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 Abstract: Volatile organic compounds (VOCs) can be subdivided into exogenous and endoge-
nous categories based on their origin. Analyzing the endogenous VOCs can provide insights in-
to maintaining the internal organs' homeostasis. Despite the ongoing development and the cur-
rent understanding, studies have suggested a link between cardiovascular metabolic alterations 
in patients with ischemic heart disease and elevated levels of ethane and isoprene detectable 
through exhaled breath analysis. Conversely, patients with chronic heart failure exhibit elevated 
acetone and pentane in their exhaled air. These substances originate from disturbances in the 
heart tissue, including cellular and subcellular modulations. Hypothetically, ethane levels in the 
exhaled breath analysis can demonstrate the severity of ischemic heart disease and, consequent-
ly, the risk of death in the next 10 years due to cardiovascular disease (CVD). Real-time direct 
mass spectrometry is the preferred method for assessing VOCs in exhaled breath analysis. The 
accuracy of this analysis depends on several factors, including the selection of the relevant 
breath fraction, the type of breath collection container (if used), and the pre-concentration tech-
nique. 
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1. INTRODUCTION  

Harnessing exhaled breath as a biomarker of the health of 
the organism holds immense promise as a multifaceted strat-
egy for diagnosis, treatment, prevention, and prognosis as-
sessment [1]. Exhaled breath harbors a diverse array of vola-
tile organic compounds (VOCs) that serve as biomarkers of 
overall health, including cardiovascular health [1]. The com-
position of exhaled air dynamically reflects the physiological 
state of various bodily systems and organs. Changes in its 
components are known to occur in specific disease states, 
including gastrointestinal and pulmonary pathologies. Based 
on this premise, we hypothesize that individuals with cardio-
vascular disease exhibit distinct alterations in their exhaled 
air profile. Furthermore, we propose that the levels of VOCs 
within exhaled air may correlate with the 10-year cardiovas-
cular mortality risk assessed using the European Society of 
Cardiology's SCORE2 risk evaluation tool [2].  

Recently, we have seen the development of various so-
phisticated mass spectrometry techniques specifically tai-
lored to accurately analyze the complex mixture of volatile 
compounds found in exhaled breath. These advances go  
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beyond simple measurement of isotope abundances, allow-
ing for high-resolution discrimination and detailed character-
ization of these volatile biomarkers [3].  

Exhaled air analysis has been performed in patients with 
different pathologies including chronic obstructive lung dis-
ease, cancer, asthma, lung cancer, diabetes, arthritis, heart 
failure, gastric cancer, chronic kidney disease, colorectal 
cancer, hepatocellular carcinoma, malignant pleural meso-
thelioma, bladder cancer, pancreatic ductal adenocarcinoma, 
gastro-oesophageal cancer, peritonitis-shock, head and neck 
squamous cell carcinoma, multiple sclerosis and Parkinson’s 
disease [4-42].  

While recent advancements in technology and therapeu-
tic strategies for cardiovascular disease hold promise, accu-
rately pinpointing the source of specific VOCs in exhaled air 
remains a formidable scientific challenge. The composition 
of exhaled breath is influenced by a complex interplay of 
factors, both endogenous and exogenous. Endogenous fac-
tors encompass the overall health of the organism, including 
the presence of cardiovascular pathologies. However, exog-
enous factors such as smoking exert a significant and often 
confounding influence on the breath profile. For example, 
studies have shown that compared to non-smokers, exhaled 
breath from smokers contains as many as 80 additional mol-
ecules, predominantly unsaturated hydrocarbons including 
29 dienes, 27 alkenes, and 3 alkynes. This highlights the 
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critical need for sophisticated analytical techniques and ro-
bust study designs to effectively disentangle the intricate 
web of contributions and accurately attribute VOCs to their 
specific biological origins [43].  

Additionally, the precision and greater chance of detec-
tion of some volatile organic compounds require special pre-
conditions including the selection of the relevant breath frac-
tion, the type of breath collection container (if used), and the 
preconcentration technique [44]. Sampling of the late expira-
tory breath is preferred to get a greater endogenous contribu-
tion [44]. Moreover, the breath collection containers must 
not induce condensation on the collected sample, potentially 
altering VOC composition. This necessitates the develop-
ment of optimized protocols for collecting, processing, and 
evaluating the results of exhaled breath analysis [44].   

