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Exhaled breath compositions 
under varying respiratory 
rhythms reflects ventilatory 
variations: translating breathomics 
towards respiratory medicine
Pritam Sukul1*, Jochen K. Schubert1, Karim Zanaty1, Phillip Trefz1, Anupam Sinha2, 
Svend Kamysek1 & Wolfram Miekisch1

Control of breathing is automatic and its regulation is keen to autonomic functions. Therefore, 
involuntary and voluntary nervous regulation of breathing affects ventilatory variations, which has 
profound potential to address expanding challenges in contemporary pulmonology. Nonetheless, the 
fundamental attributes of the aforementioned phenomena are rarely understood and/or investigated. 
Implementation of unconventional approach like breathomics may leads to a better comprehension of 
those complexities in respiratory medicine. We applied breath-resolved spirometry and capnometry, 
non-invasive hemodynamic monitoring along with continuous trace analysis of exhaled VOCs (volatile 
organic compounds) by means of real-time mass-spectrometry in 25 young and healthy adult humans 
to investigate any possible mirroring of instant ventilatory variations by exhaled breath composition, 
under varying respiratory rhythms. Hemodynamics remained unaffected. Immediate changes in 
measured breath compositions and corresponding variations occurred when respiratory rhythms were 
switched between spontaneous (involuntary/unsynchronised) and/or paced (voluntary/synchronised) 
breathing. Such changes in most abundant, endogenous and bloodborne VOCs were closely related 
to the minute ventilation and end-tidal CO2 exhalation. Unprecedentedly, while preceded by a paced 
rhythm, spontaneous rhythms in both independent setups became reproducible with significantly 
(P-value ≤ 0.005) low intra- and inter-individual variation in measured parameters. We modelled 
breath-resolved ventilatory variations via alveolar isoprene exhalation, which were independently 
validated with unequivocal precision. Reproducibility i.e. attained via our method would be reliable for 
human breath sampling, concerning biomarker research. Thus, we may realize the actual metabolic 
and pathophysiological expressions beyond the everlasting in vivo physiological noise. Consequently, 
less pronounced changes are often misinterpreted as disease biomarker in cross-sectional studies. We 
have also provided novel information beyond conventional spirometry and capnometry. Upon clinical 
translations, our findings will have immense impact on pulmonology and breathomics as they have 
revealed a reproducible pattern of ventilatory variations and respiratory homeostasis in endogenous 
VOC exhalations.

Human breath is a timeless source of in vivo metabolic, physiological/pathophysiological information, especially 
for lung conditions1–3. Practice in pulmonology and breathomics have gradually encountered ubiquitous con-
founders; among which subject’s own respiratory physiology associated variations (intra-/inter-individual) are 
crucial and evident4–6. As breathomics suffered from insufficient fundamental knowledge on the effects of ventila-
tory variations, despite many efforts, pilot findings differed during independent validations. Thereby, breathomics 
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couldn’t attain routine practice. Studies have witnessed fluctuations in cardiorespiratory variability (e.g. varying 
vagal tone, nonlinear cardiopulmonary coupling etc.) under voluntary and/or involuntary breathing7–9. Simple 
changes in ventilation/hemodynamics take place due to changes in breathing patterns10,11, oral/nasal routes11 
and postures12. Such changes immediately affect bronchopulmonary gas-exchange, which alters exhalation of 
end-tidal CO2 and volatile organic compounds (VOCs).

When alveolar sampling13 is combined with real-time mass spectrometry e.g. Proton Transfer Reaction 
Time-of-Flight Mass Spectrometry (PTR-ToF–MS)14, breath-resolved evaluation of physiology driven changes 
and variations in VOC exhalations are possible. Previously, we employed continuous VOC profiling to track 
minute but significant physiological fluctuations under varying respiratory flow, -exhalation kinetics, -forced 
expiration15 and under increased upper-airway resistances16. Thus, while VOC profiling enabled us to model 
complex physiological and metabolic variability17, we realised that any normal but unsupervised physiological 
effects during sampling may override the actual pathophysiological impression in obtained data. This may lead 
us to clinical misinterpretation of results. To overcome such hurdle, a comprehensive understanding of normal 
ventilatory variations and its play in bronchopulmonary gas- and VOC exchange is inevitable. We have learned 
that in order to minimize/discriminate physiological variations, one must maintain certain ventilatory attributes 
(i.e. sampling related) in any clinical study concerning breathomics.

Evidences showed that the control of breathing is mainly automatic and its regulation is keen to autonomic 
functions18. Thus, spontaneously breathing healthy subjects start to hyperventilate once they are asked to breathe 
normally19 and such effects are assumed to appear from the autonomic nervous regulation of the respiratory 
centre in human brain20. Therefore, those effects will certainly reflect in exhaled alveolar concentrations of 
VOCs, whose exhalation are partially or directly dependent on minute ventilation and/or on CO2 exhalation11. 
Ventilatory variability is known to cause random disturbances in arterial CO2 pressure levels, cardiac output 
and pulse pressure in human21,22. Despite its vast clinical scope and applicability23–25, the influences of breath-
resolved ventilatory variations (i.e. during unsynchronised/involuntary and synchronised/voluntary respiration) 
onto exhaled end-tidal CO2 and VOC exhalation have not yet been investigated in minute detail. Undoubtedly, 
paced (i.e. voluntary) and spontaneous (i.e. involuntary) rhythms have vast clinical and experimental impor-
tance in respiratory medicine and breathomics26–28. Therefore, real-time evaluation of such effects is crucial in 
order to understand the basic behaviour of respiratory fluctuations under varying respiratory rhythms. Here, 
we applied real-time high-resolution mass-spectrometry in combination with breath-resolved spirometry and 
capnometry to investigate effects of ventilatory variations (under varying respiratory rhythms) onto the exhaled 
breath components in healthy conscious humans. We focused mainly on the relative changes and variations in 
main determinant of alveolar ventilation, bronchopulmonary gas-exchange and most abundant endogenous 
VOC exhalations. We have addressed the following questions in detail:

•	 What are the immediate effects of varying respiratory rhythms onto exhaled breath compositions?
•	 Can certain respiratory rhythm reduce and reproduce physiological variations?
•	 Can we model real-time ventilatory variations in minute ventilation and pET-CO2 via breath-resolved VOC 

exhalation?

Results
The heat-maps in Fig. 1 represent the non-quantitative expressions of relative changes in exhaled alveolar concen-
trations of selected VOCs and respiratory parameters throughout the study. In this study we measured hundreds 
of VOCs in real time by PTR-ToF. To reduce confounding effects, only compounds with expiratory abundances 
well above the inspiratory abundance (Supplementary Fig. S1 online) were selected for further analysis. Out of 
those, we selected 16 compounds reflecting a broad spectrum of chemical classes and physico-chemical proper-
ties to address substance-specific effects. These substances reflect important aspects for clinical breathomics such 
as different origins (endogenous and blood borne, oral cavity, previous exposure) and different dependencies 
on physiology and metabolism. Switching respiratory rhythm caused immediate changes in many measured 
parameters within seconds.

