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Influence of ventilatory parameters on the
concentration of exhaled volatile organic
compounds in mechanically ventilated patients†

Andrea Romano, a Matyas Fehervaria and Piers R. Boshier*a,b

Analysis of volatile organic compounds (VOC) within exhaled breath is subject to numerous sources of

methodological and physiological variability. Whilst breathing pattern is expected to influence the con-

centrations of selected exhaled VOCs, it remains challenging to investigate respiratory rate and depth

accurately in awake subjects. Online breath sampling was performed in 20 mechanically ventilated

patients using proton transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS). The effect of

variation in respiratory rate (RR) and tidal volume (TV) on the VOC release profiles was examined. A panel

of nineteen VOCs were selected, including isoprene, acetone, propofol, volatile aldehydes, acids and

phenols. Variation in RR had the greatest influence on exhaled isoprene levels, with maximum and

average concentrations being inversely correlated with RR. Variations in RR had a statistically significant

impact on acetone, C3–C7 linear aldehydes and acetic acid. In comparison, phenols (including propofol),

C8–C10 aldehydes and C3–C6 carboxylic acids were not influenced by RR. Isoprene was the only com-

pound to be influenced by variation in TV. These findings, obtained under controlled conditions, provide

useful guidelines for the optimisation of breath sampling protocols to be applied on awake patients.

Introduction

The analysis of volatile organic compounds (VOCs) within
exhaled breath has emerged as a viable approach to the non-
invasive detection of human disease. Previous studies have
characterised the distinct VOCs signals of numerous
conditions, including cancers,1 diabetes,2 gastrointestinal
disorders,3,4 heart disease,5 liver disease,6 respiratory disease,7

neurogenerative disorders,8 organ transplantation rejection,9,10

oral health problems11 and kidney disease.12

A wide variety of analytical techniques have been employed
for disease detection in breath, including mass spectrometry
either after chromatographic separation or as direct injection
technique,13 ion mobility spectrometry (IMS),14 optical and
laser-based spectroscopy,15–17 electronic noses18 and nano-
material-based gas sensors.19 The analytical technique used
and the fraction of breath being sampled will influence the
choice of breath sampling method. Breath can be sampled
using bags,20 canisters21 or by taking advantage of bespoke
solutions either developed in-house or commercial ones.22–24

When using gas chromatography-mass spectrometry (GC-MS),
a step of pre-concentration is normally carried out by means of

thermal desorption (TD), solid-phase microextraction (SPME)
or needle trap devices (NTD).25–27 With direct injection
methods, pre-concentration is instead not required.

A prerequisite of any diagnostic test before reaching wider
clinical practice is an appreciation of inherent sources of phys-
iological and methodological variability. Such knowledge is
important for determining thresholds of (patho)physiological
variance and the extent to which standardisation is required.
This was exemplified by the discovery that exhaled nitric oxide
is significantly influenced by expiratory flow and respiratory
rate leading to the creation of international consensus guide-
lines for its measurement.28

In the context of exhaled VOCs, previous authors have studied
the influence of respiratory variables (flow and respiratory
rate),29,30 route of exhalation (oral vs. nasal),31–33 body posture,34

and oral cleansing.35 These studies identified that for certain
VOCs variation in the conditions of breath sampling had a signifi-
cant effect on their recorded concentration. A significant chal-
lenge faced by studies investigating the effect of respiratory para-
meters on exhaled VOC levels is the ability to accurately control
those parameters in conscious subjects. There have been several
previous reports detailing the analysis of exhaled VOCs in anaes-
thetised and mechanical ventilated patients.36–39 Such conditions
offer a unique opportunity to study the effects of ventilatory para-
meters on VOC concentrations.

The current study aims to investigate the impact of both the
rate and depth of breathing pattern on the levels of disease

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3an00786c

aDepartment Surgery and Cancer, Imperial College, , London, UK
bFrancis Crick Institute, London, UK

4020 | Analyst, 2023, 148, 4020–4029 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

li 
20

23
. D

ow
nl

oa
de

d 
on

 2
8.

