungs or water exchange in the kidneys, allowing their detection in breath and urine, 
respectively.39 Volatolomics studies have a promising future in diagnosis and treatment monitoring, applied in biomedical 
research, the food industry,toxicological analysis.29 However, the biggest challenge faced is the lack of standards in the 
technique of obtaining samples and their analysis to reduce the variance between the results of the studies that have been 
performed. The results obtained in the samples to extract VOCs become unreliable due to the factors involved in each 
person, such as dietary habits, environmental pollution to which they are exposed, work situations, and even alcohol or 
tobacco consumption.30 Volatolomics promises to be a new tool for identifying volatile biomarkers in various biological 
matrices; however, its integration into clinical practice requires further research.

Volatile Organic Compounds
The fluids we excrete from our bodies contain hundreds of volatile organic compounds (VOCs), which originate from 
various biochemical and metabolic pathways. If a metabolic pathway is altered, it can result in an altered VOC profile 
that can be perceived in some human biofluids. Volatile organic compounds are carbon-containing chemicals that 
evaporate quickly at room temperature and can be considered valuable biomarkers in medicine. Biomarkers are 
biological molecules that can be detected in fluids, tissues, or blood. They include proteins, nucleic acids, and 
carbohydrates, which indicate the onset or progression of diseases such as cancer.31

A volatile biomarker refers to a compound or substance with high volatile characteristics, or in gaseous form, 
applicable to interpret an individual’s current health status. We Continuously produce volatile organic compounds 
(VOCs) responsible for our chemical footprint.40

The production of VOCs originates from cellular metabolism and can vary in composition or quantity when cells 
experience pathophysiological conditions that lead to neoplastic transformation. This can occur, for example, due to 
hypoxia, increased energy expenditure due to hyperproliferation, or the production of reactive oxygen species.32 Several 
studies have shown that VOCs can differentiate pre- and post-disease states in breast cancer patients, being useful in the 
detection of endogenous cancer-related metabolites.

Techniques for the Detection of Volatile Organic Compounds 
Exhaled breath analysis is becoming a topic of recent interest due to the need to create faster and simpler diagnostic 
methods. Gas chromatography (GC) is used in the context of breast cancer mainly for the analysis of volatile organic 
compounds that can serve as potential biomarkers in the diagnosis and monitoring of this pathology. Gas chromatography 
combined with mass spectrometry (GC-MS) has been used to identify VOCs that could provide information on the 
characteristics of cancer cells, aiding in the optimization and improvement of low-cost diagnostic devices. Although the 
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technology of an electronic nose is portable and easy to use, its detection parameters are often insufficient for accurate 
quantitative or qualitative analysis of volatile organic compounds. Gas chromatography allows the identification of VOCs 
that could improve current diagnostic tools.41

Infrared spectroscopy (IS) identifies compounds based on their molecular vibrations. This analytical technique 
measures how molecules interact with infrared light, giving information about their vibrational states.42 IE is used to 
identify and characterize each molecule’s chemical composition and structure.43

Electrochemical sensors are advanced tools for detecting biomarkers associated with diseases such as breast cancer. 
These electrochemical sensors enable the rapid and accurate detection of biomarkers in body fluids, facilitating 
noninvasive diagnosis. Biosensors based on nanocomposites of polymers and metal nanoparticles have improved the 
linear detection range by developing homogeneous electrochemical platforms to detect biomarkers simultaneously.44

Table 3 aims to present the clinical studies on breast cancer diagnosis and detection included in this review.
Time-of-flight mass spectrometry (TOF-MS) is considered a widely used analytical technique to determine the 

composition and structure of various chemical compounds. In this an electric field accelerates technique, ions generated 
from a sample towards a detector, the key to which is the separation of ions according to their mass-to-charge ratio, 
where lighter ions reach the detector faster than heavier ions, thus determining the component masses.45 The combination 
of time-of-flight mass spectrometry with other similar techniques have broadened the landscape for the detection of 
complex biological molecules, such as proteins and even microorganisms, allowing for greater precision and accuracy in 
the identification of biological compounds. Zhang et al use time-of-flight mass spectrometry with high-pressure photon 
ionization to detect VOCs in breath samples, showing high sensitivity and specificity for differentiating between patients 
with and without breast cancer, but with limited performance for differentiating pathological or molecular subtypes.46 

The diagnostic performance of the tests evaluated in the studies included in this review are found in Table 4.