Despite the advancements in therapeutic strategies and 
technologies, cardiovascular disease (CVD) remains the 
leading cause of mortality and morbidity worldwide [45]. 
Tragically, every second, one person succumbs to CVD 
worldwide [46]. Despite the energy deprivation caused by 
ischemic heart disease, myocardiocytes employ compensato-
ry mechanisms to survive and resist ischemic damage. This 
involves activating specific signaling pathways that increase 
the necrosis threshold, allowing myocardiocytes to enter a 
dormant state to conserve energy. Moreover, myocardiocytes 
enhance autophagy, a cellular recycling process, to strength-
en the cellular antioxidant defense system and further reduce 
energy expenditure [47-60]. To enhance cardiometabolism, 
exogenous applications of various activators can be em-
ployed, including glycolysis activators, Sirt1 or 3 activation 
(autophagy induction through NAD+ administration and 
deacetylation), ketone oxidation promotion, pyruvate dehy-
drogenase complex activation (glucose oxidation), and hex-
osamine biosynthesis pathway activation (O-GlcNAcylation; 
administration of glucosamine/glucose). These approaches 
have shown promising cardio-therapeutic effects [61, 62]. In 
contrast, inhibiting mitochondrial oxygen consumption, the 
malate-aspartate shuttle, mitochondrial succinate metabolism 
(malonate), fatty acid oxidation (CD36 inhibitors, malonyl-
CoA decarboxylase inhibitors), or disrupting FOF1-ATPase 
dimer stability and/or weakening the association of hexoki-
nase II or creatine kinase with mitochondria can negatively 
impact mitochondrial cristae structure and function [61]. 
Current research on using exhaled breath analysis for diag-
nosis, follow-up of treatment regime, early prevention, and 
determination of prognosis in CVD patients remains in the 
development phase.  

2. EXHALED AIR CHANGES IN CARDIOVASCULAR 
DISEASE 

Part of the components of the exhaled air originate en-
dogenously from the cellular and subcellular level as well as 
exogenously from the respiratory airways. The components 
of exhaled air demonstrate the metabolic changes in the or-
ganism, including cardio-metabolic changes [63]. Identifica-
tion of the components of the exhaled air is essential to de-
velop criteria for the diagnosis of various pathologies [64]. 
Unfortunately, current preclinical and clinical studies are not 
sufficient to produce a clinical recommendation for a rapid, 
safe, and non-invasive method for diagnosis, prevention, and 
prognosis identification through exhaled breath analysis.  

In healthy individuals, exhaled air compounds include 
several organic and non-organic components, N2 (78%), O2 
(17%) and CO2 (4%), other (1%). Organic volatile com-
pounds in exhaled air in healthy individuals include and are 
not limited to hydrocarbons (24), ketones (10), terpenes (8), 
heterocyclic compounds (7) and aromatic compounds (7) 
[65]. In addition, there are several types of aldehyde in the 
exhaled air of healthy individuals.  A recent clinical study on 
26 healthy volunteers using ion flow tube-mass spectrometry 
(SIFT-MS) demonstrated that in between all the types of 
aldehydes (C3-C10), the Propanal was the most abundant in 
the exhaled air of the healthy volunteers [66]. In addition, 
acetone and isoprene (mean 950 and 130 ppb, respectively) 
have been found to be the most abundant in the exhaled air 
of healthy people (Table 1) [65].   

3. EXHALED AIR IN DETERMINATION OF THE 
PROGNOSIS OF THE CARDIOVASCULAR DISEASE  

VOCs can be assessed using several methods, including 
real-time mass-spectrometry (SESI-HRMS (secondary elec-
trospray ionisation - high-resolution MS), SIFT-MS (selec-
tive ion flow tube mass spectrometry) or PTR-MS (proton 
transfer reaction mass spectrometry)), gas chromatography 
coupled with single quadrupole mass spectrometry (GC/MS) 
[33, 67-70]. However, the most reliable method with ultra-
high specification (due to chromatographic separation)  and 
sensitivity ( parts per trillion)  is MS coupled with gas chro-
matography (GC / MS), which is used in an offline method 
[16, 71-75].  However, the offline method is not helpful in 
terms of sample storage and transportation, where chemical 
reactions (sorption effect 50% in 3-6 hours) occur in be-
tween stored molecules leading to the loss of their original 
features [76, 77]. Direct mass spectrometry in real time is the 
method of choice to assess the VOCs of exhaled breath anal-
ysis (Table 2) [75]. 

