
Vol.:(0123456789)

Journal of Science in Sport and Exercise 
https://doi.org/10.1007/s42978-025-00331-1

ORIGINAL ARTICLE

Novel Correlations Between Lung Function and Gut 
Microbial‑Produced VOCs in the Exhaled Breath of Ultramarathon 
Runners: Insights from the 2019 Ultra‑Trail du Mont Blanc

Hsuan Chou1   · Amy Craster1 · Kayleigh Arthur1 · Billy Boyle1 · Max Allsworth1 · Eli F. Kelley2 · Glenn M. Stewart2,3 · 
Courtney M. Wheatley‑Guy4 · Jesse Schwartz2 · Caitlin C. Fermoyle4,5 · Briana L. Ziegler2 · Kay A. Johnson2 · 
Paul Robach6 · Patrick Basset7 · Bruce D. Johnson2

Received: 4 November 2024 / Accepted: 19 March 2025 
© Beijing Sport University 2025

Abstract
Purpose  Volatile organic compounds (VOCs) in exhaled breath change significantly after ultramarathons and could help 
monitor athletes’ physiological status to optimize training. In this study, we investigated how breath VOCs are linked to 
clinical variables that reflect the cardiovascular and respiratory system.
Methods  Correlation analysis was performed between blood and respiratory data collected in pre- and post-race samples from 
24 elite runners who participated in the 2019 Ultra-Trail du Mont Blanc (UTMB®) ultramarathon. Correlation analysis was 
then performed between these clinical data and previously published breath VOC data collected from the same individuals.
Results  Post-race clinical data showed decreased lung function compared to pre-race. Notably, respiratory parameters, 
vital capacity (VC) and forced expiratory volume (FEV1), showed positive moderate correlation with VOC 2,3-butanediol 
(r = 0.53, r = 0.63), a compound produced by bacterial metabolism. We hypothesize that the increase in 2,3-butanediol in 
post-race breath results from exercise-induced changes in gut microbiome activity, potentially protecting against lung injury. 
Additionally, correlations between lung function and respiratory muscle function strengthened post-race (VC/FEV1, r = 0.67 
to r = 0.84; forced vital capacity (FVC)/maximal expiratory pressure (MEP), r = 0.57 to r = 0.75; FEV1 and MEP, r < 0.5 to 
r = 0.73). This suggests that exercise-induced changes in gut microbiome activity may indirectly influence these functions.
Conclusion  Our findings support the notion of an intricate relationship between exhaustive exercise, altered gut microbiome 
activity, and lung function, and together they can influence the physiological status and performance of athletes.
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Introduction

Exhaustive exercise, including ultramarathon running, can 
induce physiological changes in the lungs and other parts 
of the body [22, 24, 25, 26, 29]. Blood biomarkers have 
been shown to reflect metabolic changes in ultramarathon 
runners [13, 16], however, the process of drawing blood 
multiple times for longitudinal analysis can be daunting 
and impractical for participants. Alternatively, breath sam-
pling, a non-invasive approach for understanding physi-
ological changes, has been on the rise for biomarker devel-
opment in the last few decades [5]. The volatile organic 
compounds (VOCs) detectable in breath can be derived 
from metabolic processes, and literature has reported 
VOCs abundance changes in breath that are associated 
with inflammation (including alkanes and aldehydes), or 
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altered gut microbiome activity (including short-chain 
fatty acids) [15, 20]. Several studies have demonstrated the 
changes of exhaled breath VOCs resulting from exercise 
[2, 9, 12], and the first study comparing exhaled breath 
VOC changes in ultramarathon runners before and after 
the race was recently published [4]. The findings suggested 
the involvement of fatty acid oxidation, inflammation, and 
possible altered gut microbiome activity [4]. However, it 
remains unclear if these VOC changes, especially those 
produced by bacterial metabolism, are related to the effects 
of running an ultramarathon on the respiratory system, 
respiratory muscle fatigue, or the cardiovascular system.