01
.2

6 
13

:5
4:

08
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/analyst
http://orcid.org/0000-0003-2392-2705
https://doi.org/10.1039/d3an00786c
https://doi.org/10.1039/d3an00786c
https://doi.org/10.1039/d3an00786c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3an00786c&domain=pdf&date_stamp=2023-08-16
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an00786c
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN148017


specific VOCs in patients who are anaesthetised and mechani-
cally ventilated. The current study utilises Proton Transfer
Reaction Time-of-Flight Mass Spectrometry (PTR-ToF-MS).
This analytical technique generates data with high informa-
tional content with high time resolution, resulting therefore
optimally suited to breath-by-breath online monitoring.

Methods
Study population

All enrolled patients were recruited from Imperial College
Healthcare NHS Trust from June 2017 to August 2017. This
study was conducted in accordance with the recommendations
for physicians involved in research on human subjects
adopted by the 18th World Medical Assembly, Helsinki 1964
and later revisions. Regional ethical approval for the study was
granted by the Camden and Kings Cross Research Ethics
Committee (REC ref: 15/LO/1140). All patients provided
informed written consent prior to participation. The study
population included both cancer and benign cases, with
patients undergoing minor and major as well as open and
laparoscopic operations. Intra-abdominal pressure during
laparoscopic surgery was maintained throughout all cases at
12–15 mm Hg. Open surgery included gastrectomy from an
abdominal approach and oesophagectomy from a right
thoraco-laparotomy approach with one lung ventilation during
the thoracotomy. Laparoscopic operation included staging
laparoscopy, fundoplication, hiatus hernia repair, cholecystect-
omy and Hellers cardio-myotomy. The details of the study were
explained to all eligible patients and fully informed and
written consent was obtained prior to enrolment.

Ventilator preparation and general anaesthesia

Before breath sampling, all traces of volatile anaesthetic agents
were removed from the ventilation circuit utilising the stan-
dard clinical procedure for ventilator preparation in cases of
malignant hyperthermia. General anaesthesia was induced
with alfentanil and propofol after patients were pre-oxygenated
until their expired end-tidal oxygen concentration was over
90%. Total intravenous anaesthesia was maintained thereafter
for the duration of the surgery.

VOC analysis

Breath VOC analysis was conducted using a commercial
PTR-ToF-MS instrument (PTR-TOF 1000, Ionicon Analytik
GmbH, Innsbruck, Austria) equipped with a commercial
switch reagent ion (SRI) feature. The SRI feature allows to
perform NO+ and O2

+-based ionisation in addition to more
commonly used H3O

+. Optimal conditions for VOC identifi-
cation and quantification were defined according to a pre-
viously described experimental workflow,40 dedicated to
method optimization under breath-relevant conditions.
Briefly, the workflow consisted of: (i) screening of reduced
drift field conditions using different reagent ions, (ii) evaluat-
ing the impact of a change in humidity on branching ratios

and (iii) gravimetric calibration using permeation or diffusion
tubes.

Gravimetric calibration was performed by connecting the
PTR-ToF-MS to a permeation unit (Eco Scientific Stroud,
Gloucestershire UK). The permeation unit was used to keep
different permeation/diffusion tubes at 60 °C, under a constant
nitrogen flow and could be connected directly to the PTR-ToF-MS
inlet. Since each permeation/diffusion tube had a known, con-
stant diffusion rate (either because the device was supplied in the
form of a certified reference standard or because the diffusion
rate had been determined experimentally beforehand), the
PTR-ToF-MS signal, typically expressed in normalised counts per
second (ncps) could be converted into absolute concentrations
(parts per billion or ppb).

The sample inlet consisted of a PEEK heated line (temperature
110 °C, length 1.2 m, inner diameter 0.04). Inlet flow rate was set
to 40 ml min−1. NO+ was used as the reagent ion. This allowed to
exploit different reaction channels for the different compound
classes of interest and notably hydride transfer for aldehydes,
charge transfer for phenols and adduct formation for ketones
and carboxylic acids. Optimal conditions for the drift tube were:
temperature 110 °C, pressure 2.30 mbar and voltage 350 V, result-
ing in an E/N of 84 Td (1 Townsend = 10−17 V cm2). Mass spectra
were acquired in the 15–265 range of mass-to-charge ratio (m/z) at
a rate of one spectrum per second. Analyte ions used in VOC
determination are summarized in Table 1.