Volatile Organic Compounds Related to Breast Cancer 
Volatile organic compounds (VOCs) have been investigated in breast cancer because they are potentially diagnostic 
biomarkers. Several studies have shown that VOC profiles in breath and other body fluids may be able to differentiate 
between healthy and breast cancer patients.33

VOCs related to breast cancer are a variety of metabolites detected in different contexts, as shown in Table 5. 
Compounds such as 2-propanol and 2-butanone have been found in urine samples, with ample potential to distinguish 
breast cancer. It is essential to mention that compounds such as 2-ethyl-1-hexanol, isolongifolenone, furan, dodecanoic 
acid, and 2-methoxyphenol have been identified in patients with invasive ductal carcinoma.54 However, the evidence is 
not entirely consistent, with discrepancies being found regarding the Collection and analysis of VOCs.34 VOCs present 
promising potential as diagnostic and prognostic tools in breast cancer, although more research is needed to standardize 
methods and clinically validate these findings.

Table 3 Methods for Exhaled Breath Analysis

Criteria Classic Techniques Pattern Recognition Methods

Principle Accurate identification and 

quantification of specific compounds.

Pattern recognition in complex compound profiles.

Examples of techniques PTR-MS, GC-MS E-nose, IMS
Advantages High accuracy and sensitivity; ability to 

quantify.

Fast, do not require extensive preprocessing.

Limitations High costs. Require specialized 
personnel.

Lower specificity in the identification of compounds.

Main applications Detailed analysis of compounds in 

scientific research.

Rapid detection in medical diagnostics and air quality. It is mainly used for the 

analysis of volatile and semi-volatile compounds.

Abbreviations: PTR-MS, proton transfer reaction mass spectrometry; GC-MS, gas chromatography coupled to mass spectrometry; E-nose, electronic nose; IMS, ion 
mobility spectroscopy.
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Table 4 Clinical Studies on Breast Cancer Diagnosis and Screening

Study Diagnostic Test Sensitivity (%) Specificity (%) Accuracy References

Diaz de Leon-Martinez et al (2020) Electronic nose 100 100 Not reported [23]

Kononov et al (2019) Electronic nose 95 100 97.2% [21]

Yang et al (2021) Electronic nose exhaled breath test 86 97 91% 
AUC 0.99

[47]

Giró et al (2022) Electronic Nose (e-Nose) vs. GC-MS in urine samples 100 50 75% [48]

Yang et al (2024) Multi-omics (respiration-omics, ultrasonic radiomics and clinical-omics) 84.1 89.9 AUC 0.946 [10]

Sun et al (2021) Artificial intelligence in mastography vs. radiologists 94.36 98.07 AUC 0.983 [49]

Kolb et al (2002) Mastography 77.6 98.8 98.6% [49]

Clinical examination 27.6 99.4 98.8%

Ultrasound 75.3 96.8 96.6%

Liang et al (2024) Breast ultrasound with multimodal deep learning model (BreNet) 78.4 79.1 AUC 0.850 [50]

Lohani et al (2021) Pattern of search in clinical breast examination vs. breast US findings 64.2 – 82.1 65.6-78.1 Not reported [51]

Kure et al (2021) GC-MS with urine sample 93.3 83.3 AUC 0.9442 [38]

Barash et al (2018) GC-MS samples vs. smart nanoarrays 81-88 76-96 82-87% [52]

Zhang et al (2020) GC-MS and solid phase micro extraction 93.59 71.64 Not reported [53]

Leemans et al [2023] GC-MS in combination with data analysis tools 96 a 100 64 a 82 85 a 93% [7]