In order to frame ventilatory variations under varying respiratory rhythms via VOC exhalation, we empha-
sised two most abundant and bloodborne VOCs in human breath. Acetone and isoprene have different physico-
chemical properties (e.g. aqueous solubility, volatility, blood-gas partition coefficient etc.) and are therefore 
reflecting different effects of exhalation kinetics and respiratory physiology such as alveolar and bronchial gas-
exchange, dependency on ventilation, haemodynamic and compartmental distributions. In conventional clini-
cal (routine-) practice in pulmonology and respiratory medicine pET-CO2 and minute ventilation are used as 
principal determinants to monitor/control bronhco-pulmonary gas-exchange physiology and associated venti-
latory parameters and derivatives. As acetone and isoprene closely mirror (positively and/or negatively) many 
behaviours of those two respiratory parameters upon varying physiological/pathophysiological conditions in 
real-time, we selected these two VOCs in order to address effects of respiratory rhythms on ventilatory variations. 
Breath-resolved ventilatory variations of VOCs from various substance classes and origin are presented in Sup-
plementary Fig S2 online. Statistical validation and reproducibility in breath-resolved ventilatory variations in 
67 measured volatile masses (selected from Supplementary Fig. S1 online, depending on their relatively higher 
abundances in exhalation than in inspiratory room-air) are presented in Supplementary Table S2 online. While 
compared to the last minute (M3) of the initial spontaneous breathing form setup-1, the median range of ventila-
tory variations in measured VOCs decreased significantly (p-values ≤ 0.005) by ~ 5–15% at the last minute (M9) 
of the final spontaneous rhythm of setup-1 and such reduction was reproduced during the last minute (M6) of 
the spontaneous rhythm in setup-2. RM-ANOVA results of all pairwise multiple comparisons are presented in 
Supplementary Table S3 online.
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Figure 1.   Relative changes in normalised mean alveolar concentrations of selected substances and respiratory 
parameters from 25 healthy subjects during administration of different respiratory rhythms: Setup-1 (top); Setup-2 
(bottom). VOCs were tentatively identified based on their m/z. Respiratory rhythms were changed every 3 min. VOC 
data (from both setups) were normalised on to corresponding values in the second exhalation of setup-1. Respiratory 
parameters were normalised in the same way. VTex = expiratory tidal volume, pET-CO2 = end-tidal partial pressure of 
carbon dioxide, V′E = minute ventilation, FIO2 = fraction of inspiratory oxygen, V’CO2 = carbon dioxide production, 
V’O2 = oxygen consumption. For VOCs, changes in colours from red to blue symbolise relative changes from higher to 
lower concentrations and vice versa. Similarly, for respiratory parameters, changes in colours from light grey to black 
represent relative changes from higher to lower values and vice versa.
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Breath-resolved time profiles of V’E, pET-CO2, isoprene and acetone are presented in Fig. 2. Haemody-
namic parameters (e.g. cardiac output) did not change considerably and therefore are excluded from results 
and discussion.

Relative changes (in %) in alveolar concentrations (with corresponding p-values) of most abundant endog-
enous VOCs and relevant respiratory parameters are listed in Table 1. Intra-individual variations (mean RSDs 
in %) over 180 s and over final 60 s (steady state) of each rhythm are presented in Fig. 3.

Comparison of differences between normalized mean (over 180 s) and corresponding inter-individual vari-
ations in those variables, which are obtained from each respiratory rhythm (in setup-1 and -2) are represented 
as boxplots in Fig. 4. From all pairwise comparisons between same rhythms, the following outcomes are most 
crucial:

•	 Measured parameters from the initial spontaneous rhythm (i.e. 1st–3rd minute) from setup-1 was signifi-
cantly different than the same from setup-1 (i.e. 7th–9th min) and setup-2 (i.e. 4th–6th min).

•	 While preceded by a paced rhythm, measured breath components from a subsequent spontaneous rhythm 
in both setups were reproducible. Therefore, no differences were observed in any of the above indicated 
parameters from the final spontaneous rhythm (i.e. 7th–9th min) of setup-1 with those from spontaneous 
rhythm (i.e. 4th–6th min) of setup-2.

•	 The above fact was true for both intra- and inter-individual variations.
•	 Above mentioned instances were not observed in case of paced rhythms.
	   Comparison of differences in minute ventilation, end-tidal CO2, isoprene and acetone concentrations 

within the three spontaneous rhythms from both setups are presented as boxplots in Fig. 5. Comparisons 
were performed over 60 s (presented on reader’s left) and over 30 s (presented on reader’s right) of intervals. 
From all pairwise comparisons, the following results are remarkable:

•	 In both setups, only while preceded by paced breathing, the interquartile range of distribution (i.e. data vari-
ance in spontaneous phase) along with both inter-individual (i.e. percentile) and intra-individual variations 
(i.e. in %) in measured parameters were decreased significantly and most pronouncedly during the final 
minute (i.e. especially during the last 30–40 s of the 3rd min) of such spontaneous phases.

Figure 2.   Continuous breath-resolved changes in normalised mean alveolar concentrations of endogenous 
isoprene and acetone along with minute ventilation and pET-CO2 from all participants in both setups. X-axis 
represents measurement time in both setups. Y-axis represents normalised (on to corresponding values in the 
second exhalation of setup-1 for each subject) mean values of measured parameters. Respiratory rhythms were 
changed every 3 min and such time points are divided via red lines.
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•	 Those two inter-setup spontaneous phases were statistically indifferent to each other and both were even 
significantly different than that of the initial 3 min of spontaneous breathing (i.e. not subsequent to a paced 
rhythm) from setup-1.

•	 Breath samples (exhaled alveolar concentrations and variations) from such spontaneous phases (i.e. preceded 
by a paced rhythm) were reproducible in both setups.

Models of real‑time ventilatory variations.  Breath-resolved ventilatory variations in spirometric 
and capnometric parameters were closely related to the exhaled alveolar concentrations and corresponding 
inter-individual variations of endogenous and blood borne isoprene. Here, multiple linear regressions models 
[Eqs. (1) and (2)] are predicting breath-resolved ventilatory variations in minute ventilation and pET-CO2 via 
the exhalations of isoprene during varying respiratory rhythms. Both equations were derived from Setup-1 and 
presented along with corresponding prediction score plot and residual plot in Fig. 6 and corresponding sum-
mary output e.g. R square, statistical significance, p-values etc. are presented at Supplementary Table S1 online.

Regression equations.  In order to realize the applicability and reliability of Eq. (1) and (2) [derived from 
Setup-1] for predicting ventilatory variations, we tested those in the independent setup-2. Here, the measured/
analysed data from setup-2 were applied on those equations to predict breath-resolved ventilatory variations in 
V’E and pET-CO2. Observed scores and predicted scores are presented in Fig. 6.

Table 1.   Statistical significance of observed changes in exhaled alveolar abundance of isoprene, acetone, 
pET-CO2 and respiratory parameters. Relative changes in normalized mean values and relative standard 
deviations (mean RSDs i.e. calculated over the 180 s and over final 60 s of measurement over each respiratory 
rhythm) of measured parameters, respectively. Exhaled VOC concentrations, pET-CO2, V’O2, V’CO2 
and minute ventilation from same respiratory rhythms (over 180 s) were compared within- and between 
two setups. Statistical significances were tested by means of repeated measurement-ANOVA on ranks 
(p-value ≤ 0.005). From all pairwise-multiple comparisons, we selected those referring to the final 180 s 
of spontaneous (i.e. presented in bold fonts) rhythm from setup-1. Significance test was not applicable 
(N/A) to the reference point itself and thus the median changes are assigned to zero (0). Changes with a 
resulting p-value ≤ 0.005 were regarded as significant. The reproducable RSD values at the steady states of 
the spontaneous rhythms from setup-1 and setup-2 are also presented in bold fonts.