The potential impact of lung function on ultramara-
thon performance has been reported [23], with negative 
associations found between performance and forced vital 
capacity (FVC), forced expiratory volume in one second 
(FEV1), and peak expiratory flow (PEF). The decreases in 
lung function post-race are unlikely to be a clinical con-
cern as most runners remain above the lower limits of nor-
mal, although those with preexisting respiratory disorders 
(e.g., asthma) may be affected [26]. On the other hand, 
abundance change in specific gut microbes post-marathon 
and the impact on metabolic changes has been reported 
[25], and cross-talk between the gut microbiota and lung 
diseases has been proposed [31]. Although decreased lung 
function in post-race differs from the more complexed 
pathophysiological changes in lung diseases, studying the 
physiological changes of ultramarathon runners provides 
an opportunity to look at the cross-talk between gut micro-
biota changes and lung function. The understanding of 
these complex relationships may provide a more holistic 
view on the impacts of ultramarathon running. Addition-
ally, the non-invasive and side-effect-free sampling and 
analysis of breath biomarkers may potentially be used for 
optimizing athlete’s training for better performance.

In this study, we aim to determine whether changes 
in exhaled breath VOCs during ultramarathon running, 
particularly those produced by bacterial metabolism, 
are linked to alterations in the respiratory and the car-
diovascular systems. While logistically challenging, we 
have collected and analyzed clinical variables, including 
blood data, lung function data, forced oscillation technique 
measurements, and other data from a small group of elite 
runners who participated in the 2019 Ultra-Trail du Mont 
Blanc (UTMB®) ultramarathon. Through establishing 
the relationship between these clinical variables and the 
previously published exhaled breath VOCs that showed 
significant changes in the same participants [4], we pre-
sent a novel connection between lung function FEV1, vital 
capacity (VC), and the gut microbial-produced 2,3-butan-
ediol in post-race samples, allowing a comprehensive view 
of the physiological changes occurring in ultramarathon 
runners.

Methods

Study Population and Design

The protocol was approved by both the Mayo Clinic Insti-
tutional Review Board and the Comite de Protection des 
Personnes (CPP) Sud-Ouest Et Outre-Mer II. All aspects 
of the study conformed to the Declaration of Helsinki 
and Health Insurance Portability and Accountability Act 
(HIPAA) guidelines, and all participants provided written 
informed consent. Thirty-two healthy participants in the 
2019 UTMB ultramarathon volunteered for the study. The 
UTMB (171 km, ~ 10,000 m ascent, Fig. 1) commenced 
in Chamonix, France, between August 26th to September 
1st, and the course undulates through alpine regions that 
remain predominantly above 1000 m with intermittent 
bouts of altitude exposure over 2500 m.

Participants were asked to visit a dedicated laboratory 
space for physiological measurements 24–72 h before (pre) 
and 1–4 h (post) after participating in the UTMB. The 
varied collection times are limitations associated with col-
lecting breath samples in a real-world setting, though no 
clear separation was found in PCA in the breath VOC pro-
files by collection time [4]. During each visit, participants 
completed a series of physiological assessments, including 
blood sampling, pulmonary function testing, breath VOC 
collection, and a submaximal cycling exercise (intensity 
at 20-, 30- & 40-W with each stage lasting for 3 min) 
to assess simultaneous lung diffusion (Fig. 1). Data for 
cycling was collected at rest (averaged with two dupli-
cates) and at the last 30 s of exercise; the design allows for 
increased cardiac output and ventilation while remaining 
manageable for participants in the post-race setting.

Breath Collection and Analyses

Breath samples for VOC analysis were collected using 
the ReCIVA® Breath Sampler (Owlstone Medical), a 
detailed method for sample collection, analysis, and data 
processing can be found in the previous publication [4]. 
Briefly, collected samples were analyzed by thermal 
desorption-gas chromatography mass spectroscopy (TD-
GC-MS) using the Breath Biopsy Platform including GC-
Orbitrap™. The analysis was followed by feature extrac-
tion using Compound Discoverer (v 3.2) (deconvolution 
of features) and a list of features was identified via the 
in-house Breath Biopsy high resolution accurate mass 
(HRAM) library of chemicals. The relative abundance 
of identified VOCs was quantified through comparison to 
eight deuterated internal standard compounds. The final 
analysis consisted of 48 breath samples from 24 subjects, 
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with each subject sampled pre- and post-race. Wilcoxon 
signed rank test was used to determine whether the peak 
area of each VOC differed significantly between pre- and 
postrace breath samples. The Benjamini–Hochberg False 
Discovery Rate was used to adjust P-values for multiple 
testing. Due to the difficulty of ultra-trail events, subjects 
were not requested to fast prior to giving breath samples.