VOC analysis focused on nineteen mass peaks, assigned to
compounds previously associated with states of health and
disease (Table 1). Isoprene and acetone were specifically
included owing to their status as abundant endogenous breath
VOCs. C3–C10 aldehydes, C4–C6 carboxylic acids, phenol,
methyl-phenol and ethyl-phenol were selected in view of their
importance as putative breath biomarkers of gastric
adenocarcinoma41,42 and colorectal adenocarcinoma.43 The
panel of volatile fatty acids was further extended to acetic acid
and propanoic acid as they are found in elevated concen-
trations in the headspace of oesophago-gastric adeno-
carcinoma tissue samples.44 Propofol (2,6-bis(1-methylethyl)-
phenol) was used as anaesthetic in all procedures, and was
therefore included in the analysis.

Intraoperative breath sampling

Analysis of breath VOCs in response to varying respiratory
parameters was performed shortly after induction of general
anaesthesia prior to commencing the surgical procedure.
Patients’ breath was continuously sampled into the inlet of the
PTR-MS instrument via a T-piece placed immediately distal to
the endotracheal tube. This set-up was adapted from the
method previously developed for intraoperative breath analysis
using Selected ion flow tube mass spectrometry (SIFT-MS).36

VOCs were measured under conditions of varying respiratory
rate (RR) and tidal volume (TV) according to a defined protocol
(Fig. 1). Baseline ventilation settings for all subjects were: FiO2

100%; RR 12 min−1, and TV 8 mL kg−1 calculated using ideal
body weight. Ventilator parameters, including respiratory rate
and tidal volume, were easily changed by the attending anaes-
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thetist using the ventilator control panel. A 7-minute measure-
ment conducted on a single patient under constant baseline
conditions was employed to assess repeatability: measured %
RSDs ranged between 2.7% and 21.2% according to the com-
pound (Table S1, ESI†).

In the first experiment RR was varied while keeping TV con-
stant. Starting from the baseline ventilator settings, RR was
first set to 5 min−1 and kept constant for 30 seconds. RR was
subsequently increased in stepwise fashion to 10, 15, 20, 25
and 30 min−1 maintaining each rate constant for a 30 seconds
period. Settings were then returned to baseline for a minimum
of 60 seconds.

In the second experiment, TV was varied while maintaining
a constant RR. TV was increased stepwise to 6, 8, 10, and

12 ml kg−1 with each step having a duration of 30 seconds. On
completion of these experiments, ventilator settings were
returned to baseline and thereafter optimised by the attending
consultant anaesthetist.

Analysis of background VOCs within the ventilator circuit
was performed at the start of each sampling day.
Measurements were made for at least one minute using stan-
dard ventilator settings (O2 concentration 100%, tidal volume
550 ml min−1, respiratory rate 12 min−1) with a manual breath
bag in the place of the patient’s lung.

Data analysis

Data were extracted using PTR-MS viewer version 3.2.2.2
(Ionicon Analytik GmbH, Innsbruck, Austria). Additional data

Table 1 Target compounds and their key properties, PTR-ToF-MS analyte ions and reaction mechanisms for the compounds measured in the study

Compound Log lH2O/gas
a Bp (°C)b Log Pc Analyte ion (m/z) Product and reaction mechanism