(VOC)H + & 
respiratory 
parameters

Mean RSDs (%)

Significance 
(P ≤ 0.005)/
median/180 s

Median 
changes 
(%) of 
normalised 
mean/180 s

Respiratory 
rhythms Study setup

Respiratory 
rhythms

Median 
changes 
(%) of 
normalised 
mean/180 s

Significance 
(P ≤ 0.005)/
median/180 s

Mean RSDs (%)
(VOC)
H + & 
respiratory 
parameters

/final 60 s 
(rteady 
state) /180 s /180 s

/final 60 s 
(steady 
state)

(Isoprene)
H + 69.06989 
(g/mol)

7.57 12.50  < 0.005 7.61 Spontane-
ous

Setup-1

Spontane-
ous 3.86  < 0.005 28.64 16.83

Minute 
Ventilation 
[L/min]

10.86 11.86  < 0.001 -3.42 Paced Paced 38.75  < 0.001 16.68 11.71

6.86 11.26 N/A 0 Spontane-
ous

Spontane-
ous 0 N/A 24.46 19.55

9.43 14.16  < 0.001 -2.11 Paced

Setup-2

Paced 20.73  < 0.001 18.76 11.98

6.72 11.22  > 0.005 -0.84 Spontane-
ous

Spontane-
ous 1.98  > 0.005 22.82 18.42

9.84 13.45  < 0.005 -1.83 Paced Paced 17.17  < 0.001 18.38 14.34

(Acetone)
H + 59.04914 
(g/mol)

2.38 2.58  < 0.005 1.78 Spontane-
ous

Setup-1

Spontane-
ous 8.59  < 0.001 3.82 2.78

pET-CO2 
[kPa]

1.95 2.05  < 0.001 2.58 Paced Paced 1.36  > 0.005 4.88 2.68

1.53 2.23 N/A 0 Spontane-
ous

Spontane-
ous 0 N/A 5.05 2.17

1.80 2.31  < 0.005 2.28 Paced

Setup-2

Paced 2.24  < 0.005 5.21 2.62

1.51 2.46  > 0.005 0.20 Spontane-
ous

Spontane-
ous -0.37  > 0.005 4.67 2.13

2.05 2.29  > 0.005 0.60 Paced Paced -5.58  < 0.001 4.46 2.76

V’O2 (ml/
min)

17.35 27.23  < 0.001 12.21 Spontane-
ous

Setup-1

Spontane-
ous 15.36  < 0.001 28.24 17.20

V’CO2 (ml/
min)

13.96 17.24  < 0.001 16.85 Paced Paced 41.13  < 0.001 16.80 13.61

18.99 23.68 N/A 0 Spontane-
ous

Spontane-
ous 0 N/A 26.79 18.91

12.22 23.95  < 0.001 15.29 Paced

Setup-2

Paced 24.57  < 0.001 20.99 12.24

19.13 20.79  > 0.005 5.19 Spontane-
ous

Spontane-
ous 2.78  > 0.005 22.37 19.11

18.12 19.80  > 0.005 3.85 Paced Paced 10.31  < 0.001 19.58 18.20
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The Kolmogorov–Smirnov test showed excellent agreement between the independently predicted venti-
latory variations in setup-2 (Fig. 6) and the actual measures. Throughout setup-2, no significant differences 
(p-value = 0.441) in breath-resolved ventilatory variations for pET-CO2 is observed. Similar insignificance 
(p-value = 0.131) in variations for V’E is observed exclusively during the final steady state of spontaneous breath-
ing phase.

Discussion
In order to bridge a crucial knowledge gap to implement breathomics in routine respiratory medicine, we inves-
tigated the immediate effects of ventilatory variations on exhaled breath composition, under varying respiratory 
rhythms. Unprecedented reproducibility in the measured variables is obtained via a combination of respiratory 
rhythms i.e. reliable for sampling and could increase our perseverance of true pathophysiological expressions 
in exhaled matrices. Ventilatory variations were modelled via alveolar VOC exhalation i.e. validated indepen-
dently with high precision. Our findings could translate breathomics towards the domain of applied respiratory 
medicine.

Respiratory parameters.  In practice, respiratory rate of 10–12 breaths/min with breath-resolved I:E ratios 
of ~ 1:2 are regarded as normal spontaneous breathing at rest in healthy adults29. Nevertheless, healthy adults 
with relatively higher lung capacity often have relatively lower respiratory rates but the same I:E ratio. Dur-
ing paced breathing in both setups, all volunteers with varying and increased tidal volume had to breathe ~ 12 
times a minute where the mean I:E ratio was changed to ~ 1:1.75. Thus, V’E increased significantly under met-
ronome controlled fixed respiratory rate. In this case, corresponding ventilatory variations (inter-individual) 
also increased pronouncedly due to varying physiological effects. To maintain the blood-gas homeostasis, the 
respiratory centre mediate an automatic and involuntary control of breathing18,30. Thus, physiological effects 
from voluntary control (i.e. momentary and not automatic) via conscious factor e.g. under paced breathing are 
mandated to neutralize eventually18. Once switched to spontaneous breathing, V’E returned to normal range 
and corresponding ventilatory variations lowered significantly as soon as the precedent physiological effects 
were normalized31. As the autonomic regulation and response to ventilatory control is programmed as somatic 

(1)V ′E_iivs. = 0.0354+
(

0.887× V ′E
)

−
(

0.789× Isoprene
)

+
(

1.801 × Isoprene_iivs.
)

(2)
pET−CO2_iivs. = 0.512+

(

0.0750× V ′E
)

−
(

0.469× pET − CO2

)

−
(

0.0788× Isoprene
)

+
(

0.150× Isoprene_iivs.
)

Figure 3.   Comparison of differences in intra-individual variations of respiratory parameters, -isoprene and 
acetone within both setups. X-axis represents spontaneous respiratory rhythms from both setups. Y-axis 
represents mean values of relative standard deviations (i.e. RSDs in %) of measured parameters. RSDs over 180 s 
of all rhythms were compared to each other. Comparisons were also performed over final 60 s (steady state) of 
each rhythm. V’E and pET-CO2 values were compared in the same way. Statistical significances were tested by 
means of repeated measurement-ANOVA on ranks (p-value ≤ 0.005). From all pairwise-multiple comparisons, 
statistically indifferent (i.e. with no significant differences and thereby, reproducible) respiratory rhythms are 
marked with red-coloured ovals.
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Figure 4.   Comparisons of exhaled alveolar concentrations and corresponding inter-individual variations 
of endogenous isoprene, -acetone and respiratory parameters. X-axis represents two study setups with three 
respiratory rhythms in each. Y-axis represents normalised mean (_norm.Mean) values and inter-individual 
variations (_iivs.) of measured parameters, respectively. Exhaled VOC concentrations and intra-individual 
variations from same respiratory rhythm (over 180 s) were compared within- and between two setups. V’E 
and pET-CO2 values were compared in the same way. Statistical significances were tested by means of repeated 
measurement-ANOVA on ranks (p-value ≤ 0.005). From all pairwise-multiple comparisons, statistically 
indifferent (i.e. with no significant differences and thereby, reproducible) rhythms are marked with red-coloured 
‘ ≅ ’ for respiratory phases.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:14109  | https://doi.org/10.1038/s41598-020-70993-0