Clinical Data Collection

Venous blood samples were extracted into 4 mL lithium hep-
arin and EDTA vacutainers via venipuncture for subsequent 
analysis. Cardiac troponin I (cTnI), brain natriuretic peptide 
(BNP), creatine kinase-MB (CK-MB), glucose (Glu), lac-
tate, urea nitrogen (BUN), creatinine (Crea), base excess 
(BE), Partial pressure of Carbon Dioxide (PCO2) and acid-
ity level (pH) were assessed from whole fresh venous blood 
using a commercially available portable blood analyzer and 
cartridges (i-STAT Corporation, New Jersey, USA).

Pulmonary function testing was performed following 
the guidelines prescribed by the American Thoracic Soci-
ety (ATS) and European Respiratory Society (ERS) [6, 
8]. Spirometry measures, including forced vital capaci-
ties (FVC), forced expiratory volume in 1-s (FEV1), vital 
capacities (VC), forced expiratory flow between 25% and 
75% of FVC (FEF25-75), and expiratory reserve volume 
(ERV) were assessed using a portable spirometer and soft-
ware (Breeze Suite 8.5 and CPFS/D USB™, Medgraphics 
Corporation, Minnesota, USA). Respiratory muscle testing, 
including Maximal Inspiratory Pressure (MIP) and Maxi-
mal Expiratory Pressure (MEP) was performed using a 
Micro RPM system (Vyaire™, Mettawa, IL) following the 
ATS/ERS guidelines [1]. Respiratory mechanics, including 

inspiratory/expiratory total airway resistance and reactance 
were measured via a Forced Oscillation Technique (FOT) 
with a Resmon Pro® (MCG Diagnostics, Saint Paul, MN) 
following the ERS guidelines [11]. Fractional exhaled 
nitric oxide (FeNO) was measured using a handheld device 
(FeNObreath, Bedfont, Rochester, UK).

Transthoracic ultrasound (CX50 and S5-1 transducer, 
Philips Healthcare, Netherlands) was performed following 
the American Society of Echocardiography and European 
Association of Cardiovascular Imaging guidelines [19]. As 
a measure of extravascular lung fluid, the number of B-lines 
of ‘comet tails’ present during lung ultrasound was deter-
mined via transthoracic sonography, as previously described 
[21, 28].

Simultaneous measurements of lung diffusing capacity 
for carbon monoxide (DLco) and nitric oxide (DLno), car-
bon monoxide membrane conductance (Dmco), and capil-
lary blood volume (Vc) were assessed using a single-breath 
technique in a semi-recumbent position at rest and during 
three stages of cycling exercise (Fig. 1). The assessment of 
lung diffusion during exertion offers a more sensitive assess-
ment of pulmonary alveolar-capillary function rather than 
only at rest [7]. Details of the single-breath DLco/DLno 
technique and the calculation of Dmco and Vc have been 
previously published [7, 18, 30].

Statistical Analyses

All data were analyzed using the Python programming 
language (Python Software foundation, Python Language 
Reference, version 3.10.12 https://​www.​python.​org/). To 
determine whether the clinical variables differed between 
pre- and post-race, the Wilcoxon Signed-Rank test was 

Fig. 1   Schematic of the Study design. Experimental data collection is shown in chronological order. The chart illustrates the altitude variations 
and running distance during the 2019 UTMB ultramarathon

https://www.python.org/
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performed and variables with P-value < 0.05 were con-
sidered statistically significant. Spearman’s correlation 
analysis was also performed to determine the correlation 
between clinical variables pre- and post-race, as well as 
the correlation between clinical variables and VOCs pre- 
and post-race. Correlation coefficients between 0.5 and 
0.7 were considered moderate whereas > 0.7 were consid-
ered a strong correlation. Analysis on VOCs abundance 
change between pre- and post-race breath samples was 
performed with the Wilcoxon signed-rank test and previ-
ously published [4]. VOCs with an adjusted P-value < 0.05 
were considered to have strong evidence of an association 
with exhaustive exercise. The Benjamini–Hochberg False 
Discovery Rate was used to adjust P-values for multiple 
testing.