Isoprene −0.49 34 2.42 68.06 C5H8 + NO+ → C5H8
+ + NO

Acetone 2.83 56 −0.24 88.03 C3H6O + NO+ → C3H6O [NO]+

Propanal 2.39 48 0.39 57.03 C3H6O + NO+ → C3H5O
+ + HNO

Butanal 2.37 75 0.88 71.04 C4H8O + NO+ → C4H7O
+ + HNO

Pentanal 2.23 103 1.31 85.06 C5H10O + NO+ → C5H9O
+ + HNO

Hexanal 1.90 131 1.78 99.06 C6H12O + NO+ → C6H11O
+ + HNO

Heptanal 1.91 153 2.29 113.11 C7H14O + NO+ → C7H13O
+ + HNO

Octanal 1.72 171 3.50 127.10 C8H16O + NO+ → C8H15O
+ + HNO

Nonanal 1.39 191 3.27 141.10 C9H18O + NO+ → C9H17O
+ + HNO

Decanal 1.03 208 3.76 155.13 C10H20O + NO+ → C10H19O
+ + HNO

Phenol 4.82 182 1.46 94.05 C6H6O + NO+ → C6H6O
+ + NO

Methyl-phenold 4.02 202 1.94 108.05 C7H8O + NO+ → C7H8O
+ + NO

Ethyl-phenole 3.72 218 2.58 122.01 C8H10O + NO+ → C8H10O
+ + NO

Propofol 4.07 256 3.79 178.08 C12H18O + NO+ → C12H18O
+ + NO

Acetic acid 5.00 118 −0.17 90.03 C2H4O2 + NO+ → C2H4O2 [NO]
+

Propanoic acid 4.57 141 0.33 104.02 C3H6O2 + NO+ → C3H6O2 [NO]
+

Butanoic acid 4.38 164 0.79 118.03 C4H8O2 + NO+ → C4H8O2 [NO]
+

Pentanoic acid 4.76 186 1.39 132.01 C5H10O2 + NO+ → C5H10O2 [NO]
+

Hexanoic acid 4.51 202 1.92 146.03 C6H12O2 + NO+ → C6H12O2 [NO]
+

a Log lH2O/gas: water/gas partitioning coefficients (https://www.henrys-law.org/henry/). b bp (°C): boiling points (PubChem database, https://
pubchem.ncbi.nlm.nih.gov/). c Log P: octanol/water partitioning coefficients (PubChem database, https://pubchem.ncbi.nlm.nih.gov/). dMixture
of isomers, physical chemical data refer to 2-methyl-phenol. eMixture of isomers, physical chemical data refer to 2-ethyl-phenol.

Fig. 1 Schematic representation of the ventilator experimental protocol. Baseline (constant) ventilation settings were: RR 12 min−1 and TV 8 mL
kg−1 calculated using ideal body weight.
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analysis was conducted using in-house generated scripts
written using R programming language.45 To obtain a numeric
description for each profile, four key parameters were defined
for each set of conditions: the maximum (expressed as median
intensity of the peak summits), the minimum (median inten-
sity of the peak valleys), the amplitude (difference between
maximum and minimum) and the area under the curve (AUC),
corresponding to the sum of all values for the time window of
interest. To reduce the impact of inter-individual differences,
each profile was subjected to a normalisation process whereby
the entire profile was rescaled to an arbitrary intensity scale
ranging from 0 to 1. A graphical representation of a patient’s
isoprene profiles with the parameters extracted is reported in
Fig. 2. The perusal of the time profile reveals that a few
seconds of delay can sometimes be seen in the release pattern
with respect to the change of ventilator settings; this was prob-
ably due to small operator-related delays in changing ventilator
settings.

Following a previously published protocol,39 a well-charac-
terised mass peak (m/z 68.06, corresponding to isoprene) was
used as ‘tracker’ to highlight the different phases of breathing
has already been advised. Isoprene’s mass peak was also used
as reference for the extraction of breath profile parameters
from all other masses. A dedicated R package (IsopreneR) was
developed for the processing of the isoprene profiles and the
source code is available at GitHub (aromano910/IsopreneR:
Functions and packages for data processing in breath analysis
(github.com). The ‘breath.tracer’ function, included within the
package, allowed to find points corresponding to local maxi-
mums and minimums in all time profiles.

One-way ANOVA was conducted using parameter values as
dependent variables and either RR or TV as independent vari-

ables. Statistical significance was established for p-value <
0.05, following correction for false discovery.46

Results

Intraoperative breath sampling was undertaken in twenty
patients. Details of patient characteristics, including disease
status and operation type are presented in Table 2.

The signal of all nineteen VOCs and the corresponding
mass peaks, were verified to be significantly lower in the back-

Fig. 2 Breath profiles of isoprene (m/z = 68.06) in patient no.1. Measurements conducted at different values of respiratory rate (RR, top row) and
tidal volume (TV, bottom row). Baseline (constant) ventilation settings were: RR 12 min−1 and TV 8 mL kg−1 calculated using ideal body weight.