www.nature.com/scientificreports/

Figure 5.   Comparison of differences in exhaled alveolar concentrations of endogenous isoprene, -acetone and 
respiratory parameters during spontaneous breathing in both setups. X-axis represents spontaneous respiratory 
rhythms from both setups. Y-axis represents normalised mean (_norm.Mean) values of measured parameters, 
respectively. Exhaled VOC concentrations from spontaneous rhythms were compared. Comparisons were 
performed over 60 s (presented on reader’s left) and over 30 s (presented on reader’s right) of intervals. V’E 
and pET-CO2 values were compared in the same way. Statistical significances were tested by means of repeated 
measurement-ANOVA on ranks (p-value ≤ 0.005). From all pairwise-multiple comparisons, statistically 
indifferent (i.e. with no significant differences and thereby, reproducible) spontaneous breathing intervals are 
marked with red-coloured ‘≈’.
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Figure 6.   Regression models [Eqs. (1) and (2)] from Setup-1 are predicting breath-resolved ventilatory 
variations: Equations are presented along with corresponding prediction scores and residual plots. Predicted 
[by Eqs. (1) and (2)] and actually observed ventilatory variations in Setup-2: Measured data from setup-2 were 
applied onto Eqs. (1) and (2) in order to predict breath-resolved variations in V’E and pET-CO2, respectively. 
X-axis represents breath numbers. Y-axis represents actually observed values and predicted values of breath-
resolved variations in V’E and pET-CO2. The Kolmogorov–Smirnov test showed excellent agreement between 
the independently predicted ventilatory variations in setup-2 and the actual measures.
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motor functions18, a defined magnitude of induced hyperventilation is likely to normalize at a reproducible 
extent within a reproducible time frame. As in this phase pCO2 is lower than normal, there is no room for further 
involuntary hyperventilation. The aforementioned instances explain the unprecedented inter-setup reproduc-
ibility of breath compositions during spontaneous rhythms (viz. preceded by paced rhythm).

In principle, in spontaneously breathing (i.e. with RR = 10–12/min and I:E ratio of 1:2) awake young and 
healthy adults, mean ± SD of expiratory tidal volume (VTex) range ~ 0.5 ± 0.2 (L) or ~ 7 mL/kg of body weight 
in normal condition. During breath sampling one must maintain such normal range in order to overcome 
physiological influence. In practice this is utterly difficult. In our setup, at the 1st minute of the initial spontane-
ous breathing (Setup-1) the mean ± SD of expiratory tidal volume was ~ 0.55 ± 0.2 (L) and during third minute 
was ~ 0.6 ± 0.2 (L). This happened as subjects started to relatively hyperventilate (i.e. physiological) due to over-
taking conscious voluntary control of breathing (as discussed in the manuscript). Interestingly, while preceded 
by paced breathing, the VTex range was ~ 0.65 ± 0.2 (L) at the beginning of spontaneous rhythm and gradually 
at the third minute, VTex had reached and stayed at 0.5 ± 0.2 (L), which denotes to normal conditions.

Such physiological effects were not contributed randomly by any/some subjects as the same behaviour of 
normalized patterns were observed while subjects were treated as his/her (own) control. Intra-individual varia-
tions (mean RSDs) of V’E decreased significantly during paced rhythms due to the fixed RR.

Exhaled end‑tidal CO2.  pET-CO2 is non-invasive substitute of arterial CO2 pressure (PaCO2) as the differ-
ence has been measured to be only 1–2 mmHg in healthy subjects. The normal range of pET-CO2 (i.e. measured 
by tidal volume) ranges between 35 and 45 mmHg in healthy adult humans. A deviation of ± 3.5–5 mmHg is 
regarded as normal variation32,33, which represents the physiological range of relative hyperventilation in healthy 
adults. During the initial spontaneous rhythm of setup-1, normalized median of pET-CO2 values decreased 
gradually (by ~ 5–7%) and reached a steady state during the final minute, which supports the fact that autonomic 
responses (i.e. instruction driven and not automatic) to respiratory centre let conscious subjects hyperventilate, 
if they are asked to breathe normally.

In normal sitting posture at rest, pET-CO2 exhalation is negatively correlated to minute ventilation as an 
elevated V’E increases V’CO2 and thereby decreases PaCO2 and pET-CO2 (Table 1). Thus, pET-CO2 decreased 
significantly at paced rhythms as elevated V’E induced relative hyperventilation (Correlation coefficient: − 0.729, 
p-value < 0.005). Consequently, once switched to spontaneous breathing, CO2 concentrations gradually attained 
the steady state (during final minute) with significantly lowered ventilatory variations.

Thereby, we have expanded the conventional concept of physiological hyperventilation by demonstrating 
that it takes place, not only while subjects are told to breathe normally but also if they are instructed to maintain 
a normal respiratory rate. Therefore, any arbitrary application of either spontaneous or paced breathing cannot 
be justified for breath sampling as random ventilatory effects and variations may override the true pathophysi-
ological impression of data and mislead clinical interpretations.

Exhalation of endogenous acetone.  Having its potential origin from glycolysis and lipolysis34 acetone 
is the most abundant VOC in human exhalation. Acetone has aqueous miscibility, moderate volatility and high 
rate of compartmental distribution. Thus, the substance remained even independent of pronounced changes in 
hemodynamics12. In our setups, alveolar acetone concentrations and corresponding variations closely mirrored 
V’E and the exhaled concentrations were slightly (but significantly) higher during paced breathing. Here, a 
unavoidable increase in respiratory flow (and altered alveolar slope) due to increased V’E might lead to extra-
alveolar exchange of highly soluble compounds like acetone15,35–37. In accordance with the MIGET theory38,39, 
such reproducibility could be assigned to acetone’s good aqueous solubility as of CO2.

Exhalation of endogenous isoprene.  Dating its anticipated origin from cholesterol biosynthesis40 iso-
prene is the second most abundant endogenous VOC in breath. Due to having low aqueous solubility but high 
volatility, alveolar isoprene mirrors the pulmonary ventilation-perfusion effects10,12. Conscious and unconscious 
muscle movements affect isoprene exhalation41,42. Previously we observed changes in alveolar isoprene concen-
tration under varying respiratory muscle activity16. In this setup, switching between respiratory rhythms resulted 
with immediate increase in isoprene concentrations within the first minute and was normalised to baseline 
within the next minute. A simultaneous rise in measured V’O2 indicates a positive change in respiratory muscle 
work load under conscious control of the respiratory centre43, due to voluntary switching of rhythms. Thus, the 
increase in isoprene exhalation can be attributed to its better washout from respiratory muscles. On the other 
hand, the unprecedented reproducibility in isoprene exhalation during spontaneous rhythms (viz. preceded by 
a paced breathing) can be attributed to the same effects of a defined magnitude of hyperventilation on pCO2 i.e. 
explained earlier.