Results

Demographics, Clinical Variables, and VOCs

Participant demographics, clinical variables (blood and 
respiratory data) in pre-race and post-race samples, as well 
as breath VOCs with a significant fold change in post-race 
samples that are above background levels (breath VOC 
data are from previous published work [4]), are presented 
in Table 1. Blood data reflects the cardiovascular sys-
tem, and all variables except for pH reached statistical 
significance (P value < 0.05) between pre-race and post-
race samples. Lung function data reflects the respiratory 
system, and a significant decrease was found in variables 
FEV1 (P = 0.01), FVC (P = 0.0002), and VC (P = 0.0001) 
in post-race samples. Forced oscillation technique and 
additional data reflect respiratory mechanics and respira-
tory muscle fatigue, respectively. Significant changes 
were found in variables expiratory reactance (X5exsp, 
P = 0.001), FeNO (P < 0.001), comet tails (P < 0.001), 
MIP (P < 0.001), and MEP (P < 0.002) between pre-race 
and post-race samples. Lung diffusion capacity (DLco, 
DLno, and Vc) was assessed simultaneously during a sub-
maximal cycling exercise before and after the race (Fig. 1). 
The cycling exercise was designed at a low intensity to 
increase cardiac output while minimizing the risk of non-
completion of the exercise stages in the post-race period. 
The results showed lower lung diffusion capacity in post-
race than pre-race samples regardless of whether at rest 
or at the different stages of the cycling test. However, the 
delta (stage 3 versus at rest) lung diffusion capacity data 
showed no significant differences between pre-race and 
post-race samples. This suggests that despite lowered lung 
diffusion capacity upon running an ultramarathon, it did 
not have an effect on the submaximal cycling exercise.

Correlation Between Different Clinical Data in Pre‑ 
and Post‑race

To investigate whether there is a relationship between the 
cardiovascular system, the respiratory system, respiratory 
mechanics, and respiratory muscle fatigue, and how ultra-
marathon running affects these relationships, we performed 
a Spearman correlation analysis on significantly altered clin-
ical variables resulting from exhaustive exercise (Table 1). 
Interestingly, only respiratory related variables formed at 
least a moderate correlation (r > 0.5) in pre- and post-race 
samples (Table 2). Moreover, the results showed that the 
relationship between VC and FEV1 was strengthened after 
ultramarathon running (r = 0.67 in pre-race, r = 0.84 in post-
race), as well as FVC and MEP (r = 0.57 in pre-race, r = 0.75 
in post-race), indicating the impact of exhaustive exercise 
on lung function and respiratory muscle fatigue. We also 
observed a few blood and respiratory variables forming a 
moderate or strong correlation only in the post-race samples 
(Table 2). This suggests that these variables are independent 
under normal physiological conditions but may be indirectly 
affected by exhaustive exercise. Additionally, we performed 
correlation between race time and the clinical variables pre-
sented in Table 1 but observed no relationship.

Correlation Between VOC and Clinical Data in Pre‑ 
and Post‑race

We performed Spearman correlation analysis to understand 
whether the altered breath VOCs observed in the previ-
ous publication (Table 1) [4] are connected to the effects 
of running an ultramarathon on the cardiovascular system, 
the respiratory system, respiratory mechanics, and respira-
tory muscle fatigue. We observed VOCs 2,3-butanediol, 
2,3-butanediol isomer, and an unknown compound are 
correlated with specific clinical variables, particularly res-
piratory data and blood glucose (Table 3). However, these 
correlations are only found in post-race samples. Data inte-
gration and visualization shows that the correlation between 
these three VOCs and respiratory data are connected to the 
strengthened correlation between VC and FEV1, as well as 
FVC and MEP. This indicates that there may be an interac-
tive relationship between these VOCs and lung/respiratory 
muscle function as a result of exhaustive exercise (Supple-
mentary Fig. 1).