Single quadrupole MS is the most common type of mass 
spectrometer used in GC/MS, but other types of mass spectrome-
ters can also be used, such as time-of-flight (TOF) and ion trap. 

GC/MS is the gold standard technique for many applica-
tions, but PTR-MS and SESI-HRMS offer advantages in 
terms of speed, sensitivity, and capability for real-time anal-
ysis. 

The limitations of GC / MS are the relatively long time 
of a single analysis and often labor-intensive sample prepa-
ration, the fragmentation of the original molecule that reduc-
es the research efficacy in the case of multicomponent gas 
mixtures that include human exhalation in real time [78, 79]. 
However, to overcome these limitations, a novel method has 
been developed by adding multidimensional gas chromatog-
raphy (MDGC) to increase its resolution and lower its detec-
tion limits even further  (Table 3) [78].  The basic principle 
of the SIFT-MS is to ionize the Volatile organic compound 
from a donor of electron (H3O+, NO+ and O2+) [76].  

The proton transfer reaction mass spectrometry method 
(PTR-MS) can detect molecules with affinities greater than 
166.5 kcal/mol (H2O), which helps to prevent the ionization 
of N2, O2, and CO2 in the exhaled air [80]. The efficacy of 
the PTR-MS method in detecting various alkenes, alcohols, 
aldehydes, aromatics, ketones, nitriles, and sulfides has been 
observed [81]. 
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Table 1. Numerous studies have investigated the potential of exhaled breath analysis to distinguish between different groups of 
patients with cardiovascular disease by measuring the levels of specific volatile organic compounds (VOCs). 

Study VOCs Measured Participants Key Findings 

Exposure to Volatile Organic Compounds - 
Acrolein, 1,3-Butadiene, and Crotonaldehyde - 
is Associated with Vascular Dysfunction [100].  

Alkenes, alkynes, benzene, tolu-
ene, ethyl benzene, xylene 

(BTEX) compounds 
Not specified 

Total VOC exposure associated with 
increased blood pressure, heart rate, 

and cardiovascular risk factors 

Environmental exposure to volatile organic 
compounds is associated with endothelial inju-

ry [100].  
Not specified 

375 non-smoking partic-
ipants with low to severe 

CVD risk 

VOC exposure linked to deficits in 
endothelial repair capacity, vascular 

injury, and increased CVD risk 

Identifying the cardiovascular effects of multi-
ple pollutants [101]  

CEMA, 3HPMA, DHBMA, 
MHBMA3, HPMMA 

Not specified 
VOC metabolites significantly associ-
ated with blood pressure, suggesting 
an impact on cardiovascular health 

Volatile organic compounds exposure and 
cardiovascular effects in hair salons [102]  

Not specified Not specified 
Occupational exposure to VOCs in 

hair salons associated with cardiovas-
cular effects 

Portable Breath-Based Volatile Organic  
Compound Monitoring for the Detection of 

COVID-19 [103]  

Peak identification No. 17, 49, 
91, and 94 

167 participants 
Four VOC biomarkers identified to 
distinguish between COVID-19 and 

non-COVID-19 patients 

Table 2. The selection of the most appropriate mass spectrometry technique for exhaled breath analysis is contingent upon the 
specific requirements of the analysis, including the type of sample, the degree of sensitivity required, and the level of identification 
desired. 