Exhalation of other VOCs.  Respiratory rhythms driven changes in concentrations of many other VOCs 
remained unrelated to their ventilatory variations. Despite varying changes in concentrations of these VOCs, 
significant and reproducible decrease in variations took place during the final steady state of spontaneous 
rhythms (viz. preceded by a paced breathing) in all measured masses. Due to the analytical limitation of PTR-
MS, changes in ammonia exhalation could not be measured with sufficient precision44. As all subjects were not 
exposed to exogenous compounds like acetonitrile (originated via smoking), benzene and toluene (derived from 
pre-exposure)45 we could not draw any systemic relevance. Oral cavity originated compounds such as hydrogen 
sulphide, allyl-methyl-sulphide, propionic acid and ethanol (attributed to bacterial emission or dietary remains) 
showed wash out effects without any considerable relation to ventilatory variations46. Dimethyl sulphide and 
methyl-propyl-sulphide concentrations remained constant due to their potential origin from gut and nasal cav-
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ity bacteria, respectively11. Formaldehyde was also present in inspiratory room air and therefore, its exhalation 
was dependent on the semi-exogenous origin. Pentanaldehyde could not be quantified in many participants. 
Formic acid exhalation remained constant as it was originated from the disinfectant, used to sterilize the spiro-
metric flow-volume sensor.

Contribution towards clinical breathomics.  Realizing the importance of changes in VOC concentra-
tions rather than the anticipated existence of any unique/event-specific volatile biomarker in clinical breathom-
ics, standardization of breath sampling has come into spotlight47,48. Due to exhaustive list of confounders and 
regular irregularity of sampling- and analytical standards in the field of breathomics49, validation/reproducibility 
of results are compromised50. Not surprisingly, even less pronounced changes and variations in endogenous 
VOC concentrations (than i.e. observed in this study) are misinterpreted as disease biomarker in cross-sectional 
pilot studies, which could not be reproduced further. During sampling, normal (but complex) variability of 
respiratory physiology often screens the actual (rather minute) expressions of pathological- or metabolic condi-
tion in the VOC data11,12. Reductions of physiological effects (and corresponding variations) in obtained data 
are critical challenges that is faced since the inception of pulmonology and breathomics. In order to realize the 
anticipated future of breathomics applications in routine medical practice; subject’s own physiological dissi-
militude must be diminished substantially. Here, we could significantly minimize such variations by applying a 
combination of respiratory rhythms in two independent setups. We hereby recommend the following protocol 
for breath sampling in awake conscious human: “After a minute (at least) of metronome controlled (with a nor-
mal RR of 10–12/min) paced rhythm switch to spontaneous rhythm and then start breath sampling from the 
third minute onward”.

Our above-recommended sampling protocol was able to reduce ventilatory variations in a wide-variety 
of VOCs (Supplementary Fig. S2 online). Previously we have reported that substances of similar origin and 
chemical class behaved alike during under physiological fluctuations e.g. breathing patterns, -routes, postures, 
prolonged exhalation or forced expiration, increased upper-airway resistances etc. As our candidate VOCs cover 
a wide range of physico-chemical properties (e.g. aqueous solubility, volatility etc.) these findings incorporate 
a broad range of volatiles (known and/or unknown). Herein, we have addressed the general need (irrespective 
of analytical techniques) to overcome the sampling related physiological confounders, which account for the 
standardization of clinical breath sampling.

Translation of knowledge to pulmonology.  As alveolar exchange of VOCs with low aqueous solubility 
and high volatility, can closely mirror many attributes of bronchopulmonary gas-exchange process15,16, we mod-
elled continuous ventilatory variations in V’E and end-tidal CO2 exhalation via the exhalation of endogenous 
isoprene. Two models [Eqs. (1) and (2)] i.e. derived from setup-1, could predict breath-resolved ventilatory vari-
ations in the independent setup-2 with remarkable precision (Fig. 6). Our findings show that analysis of breath 
volatiles has the potential to provide valuable information beyond what can be deduced from SpO2, pET-CO2 
and conventional spirometry. Once translated into clinical implications, these equations may apprehend our 
fundamental and intelligible understanding of ventilatory variations in favour of its ubiquitous scope and appli-
cability in respiratory medicine. Therefore, future research should apply these models into larger clinical trials in 
order to push the present state-of the-art domain beyond the cutting-edge expertise.

Our sampling protocol will help to see minute changes and variations in breath compositions beyond the 
everlasting physiological noise. While considering the current limitation, ventilatory variations (in respiratory 
parameters) were modelled upon the most abundant and endogenous VOCs, acetone and isoprene. Although, our 
sampling protocol driven reproducible reduction in VOC variations were validated upon a wide range of volatiles 
(Supplementary Table S2 online), those should be tested for any other substances, which may possibly appear 
in human breath. As for breath VOCs presented here, available data suggest that the same protocol might have 
an important influence on VOCs variability and reproducibility, thus should be generally applicable. However, 
substance specific attributes and validation of many other VOCs (that may appear in various patients) will be 
addressed via our protocol within subsequent future communications.

Methods
Healthy human subjects.  Our study was conducted in accordance with the amended Declaration of Hel-
sinki. Ethical approval (Approval number: A 2015-0008) from the Institutional Ethics Committee (University 
Medical Centre Rostock, Germany) and signed informed consent from 25 healthy adults were obtained. As 
inclusion criteria, subjects were aged between 18 and 50 years and were not suffering from any acute or chronic 
diseases or were not undertaking any special dietary supplement, medication or therapy. Subject’s demographic 
and spirometric data (lung function parameters) are listed in Table 2.

Study setup and protocol.  In this study, three devices respectively for real-time measurements of breath 
VOCs, respiratory- (i.e. via breath-resolved spirometry and capnometry) and hemodynamic (i.e. non-invasively) 
parameters were synchronised together and we initiated data acquisition in parallel. Please see Fig. 7.

All volunteers took part in two independent setups. Subject maintained a normal sitting position and per-
formed oral breathing (inhalation and exhalation via mouth only) via custom made Teflon-mouthpiece of 2.5 cm 
diameter16. Volunteers rested by sitting for at least 10 min before participating. A minimum interval of 30 min 
was used between the two setups in order to neutralize all effects and changes from setup-1. The transfer-line 
of PTR-ToF–MS, a spirometric flow-volume sensor and a capnometric sampling tube was connected to the 
mouthpiece in order to continuously record VOC concentrations, spirometric- and capnometric parameters, 
respectively. We reused mouthpieces for each participant after sterilisation. In order to avoid any additional and 
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unsupervised nervous stimulus19, we did not use nose clips in these setups. Omitting nose clip does not prevent 
all influencing perturbations. Our aim was to overcome confounding effects as much as possible. All healthy 
subjects were instructed to inhale and exhale only via mouth and we applied breath-by-breath spirometry for 
the assessment of tidal volume, minute ventilation. Our real-time observations were in accordance to our previ-
ous investigation on the real-time effects of oral and/or nasal routes of breathing onto exhaled breath profiles11.

In setup-1, volunteers started spontaneous breathing and after 3 min switch to paced (with a fixed respira-
tory rate of 12 breaths/min by following a metronome beats) breathing. Finally, another 3 min of spontaneous 
breathing resulted in a total of 9 min of measurements.

In setup-2, subjects started paced breathing for 3 min, followed by 3 min of spontaneous breathing. Finally, 
another 3 min of paced breathing resulted in 9 min of measurements.