Discussion

The significant changes in breath VOCs reported in a pre-
vious publication suggested inflammation and altered gut 
microbiome activity in ultramarathon runners [4]. In this 
study, we explored how ultramarathon running affects the 
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Table 1   Demographics and clinical data presented with median and median absolute deviation

Total Participants: n = 21 (Male), n = 3 (Female)

Median Age: 38.8 ( ± 8.9) years

Variable Pre-race Post-race P- value

Blood Data
 pH 7.4 (0.0) 7.4 (0.0) 0.83
 BUN (mg/dL) 17.5 (3.5) 32.0 (5.0)  < 0.001
 BNP (ng/L) 16.0 (2.0) 93.0 (39.0)  < 0.001
 P CO2 (mmHg) 44.45 (3.85) 37.1 (4.5) 0.001
 cTnI (μg/L) 0.0 (0.0) 0.02 (0.02) 0.002
 CK-MB (μg/L) 5.05 (1.95) 77.5 (36.6)  < 0.001
 Glu (mg/dL) 90.0 (5.5) 104.0 (13.0) 0.01
 Lactate (mmol/L) 1.33 (0.295) 1.75 (0.36) 0.001
 BE (mmol/L) 2.0 (1.5)  – 2.0 (2.0)  < 0.001
 Crea (mg/dL) 0.9 (0.1) 1.1 (0.1)  < 0.001

Pulmonary Function Data
 FEV1 (L/s) 4.055 (0.64) 3.85 (0.53) 0.01
 FVC (L) 5.12 (0.81) 4.89 (0.52) 0.0002
 VC (L) 5.65 (0.1) 5.01 (0.55) 0.0001
 FEF25-75 (L/s) 3.47 (0.64) 3.34 (0.58) 0.58
 ERV (L) 1.58 (0.31) 1.77 (0.31) 0.49

Forced Oscillation Technique Data
 R5insp (cmH2O/(L/s)) 2.48 (0.68) 1.99 (0.38) 0.44
 R5exsp (cmH2O/(L/s)) 2.42 (0.54) 2.25 (0.56) 0.94
 X5insp (cmH2O/(L/s))  – 0.54 (0.23)  – 0.59 (0.20) 0.51
 X5exsp (cmH2O/(L/s))  – 0.5 (0.19)  – 0.66 (0.16) 0.001

Additional Data
 FeNO (ppb) 18.3 (6.0) 11.5 (5.0)  < 0.001
 Comet Tails (n) 0.0 (0.0) 3.5 (3.0)  < 0.001
 MIP (cmH2O) 116.0 (19.5) 104.5 (20.5)  < 0.001
 MEP (cmH2O) 163.5 (24.0) 129.0 (31.0) 0.002

Cycling Exercise Data
 Δ DLCO 5.49 (1.55) 4.94 (1.43) 0.55
 Δ DLNO 20.39 (8.17) 17.45 (8.07) 0.34
 Δ DmCO 14.97 (11.07)  – 1.92 (34.48) 0.12
 Δ Vc 15.04 (5.64) 13.66 (3.92) 0.68

VOC Median Fold Change (Post- relative to Pre-race) Multiple Testing 
Corrected P- 
value*

Breath VOC Data [2]
 Acetate 59.3 0.001
 Acetone 7.5 0.00003
 Isoprene 4.7 0.02
 2,3-Butanedione 3.9 0.0002
 Isopropyl Alcohol 3.8 0.0007
 2,3-Butanediol 2.8 0.00003
 4-Heptanone 2.7 0.03
 Methyl Vinyl Ketone 2.4 0.0006
 2-Butanone 1.8 0.0002
 2-Pentanone 1.6 0.0002
 Methyl Formate 2.08 0.0003
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relationships between various clinical variables and how 
exhaled breath VOCs are connected to these alterations. Our 
findings demonstrated: (i) strengthened correlation between 
VC and FEV1, as well as FVC and MEP from pre- to post-
race samples implying the impact of exhaustive exercise 
on lung function and respiratory muscle fatigue; (ii) strong 
correlation between MEP and FEV1 in post-race samples, 
implying an indirect impact by exhaustive exercise; and (iii) 
moderately positive correlation between FEV1 and micro-
bial-produced VOC 2,3-butanediol despite implications of 

decreased lung function post-race, suggesting a possible 
protection mechanism to ameliorate lung injury. Overall, 
there is a complex relationship between gut microbiome 
activity and respiratory function in the context of exhaus-
tive exercise.