Abbreviations: VOC, volatile organic compounds; HS-SPME, headspace solid-phase microextraction; GC-MS, gas chromatography-mass spectrometry; PCB, printed circuit board.
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Use of Nanotechnology for Disease Detection
In recent years, various nanomaterials have been created and discovered to improve the quality of life in the field of 
health, known as “nanomedicine”.35 Nanomedicine is a branch of medicine that uses nanotechnology to diagnose and 
treat diseases, including breast cancer. In breast cancer treatment, nanomedicine offers advantages over conventional 
therapies.55 Nanomedicines allow for more precise and controlled delivery and affinity of therapeutic agents, ie, better 
penetration into tumor tissues and excellent retention at the tumor site, improving treatment efficacy and reducing side 
effects. Due to their composition, nanoparticles can be enveloped with proteins and peptides of importance for the 
efficient detection and measurement of specific cancer biomarkers.52

Nanotechnology has significant applications in diagnosing, treating, and preventing disease.56 It can be used to 
increase the efficacy of radiotherapy, improve the use of chemotherapy drugs, detect biomarkers in vitro, or increase the 
efficiency of image interpretation and disease detection tools.57 Nanotechnology has been considered a promising tool in 
treating breast cancer, covering topics such as drug delivery, photothermal therapy, and immunotherapy.58 

Immunotherapy is another branch that benefits from the use of nanotechnology, as it improves the delivery of immune 
checkpoint inhibitors and agents that modulate the tumor microenvironment, enhancing the T-cell response against 
cancer.59

Nanomedicine has advanced in the treatment of bone metastases from breast cancer, allowing the combination of 
therapy with diagnostic agents, which facilitates treatment monitoring and early detection of this disease.60 Despite these 
advances, nanomedicine in the context of breast cancer continues to face challenges such as complexity in manufacturing 
and regulation of practice. However, it This represents a promising strategy to improve the efficacy and safety of breast 
cancer treatment, bypassing some limitations of current conventional therapies.61

Application of Machine Learning Models
A comparative analysis by Onakpojeruo et al shows a study on the classification of brain tumor images using automated 
recognition tools, developing a model known as Conditional Deep Convolutional Neural Network (C-DCNN) that 
achieved an accuracy of 99% for tumor identification. This study highlights the potential of data generation and 
recognition to improve the training of machine learning models in medical image classification, especially 
in situations where access to important data or background is very limited.62 Artificial intelligence (AI) is performing 

Table 5 Volatile Metabolites Probably Related to Breast Cancer

Metabolite Name Type Metabolic Pathway 
Involved

Method of 
Detection

Relevance in Breast Cancer

2-Propanol Volatile Lipid metabolism GC-MS Detected in urine, possible biomarker.

2-Butanone Volatile Ketone metabolism GC-MS Differentiation between patients and controls.

2-Ethyl-1- Hexanol Volatile Not determined GC-MS Present in invasive ductal carcinoma.
Isolongifolenone Volatile Not determined GC-MS Associated with aggressive tumor cells.

Furan Volatile Carbohydrate degradation GC-MS Related to oxidative stress.

Dodecanoic acid Volatile Lipid metabolism GC-MS Potential marker in invasive carcinoma.
2-Methoxy-Phenol Volatile Phenolic metabolism GC-MS Associated with tumor molecular 

characteristics.
Heptanal Volatile Fatty acid oxidation GC-MS Sensitive for invasive lesions.

Cyclopentanone Volatile Ketone metabolism GC-MS Detected in women with invasive lesions.

6-Metil-5- hapten-2-ona Volatile Metabolism of isoprenoids GC-MS Present in women with benign lesions.
Ethanol Volatile Alcohol metabolism GC-MS Detected in breast cancer cell lines.

N-Propanol Volatile Alcohol metabolism GC-MS Identified in breast cancer 

cell lines.
Ethyl ethanoate Volatile Ester metabolism GC-MS Found in breast cancer cell lines.