PTR‑ToF–MS measurements of breath VOCs.  Breath VOCs were measured continuously via a 
PTR-ToF–MS 8000 (Ionicon Analytik GmbH, Innsbruck, Austria). We used pre-optimized experimental 
conditions10,14. Continuous side-stream mode of sampling via a 6 m long heated (at 75 °C) silco-steel transfer-
line, which was connected to a sterile mouthpiece, subsequent to the spirometric flow-volume sensor. We used 
20 ml/min of continuous sampling flow and the time resolution of the PTR-ToF–MS measurements was 200 ms. 
Thus, after every 200 ms we had a data point and on each data point hundreds of compounds were measured 
at their trace abundances (in both expiratory- and room air). The ion source current was set to 4 mA and the 
H2O flow was set to 6 ml/min. Drift tube temperature were set at 75 °C, voltage was 610 V and the pressure was 
2.3 mbar. The resulting E/N ratio was 139 Td. After every minute a new data file was recorded automatically and 
the mass scale was recalibrated after each run (60 s). We used the following masses for mass calibration: 21.0226 
(H3O+-Isotope), 29.9980 (NO+) and 59.049 (C3H6O).

VOC data processing.  VOCs were measured in counts per seconds (cps) and corresponding intensities 
were normalised onto primary ion (H3O+) counts. As PTR-MS continuously records both exhaled breath and 
inhaled room-air, we applied the ‘breath tracker’ algorithm (based on Matlab version 7.12.0.635, R2011a) to 
identify expiratory and inspiratory phases10. Here, we used acetone as the tracker mass as it is an endogenous 
substance, which has significantly higher signal intensity in expiration than in inhalation. As the high mass reso-
lution of PTR-ToF–MS (4,000–5,000 Δm/m) can assign volatiles upon their measured mass and corresponding 
sum formula with high precision11, compound names are used while discussing results. VOCs are quantified 
via multi-component mixture of standard reference substances. Quantification process under adapted sample 

Table 2.   Demographic data of healthy subjects. Participant’s age, sex, height, body weight, smoking habit, 
body mass index (BMI), Forced expiratory volume in one second (FEV1 performance in %) and FEV1/FVC 
ratio (i.e. the Tiffeneau-Pinelli index) are listed.

Participant-ID Age (years) Sex Height (cm) Weight (Kg) Smoker BMI (Kg/m2) FEV1 (%) FEV1/FVC (ratio)

1 28 F 168 70 Yes 25 82.12 0.78

2 31 M 168 64 No 23 97.90 0.82

3 30 M 193 85 No 23 87.63 0.83

4 32 F 170 67 No 23 84.87 0.85

5 30 M 165 65 No 24 100.49 0.80

6 48 M 186 78 No 22 88.70 0.76

7 48 F 165 65 Yes 24 91.60 0.81

8 28 M 183 75 No 22 88.17 0.82

9 34 M 184 72 No 21 87.89 0.87

10 45 F 168 60 Yes 21 81.61 0.77

11 27 F 175 63 No 21 96.89 0.76

12 49 M 195 102 No 27 94.15 0.81

13 26 F 167 71 No 26 88.66 0.81

14 30 F 171 80 Yes 27 91.33 0.80

15 30 M 176 87 No 28 100.79 0.85

16 26 M 180 92 No 28 100.57 0.86

17 25 F 155 48 No 20 99.23 0.83

18 22 M 186 84 No 25 98.30 0.85

19 27 F 163 65 No 24 99.23 0.95

20 23 M 178 75 No 24 101.19 0.93

21 28 F 170 63 No 22 99.30 0.86

22 32 M 172 68 No 23 100.29 0.80

23 29 M 181 89 Yes 27 88.15 0.77

24 29 F 165 65 No 24 99.40 0.89

25 32 F 173 75 No 25 86.63 0.84
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humidity (as in exhaled breath) using a liquid calibration unit (LCU, Ionicon Analytik GmbH, Innsbruck, Aus-
tria) is preestablished state-of-the-art51.

Measurement of respiratory parameters.  We used an Oxycon Mobile device (CareFusion GmbH, 
Hoechberg, Germany) for breath-resolved spirometry (i.e. breath-by-breath measurement of ventilatory param-
eters) and capnometry. Subsequent data analysis was performed via the inbuilt JLAB Software 5.3x (Version 
02.00, CareFusion GmbH, Germany). This equipment fulfils the requirements for clinical and laboratory prac-
tice in accordance to the European Respiratory Society (ERS) and American Thoracic Society (ATS) standards.

The mechanism of action and functionality is already discussed in our previous studies15,16. In principle, the 
TripleV–SBx (flow-volume sensor—gas-sensor box) unit allows breath-resolved and intra-breath measurements 
of spirometric and capnometric data continuously in real-time. Prior to the inclusion of each participant, a reas-
sessment of the ambient conditions and subsequent recalibrations of the volume and gas sensors were performed.

Principal ventilatory parameters such as respiratory rate (RR), expiratory tidal volume (VTex), minute ven-
tilation (V’E), volume of oxygen consumption (V’O2), Volume of carbon dioxide production (V’CO2), fraction 
of the inspiratory oxygen (FIO2) and partial pressure of end-tidal CO2 (pET-CO2) etc. were recorded for each 
and every breath.

Measurement of hemodynamic parameters.  We have non-invasively measured the main hemody-
namic parameters (e.g. cardiac output, stroke volume, pulse rate and mean arterial pressure etc.) via our opti-
mised volume clamp method (ClearSight system-EV1000, Edwards Lifesciences, California, USA)12,15,16. As we 
did not observe any considerable changes in hemodynamics within first five participants, further measurements 
were excluded.

Figure 7.   A scheme of study setup-1 and setup-2. This indicates the switching of respiratory rhythms over time 
along with all analytical and clinical instrumentations.
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Relative changes and corresponding variations.  All measured variables are bound to have intra- and 
inter individual variations. In order to realize the relative changes in measured variables, each volunteer was 
used as his or her (own) control. Therefore, we normalized VOC concentrations and respiratory parameters 
from both setups onto the corresponding values in the second breath (from first minute) of the study setup-1.

Statistical analysis.  Sample size was determined by statistical power calculation using pre-defined analysis 
of variance (ANOVA) test. For a minimum detectable difference (as observed in our previous clinical studies) 
in mean substance intensities of 400 cps, an estimated standard deviation between 250 and 300 (i.e. varying 
substance wise and we used 260 as an estimated mean value) and 2 groups to attain an alpha value of 0.005 and a 
test power of 0.99 within a population of 100,000, the sample size turned out to be 25. Therefore, we included 25 
subjects in order to detect even less than 5% differences in exhaled VOCs at low ppbV and until high pptV levels.

For statistical comparisons between different breathing patterns were done via two principle approaches:
First of all, normalised mean values (from all participants) and corresponding intra individual variations of 

VOC concentrations and respiratory parameters of each group were calculated (i.e. over the 180 s of measurement 
of each respiratory rhythm). In case of non-parametric distribution of data, median values were considered for 
statistical analysis in both setups. As the normalised mean/median values are influenced by each volunteer, we 
considered analysing the effects from individual contributions (intra-individual variations) statistically. Thus, 
relative standard deviations (RSDs: coefficient of variation from each subject) were calculated (i.e. over the 
entire 180 s of measurement of each rhythm as well as over final 60 s of steady state within each rhythm) for 
VOC concentrations and respiratory parameters. The RSDs (in %) were calculated by rating sample standard 
deviations (SDs) over corresponding individual sample mean (average of raw data from each subject over each 
respiratory rhythm).