Mass Spectrometry 
Technique 

Coupling Processing Steps Limitations Strengths 

GC/MS 
Gas chromatog-

raphy 

Sample injection, separation in GC 
column, ionization (typically electron 
impact), mass analysis in quadrupole 

mass spectrometer 

Limited to volatile and ther-
mally stable compounds, com-

plex spectra for mixtures 

High sensitivity, good separation 
of components, well-established 

technique 

PTR-MS 
Direct sample 
introduction 

Ionization with protonated water 
vapor (H3O+), mass analysis in quad-

rupole mass spectrometer 

Limited to volatile compounds 
with higher proton affinity 

than water, interference from 
water vapor 

Real-time analysis, high sensitivity 
for VOCs, simple spectra 

SESI-HRMS 
Direct sample 
introduction 

Sample desolvation, ionization with 
corona discharge, mass analysis in 
high-resolution mass spectrometer 

Requires line-of-sight access 
to sample, potential matrix 

effects 

Excellent mass accuracy and reso-
lution, allows identification of 

unknown compounds, suitable for 
complex samples 

Table 3. A table summarizing the processing steps, limitations, and strengths of the multidimensional gas chromatography 
(MDGC). 

Processing Steps Limitations Strengths 

Initial sample preparation - Time-consuming - Efficient separation of complex mixtures 

Injection and separation 
- High technical expertise  

required 
- Enhanced resolution and separation of closely related compounds 

Detection - Complex data analysis - Sensitive detection of low-abundance compounds 

Data processing and interpreta-
tion 

- Specialized software re-
quired 

- Comprehensive profiling of volatile organic compounds (VOCs) and their metabo-
lites 
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Fig. (1). Diagram presentation of damaged myocardiocytes produces reactive oxygen species (ROS) and further organelles membrane perox-
idation and cell membrane peroxidation. The lung removes the cardiometabolic byproducts from the circulation in trace amounts in form of 
volatile compounds that detected by the real-time GC/MS. (A higher resolution / colour version of this figure is available in the electronic 
copy of the article). 
 

In terms of cardiovascular disease, the components of 
exhaled air include elevation in exhaled breath acetone lev-
els in patients with heart failure [82]. Furthermore, the re-
sults of the spectrophotometry (mean concentration of ace-
tone is 0.6 ug/L (minimum-maximum, 0.3-1.2) showed that 
the acetone level is dependent on the stage of heart failure, 
including the involvement in heart failure and liver biochem-
ical analysis disturbance [27]. The study results of the hazard 
ratio by the Cox proportional multivariate regression model 
confirmed that the acetone level of  > 1.20 ug/L is associated 
with a poor prognosis in patients with heart failure with a 
mean left ventricle ejection fraction of 32 ± 8.6% [27]. Sug-
gesting that a high level of exhaled breath acetone is related 
to right heart failure and mortality as well as the patient’s 

prognosis. An additional study using selected ion flow tube 
mass spectrometry (SIFT-MS) showed that patients with 
acute decompensated heart failure have an elevated pentane 
level in exhaled breath analysis [83].  

Isoprene has been described to be related to various 
CVDs, which requires further investigation to confirm its 
correlation as well as specificity and sensitivity [84]. Bio-
chemically, isoprene is a byproduct of cholesterol synthesis 
[85].  

Additional studies in terms of ischemic heart disease; 
stable coronary artery disease (SCAD), post-myocardial in-
farction patients (post-MI), and different types of arrythmias 
are underestimated and require further elucidation (Fig. 1). 
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4. EXHALED AIR ANALYSIS; CURRENT APPLICA-
TIONS AND FUTURE CHALLENGES FOR CLINI-
CAL IMPLICATION    

The current challenges in applying exhaled breath analy-
sis in diagnosis, treatment follow-up, prevention, and prog-
nosis determination stem from the heterogeneity of existing 
exhaled breath analysis methods. This methodological diver-
sity leads to discrepancies in exhaled breath analysis results, 
necessitating careful selection of sample and technique to 
minimize bias. The sample should come from individuals 
residing in a homogenous environment with well-
characterized atmospheric components, and all samples 
should undergo analysis using a single standardized method, 
such as on-line gas chromatography-mass spectrometry 
(GC/MS) analysis of end-stage exhalations. Exhaled breath 
analysis has shown promising potential for detecting coro-
nary artery disease (CAD) in patients with chest pain [86].   