Table 2 Demographic and clinical information of the study population

Date Case no. Disease Procedure type Procedure name

26/06/17 1 Cancer Laparoscopic Staging laparoscopy
26/06/17 2 Benign Laparoscopic Fundoplication
03/07/17 3 Cancer Open Gastrectomy
11/07/17 4 Cancer Laparoscopic Staging laparoscopy
11/07/17 5 Cancer Laparoscopic Staging laparoscopy
11/07/17 6 Benign Laparoscopic Cholecystectomy
17/07/17 7 Cancer Laparoscopic Staging laparoscopy
17/07/17 8 Cancer Laparoscopic Staging laparoscopy
17/07/17 9 Benign Laparoscopic Fundoplication
17/07/17 10 Benign Laparoscopic Oesopagomiotomy
18/07/17 11 Cancer Laparoscopic Staging laparoscopy
18/07/17 12 Cancer Laparoscopic Staging laparoscopy
18/07/17 13 Cancer Open Gastrectomy
24/07/17 14 Cancer Open Oesophagectomy
25/07/17 15 Benign Laparoscopic Cholecystectomy
25/07/17 16 Cancer Open Subtotal gastrectomy
07/08/17 17 Cancer Open Oesophagectomy
08/08/17 18 Cancer Laparoscopic Staging laparoscopy
08/08/17 19 Cancer Laparoscopic Staging laparoscopy
14/08/17 20 Benign Laparoscopic Fundoplication
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ground of the ventilator circuit compared to breath (Table S2,
ESI†).

Influence of respiratory rate and tidal volume

Of the nineteen VOCs that were studied, isoprene was the most
affected with a significant change in all the assessed metrics
(signal amplitude, AUC, maximum and minimum signal) in
response to varying RR. Furthermore, only isoprene (signal
amplitude) was significantly affected by alteration in TV
(Fig. 3). Besides isoprene, eight more VOCs showed a signifi-
cant change in one or more parameters in response to varying
RR. Affected VOCs included acetone, C3–C7 aldehydes, acetic
acid and propanoic acid (Tables S3 and S4, ESI†). Other com-
pounds of supposedly endogenous origin (C8–10 aldehydes,
C4–6 volatile fatty acid and phenols) as well as the anaesthetic
agent propofol were not significantly influenced by changing
RR and TV.

The data regarding maximum values obtained for all the
nineteen VOCs are summarised in Table 3. Six VOCs showed
significant differences in maximum: isoprene, acetone, propa-
nal, pentanal, hexanal and acetic acid. Isoprene (graphically
represented in Fig. 3) was the most affected with maximum
values reaching the highest level for RR = 5 min−1 and continu-
ously decreasing until RR = 30 min−1.

The results relative to the remaining five VOCs are graphi-
cally represented in Fig. 4. Like isoprene, acetone, hexanal and
acetic acid showed a descending trend in maximum with the
progressive increase in RR. For these three VOCs, maximum
was significantly higher for RR = 5–10 min−1, stable for RR =

15–25 min−1 and significantly lower for R = 30 min−1 (acetic
acid only). Short-chain aldehydes propanal and pentanal
showed a different behaviour: the highest concentrations were
reached at the two extremes of the assessed RR range, whereas
the lowest concentrations were observed for RR = 20 min−1.

Discussion

This work presents original data, showing the impact of a
change in ventilatory parameters on the time-resolved profiles
of selected VOCs of clinical interest. For the majority of these
VOCs this is the first report of their measurement in patients
who are intubated and ventilated. The ability to evaluate
effects in patients who are mechanically ventilated offers a
unique opportunity to achieve fine control over the rate and
depth of subjects breathing that historically has not been poss-
ible in awake patients. Furthermore, breath sampling via an
endotracheal tube offers a chance to analyse VOCs that are of
systemic (endogenous) origin reducing the potential influence
of oral and ambient contaminants.

The principal findings of this study were: (i) for half of
assessed endogenous VOCs variation of respiratory parameters
did not appear to affect signals levels, (ii) with the exception of
isoprene, variation in TV had negligible influence on the levels
of selected VOCs and; (iii) a variation in RR affected maximum
concentrations of six VOCs: of the four extracted parameters,
maximum appears to be the most significant as it will corres-
pond to the actual VOC concentration in exhaled breath.

Fig. 3 Variation of isoprene breath profile parameters at different values of RR (top row) and TV (bottom row). Statistically significant differences are
established by means of one-way ANOVA, followed by Tukey’s post-hoc (letter notation highlights differences between conditions, p < 0.05).
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Exhaled isoprene constitutes one of the most studied VOCs
in breath research. Isoprene is thought to be linked to chole-
sterol biosynthesis through the mevalonate pathway and
should therefore be ubiquitous in breath. Notwithstanding
there are reports of both children47 and adults48 who have
undetectable levels of breath isoprene. Isoprene is highly vola-
tile and hydrophobic (log P = 2.42, bp = 34 °C) with high ten-
dency to partition into the gas phase (log P = −0.49). A close
correlation between blood and alveolar concentrations and a
rapid response to a change in breathing and hemodynamic
parameters may therefore to be expected. A prompt reduction
in end-tidal isoprene levels was observed in response to
increased respiratory rate during physical exercise on an erg-
ometer,49 as well as during pulmonary recruitment on
mechanically ventilated patients.37,39 In the current study, iso-
prene signal maximum showed an inverse proportionality to
respiratory rate across the whole RR range reflecting a pro-
gressively quicker depletion of the airway compartment.