Statistically significant differences in all above-mentioned parameters were judged via repeated measure-
ment ANOVA on ranks (Friedman repeated measures analysis of variance on ranks, Shapiro–Wilk test for nor-
mal distribution and post hoc Student–Newman–Keuls method for pairwise multiple comparisons between all 
groups; p-value ≤ 0.005) in SigmaPlot (version 14) software. All spontaneous rhythms (from both setups) were 
compared to each other and paced rhythms were compared similarly. For spontaneous breathing, we selected 
those (from all pairwise comparisons) referring to the corresponding values from the final 180 s (7th–9th min) 
for spontaneous breathing, from the setup-1. Similarly, for paced breathing we selected those referring to the 
corresponding values from the middle 180 s (4th–6th min) of respiration, from the setup-1.

In order to understand the persistence or extent of unsupervised physiological effects during all spontaneous 
rhythms, exhaled VOC concentrations from spontaneous rhythms were compared further. These comparisons 
were performed over 60 s and over 30 s of intervals, respectively. V’E and pET-CO2 values were compared in 
the same way. Statistical significances were tested by means of above-mentioned ANOVA test (p-value ≤ 0.005).

Correlations between VOC concentrations and respiratory parameters (p-value ≤ 0.005) were tested via Pear-
son Product Moment Correlation analysis.

In order to model the breath-resolved ventilatory variations/fluctuations in spirometric and capnometric 
parameters during different respiratory rhythms, multiple linear regressions were applied onto the endogenous 
VOC exhalation, minute ventilation and pET-CO2 from setup-1. After that the measured data from setup-2 were 
applied onto these regression equations (viz. derived from the setup-1) to predict breath-resolved variations in 
V’E and pET-CO2 during varying respiratory rhythms in setup-2. We assessed the agreement between the inde-
pendently predicted ventilatory variations in setup-2 (Fig. 6) and the actual measures via Kolmogorov–Smirnov 
test (one-way RM ANOVA; p-value ≤ 0.005).

Data availability
Authors comply with the data availability policy of Scientific Reports.

Received: 5 February 2020; Accepted: 7 August 2020

References
	 1.	 Gaugg, M. T. et al. Real-time breath analysis reveals specific metabolic signatures of COPD exacerbations. Chest 156, 269–276 

(2019).
	 2.	 van der Schee, M. P. et al. Breathomics in lung disease. Chest 147, 224–231 (2015).
	 3.	 Nakhleh, M. K., Haick, H., Humbert, M. & Cohen-Kaminsky, S. Volatolomics of breath as an emerging frontier in pulmonary 

arterial hypertension. Eur. Respir. J. 49, 1601897 (2017).
	 4.	 Douglas, C. G. & Haldane, J. S. The regulation of normal breathing. J. Physiol. 38, 420–440 (1909).
	 5.	 Kindig, N. B. & Hazlett, D. R. The Effects of Breathing Pattern in the Estimation of Pulmonary Diffusing Capacity. Q. J. Exp. Physiol. 

Cogn. Med. Sci. 59, 311–329 (1974).
	 6.	 Duffin, J. The fast exercise drive to breathe. J. Physiol. 592, 445–451 (2014).
	 7.	 Fang, Y., Sun, J. T., Li, C., Poon, C. S. & Wu, G. Q. Effect of different breathing patterns on nonlinearity of heart rate variability. In: 

2008 30th Annual International Conference of the IEEE Engineering in Medicine and Biology Society 3220–3223 (2008). https​://doi.
org/10.1109/IEMBS​.2008.46498​89.

	 8.	 Patwardhan, A. R., Vallurupalli, S., Evans, J. M., Bruce, E. N. & Knapp, C. F. Override of spontaneous respiratory pattern generator 
reduces cardiovascular parasympathetic influence. J. Appl. Physiol. 1985(79), 1048–1054 (1995).

	 9.	 Kobayashi, H. Does paced breathing improve the reproducibility of heart rate variability measurements?. J. Physiol. Anthropol. 28, 
225–230 (2009).

	10.	 Sukul, P., Trefz, P., Schubert, J. K. & Miekisch, W. Immediate effects of breath holding maneuvers onto composition of exhaled 
breath. J. Breath Res. 8, 037102 (2014).

	11.	 Sukul, P., Oertel, P., Kamysek, S. & Trefz, P. Oral or nasal breathing? Real-time effects of switching sampling route onto exhaled 
VOC concentrations. J. Breath Res. 11, 027101 (2017).

https://doi.org/10.1109/IEMBS.2008.4649889
https://doi.org/10.1109/IEMBS.2008.4649889


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:14109  | https://doi.org/10.1038/s41598-020-70993-0

www.nature.com/scientificreports/

	12.	 Sukul, P., Trefz, P., Kamysek, S., Schubert, J. K. & Miekisch, W. Instant effects of changing body positions on compositions of 
exhaled breath. J. Breath Res. 9, 047105 (2015).

	13.	 Herbig, J., Titzmann, T., Beauchamp, J., Kohl, I. & Hansel, A. Buffered end-tidal (BET) sampling-a novel method for real-time 
breath-gas analysis. J. Breath Res. 2, 037008 (2008).

	14.	 Herbig, J. et al. On-line breath analysis with PTR-TOF. J. Breath Res. 3, 027004 (2009).
	15.	 Sukul, P. et al. FEV manoeuvre induced changes in breath VOC compositions: an unconventional view on lung function tests. Sci. 

Rep. 6, 28029 (2016).
	16.	 Sukul, P., Schubert, J. K., Kamysek, S., Trefz, P. & Miekisch, W. Applied upper-airway resistance instantly affects breath components: 

a unique insight into pulmonary medicine. J. Breath Res. 11, 047108 (2017).
	17.	 Sukul, P., Schubert, J. K., Trefz, P. & Miekisch, W. Natural menstrual rhythm and oral contraception diversely affect exhaled breath 

compositions. Sci. Rep. 8, 10838 (2018).
	18.	 Mitchell, G. S., Baker-Herman, T. L., McCrimmon, D. R. & Feldman, J. L. Respiration. In Encyclopedia of Neuroscience (ed. Squire, 

L. R.) 121–130 (Academic Press, Cambridge, 2009).
	19.	 Cope, K. A., Watson, M. T., Foster, W. M., Sehnert, S. S. & Risby, T. H. Effects of ventilation on the collection of exhaled breath in 

humans. J. Appl. Physiol. 96, 1371–1379 (2004).
	20.	 Eckberg, D. L. Topical review. J. Physiol. 548, 339–352 (2003).
	21.	 Modarreszadeh, M. & Bruce, E. N. Ventilatory variability induced by spontaneous variations of PaCO2 in humans. J. Appl. Physiol. 

1985(76), 2765–2775 (1994).
	22.	 Dornhorst, A. C., Howard, P. & Leathart, G. L. Respiratory variations in blood pressure. Circulation 6, 553–558 (1952).
	23.	 Hoff, I. E. et al. Respiratory variations in pulse pressure reflect central hypovolemia during noninvasive positive pressure ventila-

tion. Crit. Care Res. Pract. https​://doi.org/10.1155/2014/71272​8 (2014).
	24.	 Magder, S. Clinical usefulness of respiratory variations in arterial pressure. Am. J. Respir. Crit. Care Med. 169, 151–155 (2004).
	25.	 Biais, M., Ouattara, A., Janvier, G. & Sztark, F. Case scenario respiratory variations in arterial pressure for guiding fluid manage-

ment in mechanically ventilated patients. Anesthesiol. J. Am. Soc. Anesthesiol. 116, 1354–1361 (2012).
	26.	 Magalhães, P. et al. Effects of spontaneous breathing with different PEEP levels on ventilator-induced lung injury in mild ARDS. 