Classically, patients with heart failure, especially chronic 
variant, are associated with pulmonary inflammation which 
makes the conformation of the origin of the volatile organic 
compounds in the exhaled breath analysis [87, 88]. It is sug-
gested that a kind of physical excretion is required to con-
firm the source of the compounds in the exhaled air [89]. 
One of the common compounds is nitric oxide (NO), which 
is closely related to cardiovascular disease due to the seque-
lae of endothelial cell dysfunction [83, 90, 91]. In cardiomy-
opathy patients, the NO level is observed to be elevated in 
the exhaled breath analysis.  

The proposed diagnostic method is to improve the diag-
nostic accuracy of the classical physical stress methods such 
as bicycle ergometry in terms of ischemic heart disease de-
tection. The physical stress test is combined with the exhaled 
breath analysis. The patient is asked to breathe directly into 
the mass spectrometer immediately after completion of the 
physical stress test, within a minute, and again after 3-5 
minutes from the first breathing, within a minute. The pa-
tients must not clean their teeth with toothpaste or drink or 
eat (only water is allowed) for 6-8 hours before the breathing 
test. This can be performed for patients with negative, sus-
pected, and positive results on the physical stress test to in-
crease the sensitivity of the test in detection of the ischemic 
heart disease.   

Several challenges need to be addressed before readily im-
plementing the exhaled breath analysis in the diagnosis of 
ischemic heart disease in clinical practice. Including the heter-
ogeneity of methods (diverse sampling and analysis tech-
niques lead to inconsistent results, requiring standardization), 
data preprocessing (difficulty in analyzing and interpreting the 
massive amount of data from exhaled breath), source confir-
mation (distinguishing between lung-derived VOCs and those 
originating from other organs, particularly in patients with 
lung or blood vessel inflammation), and specificity and sensi-
tivity (identifying reliable biomarkers specific to CVD and 
differentiating them from background noise). 

5. DISCUSSION  

The current obstacles that prevent using the exhaled 
breath analysis in clinical practice is the difficulty in analyz-
ing the data preprocessing step of the exhaled breath [92].  

The presence of VOCs in exhaled air provides evidence 
that the lungs play a crucial role in the body's defense mech-
anism by clearing toxic substances from the bloodstream. 
Studies using animal models have demonstrated the lung's 
ability to eliminate metabolic byproducts associated with 
various pathologies affecting different organs, including 
acute inflammatory pancreatitis, acute purulent pancreatitis, 
acute inflammatory localized and generalized peritonitis, and 
acute purulent localized and generalized peritonitis [93]. 
Thus, impairment of the lung's defense function due to con-
genital or infectious diseases diminishes the lungs' defense 
capacity, ultimately enhancing the likelihood of detecting the 
metabolomic byproducts of the targeted organ 

Moreover, inflammatory pathologies of the blood ves-
sels, including various types of vasculitis, are crucial for 
detecting the final metabolomic byproduct in exhaled air. 
This is because these products, during their transportation 
through the bloodstream, have the potential to interact with 
inflamed vessels and alter their chemical properties, leading 
to a distinct final metabolic byproduct in exhaled air [94].  
Therefore, selecting patients who are volunteered for a clini-
cal trial requires a full evaluation of the concomitant diseases 
and then progress with them. 

Identification of the origin of the VOCs requires the de-
termination of the components concentration of the room 
atmosphere (depending on the living place of the individual) 
and then the exhaled breath air compounds exhaled in 
healthy people [43]. Subsequently, the level of VOCs of 
exhaled breath in patients with CVD is assessed.  