As respiratory muscle function and lung function are 
intricately connected and mutually dependent, it is not 
surprising to observe a correlation between respiratory 
muscle strength and lung function parameters in both pre- 
and post-race samples. However, it is interesting to note 
that the correlation between MEP and FVC strengthened 
(r = 0.57 to r = 0.75) in post-race samples, despite both 
values decreasing (Tables 1 and 2). This finding suggests 
that ultramarathon running has an impact on expiratory 

VOCs are presented with median fold change
BUN Urea Nitrogen, BNP Beta-type Natriuretic Peptide, PCO2 Partial pressure of Carbon Dioxide, cTnl Troponin, CK-MB Creatinine Kinase 
MB, Glu Glucose, BE base excess, Create Creatinine, FEV1 Forced Expired Volume in 1  s, FVC Forced Vital Capacity, VC Vital Capacity, 
FEF25-75 Forced Expired Flow at 25%–75% of expiration, ERV Expiratory Reserve Volume, R5insp 5 htz median inspiratory resistance, R5exsp 
5 htz median expiratory resistance, X5insp 5 htz median inspiratory reactance, X5exsp 5 htz median expiratory reactance, FeNO Exhaled nitric 
oxide, MIP Maximum Inspiratory Pressure, MEP Maximum Expiratory Pressure, Dlco Lung diffusing capacity for carbon monoxide, Dlno Lung 
diffusing capacity for nitric oxide, Dmco membrane diffusing capacity for carbon monoxide, Vc Vital capacity
* The Benjamini–Hochberg False Discovery Rate was used to adjust P-values for multiple testing

Table 1   (continued)

VOC Median Fold Change (Post- relative to Pre-race) Multiple Testing 
Corrected P- 
value*

 Methyl Acetate 3.94 0.0001
 2,3-Butanediol (isomer) 3.70 0.00003
 1,4-Dimethylimidazole 16.67 0.02
 1,5-Dimethylimidazole 7.64 0.01
 MF343 0.094 0.02

Table 2   Correlation analysis between clinical variables in pre- and 
post-race samples

All variables here are at least moderately correlated (r > 0.5) with 
each other. Variables strongly correlated (r > 0.7) are in bold. Only 
variables with significant difference between pre- and post-race (see 
Table 1) are presented

Variables Variables Coefficient (r), 
pre-race

Coefficient 
(r), post-race

Variables correlate (r > 0.5) but no change between pre- and post-
race

 FVC VC 0.78 0.88
 FVC FEV1 0.95 0.87
 MIP FVC 0.53 0.63
 MIP VC 0.65 0.52

Variables correlate (r > 0.5) and strengthened (r > 0.7) in post-race
 VC FEV1 0.67 0.84
 FVC MEP 0.57 0.75

Variables correlate (r > 0.5) only in post-race
 BUN Lactate 0.51
 Glu FEV1 0.52
 cTnI CK-MB 0.62
 FEV1 MEP 0.73

Table 3   Correlation analysis between post-race significantly changed 
breath VOCs and Clinical variables

All variables here are at least moderately correlated (r > 0.5 or r <  – 
0.5) with each other. Variables strongly correlated (r > 0.7 or r <  – 
0.7) are in bold

VOCs Variables Coefficient 
(r), pre-race

Coefficient 
(r), post – 
race

2,3-Butanediol VC – 0.53
FEV1 – 0.63
Glu – 0.51

2,3-Butanediol (isomer) FEV1 – 0.55
Glu – 0.62

Unknown VOC (MF343) FEV1 –  – 0.72
FVC –  – 0.55
VC –  – 0.52
FeNO – 0.54
MEP –  – 0.56
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effort. Similarly, a strong correlation between MEP and 
FEV1 only emerged in post-race samples (r < 0.5 to 
r = 0.73) (Table 2). It is anticipated that these connections 
may weaken or disappear upon recovery from ultramar-
athon running. Further research is needed to determine 
whether the strengthened relationship between respiratory 
muscle function and lung function is associated with the 
duration and intensity of exercise or the fitness and train-
ing of athletes.

The physiological implications and potential origins of 
exhaled breath VOCs found significantly changed in post-
race runners (Table 1) have been discussed in great lengths 
previously [4]. In this study, we focused on the relationship 
between these VOCs and clinical metadata. We found VOC 
2,3-butanediol correlated with respiratory parameters FEV1 
and VC, and an unknown compound (MF343) correlated 
with FEV1, FVC, VC, and MEP (Table 3). However, the cor-
relations were only observed in post-race samples, not pre-
race samples, suggesting that these relationships are formed 
as a result of ultramarathon running. Through data integra-
tion and visualization, we found these correlations are linked 
to the altered relationships between VC and FEV1 in pre- 
and post-race suggest that ultramarathon running-induced 
changes in 2,3-butanediol may have an indirect impact on 
physiology (Supplementary Fig. 1).