Eur. Respir. J. 50, 2069 (2017).
	27.	 da Fonsêca, J. D. M. et al. Acute effects of inspiratory threshold load and interface on breathing pattern and activity of respiratory 

muscles. Eur. Respir. J. 52, OA2147 (2018).
	28.	 Laveneziana, P., Straus, C., Similowski, T. & Hanusse, P. Morpho-mathematic biomarkers of bronchodilators’ response in COPD 

patients during resting spontaneous breathing. Eur. Respir. J. 44, P3546 (2014).
	29.	 Lumb, A. B. Nunn’s Applied Respiratory Physiology (Elsevier Ltd., Amsterdam, 2016).
	30.	 Control of Breathing: an overview | ScienceDirect Topics. https​://www.scien​cedir​ect.com/topic​s/medic​ine-and-denti​stry/contr​

ol-of-breat​hing (2019).
	31.	 Biagas, K., Naran, N. & Fuhrman, B. P. Overview of breathing failure. In Pediatric Critical Care 4th edn (eds Fuhrman, B. P. & 

Zimmerman, J. J.) 520–527 (Mosby, London, 2011).
	32.	 Takano, Y., Sakamoto, O., Kiyofuji, C. & Ito, K. A comparison of the end-tidal CO2 measured by portable capnometer and the 

arterial PCO2 in spontaneously breathing patients. Respir. Med. 97, 476–481 (2003).
	33.	 Hatle, L. & Rokseth, R. The arterial to end-expiratory carbon dioxide tension gradient in acute pulmonary embolism and other 

cardiopulmonary diseases. Chest 66, 352–357 (1974).
	34.	 Kalapos, M. P. On the mammalian acetone metabolism: from chemistry to clinical implications. Biochim. Biophys. Acta 1621, 

122–139 (2003).
	35.	 Anderson, J. C. & Hlastala, M. P. Breath tests and airway gas exchange. Pulm. Pharmacol. Ther. 20, 112–117 (2007).
	36.	 Anderson, J. C., Babb, A. L. & Hlastala, M. P. Modeling soluble gas exchange in the airways and alveoli. Ann. Biomed. Eng. 31, 

1402–1422 (2003).
	37.	 Anderson, J. C., Lamm, W. J. E. & Hlastala, M. P. Measuring airway exchange of endogenous acetone using a single-exhalation 

breathing maneuver. J. Appl. Physiol. 1985(100), 880–889 (2006).
	38.	 Wagner, P. D. The multiple inert gas elimination technique (MIGET). Intensive Care Med. 34, 994–1001 (2008).
	39.	 Roca, J. & Wagner, P. D. Contribution of multiple inert gas elimination technique to pulmonary medicine. 1. Principles and infor-

mation content of the multiple inert gas elimination technique. Thorax 49, 815–824 (1994).
	40.	 Stone, B. G., Besse, T. J., Duane, W. C., Evans, C. D. & DeMaster, E. G. Effect of regulating cholesterol biosynthesis on breath 

isoprene excretion in men. Lipids 28, 705–708 (1993).
	41.	 King, J. et al. Isoprene and acetone concentration profiles during exercise on an ergometer. J. Breath Res. 3, 027006 (2009).
	42.	 King, J. et al. Measurement of endogenous acetone and isoprene in exhaled breath during sleep. Physiol. Meas. 33, 413–428 (2012).
	43.	 Davies, A. & Moores, C. Nervous control of breathing. In The Respiratory System 2nd edn (eds Davies, A. & Moores, C.) 129–141 

(Churchill Livingstone, London, 2010).
	44.	 Brock, B. et al. Monitoring of breath VOCs and electrical impedance tomography under pulmonary recruitment in mechanically 

ventilated patients. J. Breath Res. 11, 016005 (2017).
	45.	 Pleil, J. D., Stiegel, M. A. & Sobus, J. R. Breath biomarkers in environmental health science: exploring patterns in the human expo-

some. J. Breath Res. 5, 046005 (2011).
	46.	 Tangerman, A. Measurement and biological significance of the volatile sulfur compounds hydrogen sulfide, methanethiol and 

dimethyl sulfide in various biological matrices. J. Chromatogr. B 877, 3366–3377 (2009).
	47.	 Beauchamp, J., Pleil, J., Risby, T. & Dweik, R. Report from IABR Breath Summit 2016 in Zurich, Switzerland. J. Breath Res. 10, 

049001 (2016).
	48.	 Herbig, J. & Beauchamp, J. Towards standardization in the analysis of breath gas volatiles. J. Breath Res. 8, 037101 (2014).
	49.	 Beauchamp, J. Current sampling and analysis techniques in breath research—results of a task force poll. J. Breath Res. 9, 047107 

(2015).
	50.	 Nakhleh, M. K. et al. Diagnosis and classification of 17 diseases from 1404 subjects via pattern analysis of exhaled molecules. ACS 

Nano 11, 112–125 (2017).
	51.	 Trefz, P., Schubert, J. K. & Miekisch, W. Effects of humidity, CO2 and O2 on real-time quantitation of breath biomarkers by means 

of PTR-ToF-MS. J. Breath Res. 12, 026016 (2018).

Acknowledgements
We thank all the volunteers for participating in this study. The PTR-ToF-MS-8000 instrument used in this study 
was entirely funded by the European fund for regional development (EFRE). This study was financially sup-
ported by EU grant H2020 (H2020-PCH-HEARTEN project, Grant agreement no. 643694) and Inno-INDIGO-
NCD-CAPomics Project (BMBF 01DQ16010) and a Marie-Curie 7th European Community Framework ITN 
Programme (FP7-PEOPLE-ITN-PIMMS project, Grant agreement no. 287382). Open access funding provided 
by Projekt DEAL.

https://doi.org/10.1155/2014/712728
https://www.sciencedirect.com/topics/medicine-and-dentistry/control-of-breathing
https://www.sciencedirect.com/topics/medicine-and-dentistry/control-of-breathing


16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:14109  | https://doi.org/10.1038/s41598-020-70993-0

www.nature.com/scientificreports/

Author contributions
P.S. developed the idea, designed the study, recruited volunteers, performed experiments, analysed and inter-
preted results and wrote the manuscript. J.K.S. contributed to clinical interpretation, statistical evaluations and 
discussion. K.Z. supported measurements and data analysis. P.T. supported instrumentation and A.S helped in 
statistical analysis. S.K. supported clinical reasoning and W.M. contributed to instrumentation and analytical 
interpretations. All authors reviewed the manuscript and contributed in writing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-70993​-0.

Correspondence and requests for materials should be addressed to P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-70993-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exhaled breath compositions under varying respiratory rhythms reflects ventilatory variations: translating breathomics towards respiratory medicine
	Anchor 2
	Anchor 3
	Results
	Models of real-time ventilatory variations. 
	Regression equations. 

	Discussion
	Respiratory parameters. 
	Exhaled end-tidal CO2. 
	Exhalation of endogenous acetone. 
	Exhalation of endogenous isoprene. 
	Exhalation of other VOCs. 
	Contribution towards clinical breathomics. 
	Translation of knowledge to pulmonology. 

	Methods
	Healthy human subjects. 
	Study setup and protocol. 
	PTR-ToF–MS measurements of breath VOCs. 
	VOC data processing. 
	Measurement of respiratory parameters. 
	Measurement of hemodynamic parameters. 
	Relative changes and corresponding variations. 
	Statistical analysis. 

	References
	Acknowledgements