The analysis of exhaled breath air has been examined in a 
single prospective study to identify the last weeks of life in 
patients with lung cancer [7]. The results were supportive of 
claiming that reduction in some biomarkers and elevation in 
others in the exhaled air is related to the last days “dying 
period” of these patients [7]. Suggesting that metabolic 
changes in the pathways of the affected tissue are perturbat-
ed and result in releasing of these pathological substances in 
the circulation then to the lung and further evacuation with 
the air [95]. These biomarkers (pentanal, hexanal, and 
heptanal) originated from lipid peroxidation of the lung can-
cer cells [96]. However, these biomarkers vary according to 
the exhaling breath sampling and analysis used, where the 
preconcentration method is preferred in detecting unsaturat-
ed aldehydes [96]. Additionally, ethane is an additional bi-
omarker of lipid peroxidation and has a direct correlation 
with the plasma lactate dehydrogenase level and C-reactive 
protein in patients with interstitial lung disease [97, 98]. In 
the context of CVD, the larger the ischemic zone, the higher 
the lactate dehydrogenase (LDH) level and consequently, the 
higher the ethane level in exhaled breath analysis. Subjecting 
patients with stable CAD to stress tests like treadmill or cy-
cle ergometry can lead to impaired oxygen delivery to heart 
tissue and increased reactive oxygen species generation. This 
results in peroxidation of mitochondrial lipid membranes, 
organelles, and cell membranes. This, in turn, alters myocar-
diocyte metabolism from fatty acid beta-oxidation to glycol-
ysis, leading to low ATP production and increased lactic 
acid formation (by lactate dehydrogenase). The final meta-
bolic byproduct of lactate dehydrogenase, ethane, is detecta-
ble in exhaled breath [98]. Therefore, we propose that the 
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ethane level in exhaled breath analysis reflects the severity 
of ischemic heart disease (IHD) and, consequently, the risk 
of death from CVD within the next 10 years. This suggests 
that ethane analysis has the potential for early prophylaxis of 
CVD, assessment of CVD risk, evaluation of IHD severity, 
prognostication of IHD patients, and monitoring treatment 
response. However, further research on patients with IHD is 
required to validate this hypothesis. 

An ongoing clinical trial is conducted by Basheer A. 
Marzoog and Co-authors to examine the changes in the ex-
haled breath in patients with ischemic heart disease con-
firmed by the post-stress myocardial perfusion defect using 
stress myocardial perfusion computer tomography, 640 slice 
device with 0.5 mm thickness of the slice (NCT06181799). 
Additionally, the clinical trial uses special machine learning 
models to interpret the results of the single channel electro-
cardiography in the diagnosis of ischemic heart disease.  

Performing a physical activity load in the form of tread-
mill or bicycle ergometry is to assess the fact that these vola-
tile organic compounds most likely originated from the is-
chemic heart. Therefore, we suggest performing on-line 
GC/MS for patients with ischemic heart disease (ex. SCAD) 
with/ without different stages of SCAD before the physical 
excretion/ peak (can consider ECG depression > 1 mm as a 
peak) /after physical excretion (return heart rate to the origi-
nal before the physical load) [99-103] and then compare the 
results with a control group for validation. Additionally, 
changes in the breathe can be used to correlate with the de-
velopment of atherosclerosis in various vessels.  

CONCLUSION  

Exhaled breath analysis holds promise as a multifaceted 
strategy for the diagnosis, treatment, prevention, and prog-
nosis assessment of various conditions, including CVD. Ex-
haled air harbors a diverse array of VOCs that serve as bi-
omarkers of overall health, including cardiovascular health. 
The composition of exhaled breath fluctuates in response to 
alterations in various body systems and organs. However, 
the implementation of exhaled breath analysis in clinical 
settings faces challenges due to the heterogeneity of existing 
methods. This methodological diversity leads to discrepan-
cies in exhaled breath analysis results, highlighting the im-
portance of careful sample selection and technique optimiza-
tion to minimize bias. 

A review of the literature reveals inconsistencies in re-
ported exhaled breath analysis findings, attributable to the 
heterogeneity of employed methods and factors affecting the 
accuracy of real-time GC/MS analysis. To harmonize these 
results, a systematic clinical trial is warranted, featuring me-
ticulous sample selection based on smoking status, concomi-
tant diseases, living environment, occupation, and alcohol 
consumption. These factors play a crucial role in altering 
exhaled breath VOC profiles. Further investigations on pa-
tients with ischemic heart disease are necessary to validate 
the proposed hypothesis regarding exhaled breath analysis's 
potential for diagnosing and prognosticating CVD. 

LIST OF ABBREVIATIONS  

VOCs = Volatile Organic Compounds 

CVD = Cardiovascular Disease 
SESI-HRMS = Secondary Electrospray Ionisation - High-

Resolution Mass Spectrometry 
PTR-MS = Proton Transfer Reaction Mass Spectrome-

try 
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