2,3-Butanediol is a downstream product of glucose and 
is produced by the gut microbiota [17]. Cross-talk between 
the gut microbiota and lung diseases has been proposed 
[31]. While this study did not involve a disease cohort, 
the lung injury to which these runners are susceptible may 
share a similar underlying inflammation mechanism with 
lung diseases. Studies in cell culture and rats suggest that 
2,3-butanediol has an effect on activating innate immunity 
cells, ameliorating inflammation [10, 14]. Additionally, 
community shifts in gut microbiota have been found to be 
associated with lung function changes in COPD subjects [3]. 
Here, we hypothesize that the increased levels of 2,3-butan-
ediol observed resulted from exercise-induced alterations 
in gut microbiome activity, which may then ameliorate lung 
inflammation through an unknown protective mechanism 
(Fig. 2). A longitudinal analysis of VOCs and lung func-
tion from post-race to race-recovery would provide further 
insight. Moreover, studies aimed at investigating the involve-
ment of gut microbial products and their protective effects 
should consider administering antibiotics to deplete the gut 
microbiome in athletes undergoing exhaustive exercise. 
Alternatively, the increased 2,3-butanediol may act through 
flavin-containing monooxygenases (FMOs) to promote lipid 
metabolism as an alternative energy source when glucose 
is depleted [27]. The previously observed increase in lipid 
metabolism products aligns with this hypothesis, though 
whether FMOs are more expressed in response to physical 
activity has yet to be elucidated.

We also attempted to identify MF343, which was matched 
to tetrahydro-2-methylthiophene in the NIST library, but 
with poor peak shape. A reference standard confirmed it 
was not the suggested compound, therefore the identity of 
MF343 remains unknown. While the NIST library suggested 
other candidates, these compounds presented low scores and 
belonged to the thiophene chemical class. Thiophenes are 
Maillard reactions products, and therefore the likelihood 
of this compound being relevant to exercise physiology is 
low. Regardless, the findings of 2,3-butanediol in this study 
demonstrate the intricate relationship between exhaustive 
exercise, altered gut microbiome activity, and lung function.

There are several considerations concerning the interpre-
tation of the data in this study. First, we did not separate 
the clinical variable analysis by gender, as there were too 
few female subjects participating in the study to perform 
subgroup analysis with adequate statistical power. Second, 
although it is recommended to fast in moderation prior to 
breath VOC sampling, we recorded dietary and beverage 
intake but did not request subjects to fast in this study as 
it was not appropriate for the participants [4]. Therefore, 
increased glucose levels observed in post-race samples may 
have been proportionally influenced by dietary or beverage 

Fig. 2   Illustration of exhaustive exercise-induced alteration of the gut 
microbiome activity. We propose that increased levels of microbial 
product 2,3-butanediol in exhaled breath may ameliorate the reduced 
lung function caused by inflammation upon recovery from exhaustive 
exercise



	 Journal of Science in Sport and Exercise

intake. Other limitations of the study that were difficult to 
control include the participants’ age, body composition, 
race times, recovery times, hydration levels, training levels 
and cultural backgrounds [4]. Finally, while studies have 
suggested an association between gut bacteria and exercise-
induced metabolic changes [25], further research is needed 
to determine what specific bacteria are associated with the 
changes in 2,3-butanediol observed in this study.

To our knowledge, this is the first report correlating 
breath VOCs with clinical variables in the context of ultra-
marathon running. Despite the logistical challenges of data 
collection, the analysis provided a more comprehensive 
view, linking breath VOCs with clinical variables that reflect 
the cardiovascular and respiratory system.

Conclusion

Our findings suggest that there is a complex relationship 
between exhaustive exercise, altered gut microbiome activ-
ity, and lung function. We hypothesize that the production of 
2,3-butanediol results from the impact of exhaustive exercise 
on the gut microbiome, potentially providing a protective 
effect to ameliorate lung injury. As exhaled breath VOCs 
can reflect physiological changes in the human body, there is 
potential for non-invasive, side-effect-free breath biomarker 
applications to monitor athletes’ health and performance.
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