Abbreviation: GC-MS, Gas Chromatography coupled to Mass Spectrometry.
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an increasingly important role in disease diagnosis, and breast cancer is no exception. The use of machine learning tools 
has been seen to support tools for mastographic detection and classification of different subtypes of lesions.63

Using mastography as the screening method of choice implies the need to improve the false positive and false negative 
rates that occur at the time of interpretation. Cancers that are not identified early may not be diagnosed until advanced stages 
due to an error in the interpretation of the images.64 In detection and screening, artificial intelligence has shown comparable or 
even superior performance to that of radiologists in the interpretation of mastographic images. A study by Yoel Shoshan et al 
shows the work obtained in two health care centers that retrospectively collected 13,043 digital tomosynthesis images as well 
as background information on each patient using a cohort of 9,919 women and 5 radiologists specializing in breast imaging. 
The results showed a 39.6% (95% CI: 38.0, 41.7) reduction in workload for those interpreting the results with the help of AI, 
obtaining a sensitivity of 90% and specificity of 93.6% when automated learning was combined with the experience and skills 
of each radiologist.65 Kyung Park and coworkers developed a multicenter study, evaluating whether the use of AI could 
improve the diagnostic accuracy of radiologists. The study spanned from 2010 to 2021, conducted at 14 institutions with the 
support of 15 radiologists (7 breast imaging specialists and 8 general radiologists), resulting in the analysis of 258 breast 
tomosynthesis images, of which 65 had a confirmed diagnosis of cancer. AI alone showed an AUC of 0.93, indicating a high 
accuracy in detecting breast cancer. The AUC of radiologists improved from 0.90 to 0.92 with the help of AI, which would 
indicate an increase in diagnostic accuracy. The specificity of AI was higher at 89.64% than that of radiologists who resulted 
in 77.34%, suggesting that AI reduced false positives. The interpretation time decreased from 54.41 to 48.52 seconds with AI 
(p <0.001), demonstrating greater efficiency when used in combination with the radiologist’s experience.66

On the other hand, the retrospective comparison study conducted by Rodriguez-Ruiz in 2019 included 2,652 
mastographics analyzed by 101 radiologists, using an AI system that assigned a level of suspicion for breast cancer on 
a scale of 1 to 10 where they compared the diagnostic performance of AI vs radiologists by measuring the AUC, 
obtaining an AI AUC of 0. 840 (95% CI: 0.820–0.860) and AUC of radiologists of 0.814 (95% CI: 0.787–0.841), the 
small difference between both measurements indicates that AI was not inferior with respect to the diagnostic ability of 
radiologists and that their diagnostic accuracy could be similar to that of an average radiologist.67

AI has also been used to identify subtypes of breast lesions in the analysis of images, achieving a higher accuracy in 
the prediction of malignancy diagnosis. However, to think of an accurate diagnosis of molecular or histological subtypes 
just by observing the image study without performing the biopsy procedure is still under debate. Another useful 
application of AI in breast cancer has been in the area of genetic alterations, specifically to classify invasive lobular 
carcinoma of the breast, demonstrating a high accuracy in the prediction of bi-allelic mutations of the CDH1 germline.68

Conclusions
This systematic review highlights the potential of volatile organic compounds (VOCs) and electronic nose (E-nose) 
technology as promising non-invasive tools for breast cancer detection. The reviewed studies demonstrate that exhaled 
breath and other biofluids contain VOC profiles capable of distinguishing between healthy individuals and those with 
breast cancer, with variable sensitivity and specificity depending on the methodology employed. The integration of 
pattern recognition algorithms and machine learning further enhances the diagnostic performance of E-nose systems. The 
findings support the notion that VOC analysis could complement current screening methods, especially in low-resource 
settings where access to mammography or expert radiology is limited. This approach offers advantages in terms of speed, 
patient comfort, and potential for population-level screening. However, current studies are limited by small sample sizes, 
lack of standardized sampling and analysis protocols, and variability in the identified VOCs. These factors hinder clinical 
translation and comparability between studies. Moreover, many investigations remain in proof-of-concept stages, 
requiring validation in larger and more diverse cohorts. Future research should aim to establish standardized protocols 
for VOC collection and analysis, evaluate cost-effectiveness, and explore the integration of E-nose systems into existing 
healthcare frameworks. Clinical trials are essential to assess real-world performance and user acceptance.

In summary, while VOC-based technologies are not yet ready to replace current diagnostic methods, they hold 
significant promise as adjunctive tools in early breast cancer detection. Advancing this field could improve diagnostic 
accuracy, enable earlier intervention, and ultimately reduce mortality from breast cancer.
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