Acetone is also widely studied, due to its high relative abun-
dance in breath, where it is believed to be released as by-

product of lipid degradation and ketogenesis. Compared to
isoprene, acetone has a relatively high polarity and higher
blood : air partition coefficient. For acetone the exchange
mechanisms are more complex and involve interactions with
the airway mucus layer. Our results show that acetone breath
profiles are affected by a change in RR. This is in agreement
with previous observations.37,49

Aldehydes were studied as they appear to be consistently
enriched in the breath of oesophago-gastric and colorectal
cancer patients.41–43 In the case of oesophageal adeno-
carcinoma, a link has also been established between aldehyde
accumulation and a deficiency in aldehyde detoxification.50

When evaluating the influence of ventilator parameters, vola-
tile C3–C7 aldehydes are all partially affected by a change in
RR. In particular, a decrease in maximum is displayed by pro-
panal, pentanal and hexanal: as observed for isoprene, it is
likely that faster rates result in a quicker depletion of the
airway compartments. This sensitivity to changes in RR
decreases with the reduction in volatility. C8–C10 aldehydes
are in comparison not affected: these compounds are the least

Table 3 Effect of respiratory rate (RR) on maximum parameters extracted from breath profiles of selected compounds. Statistically significant
differences are established by means of one-way ANOVA, followed by Tukey’s post-hoc (letter notation highlights differences between conditions, p
< 0.05)

Compound RR = 5 min−1 RR = 10 min−1 RR = 15 min−1 RR = 20 min−1 RR = 25 min−1 RR = 30 min−1 p-Value

Isoprene 0.86 ± 0.11c 0.81 ± 0.10c 0.65 ± 0.14b 0.57 ± 0.10ab 0.55 ± 0.11ab 0.53 ± 0.10a 0.000
Acetone 0.79 ± 0.15b 0.68 ± 0.18ab 0.57 ± 0.21a 0.58 ± 0.14a 0.60 ± 0.15a 0.60 ± 0.14a 0.005
Propanal 0.68 ± 0.20c 0.60 ± 0.20bc 0.48 ± 0.15ab 0.44 ± 0.12a 0.49 ± 0.10ab 0.57 ± 0.14ac 0.001
Butanal 0.57 ± 0.21a 0.54 ± 0.18a 0.45 ± 0.13a 0.45 ± 0.13a 0.50 ± 0.14a 0.60 ± 0.16a 0.372
Pentanal 0.49 ± 0.22ab 0.52 ± 0.17ab 0.42 ± 0.14a 0.40 ± 0.13a 0.48 ± 0.13ab 0.61 ± 0.13b 0.021
Hexanal 0.56 ± 0.15b 0.53 ± 0.14b 0.41 ± 0.11a 0.40 ± 0.10a 0.38 ± 0.11a 0.39 ± 0.13a 0.000
Heptanal 0.46 ± 0.13a 0.47 ± 0.12a 0.39 ± 0.08a 0.43 ± 0.08a 0.43 ± 0.10a 0.49 ± 0.08a 1.000
Octanal 0.53 ± 0.13a 0.51 ± 0.11a 0.47 ± 0.12a 0.47 ± 0.10a 0.48 ± 0.16a 0.48 ± 0.11a 1.000
Nonanal 0.60 ± 0.10a 0.62 ± 0.10a 0.57 ± 0.08a 0.55 ± 0.08a 0.56 ± 0.07a 0.54 ± 0.08a 1.000
Decanal 0.53 ± 0.14a 0.55 ± 0.12a 0.51 ± 0.15a 0.53 ± 0.15a 0.58 ± 0.15a 0.62 ± 0.10a 1.000
Acetic acid 0.56 ± 0.13c 0.54 ± 0.12bc 0.49 ± 0.11ac 0.46 ± 0.09ac 0.46 ± 0.10ab 0.43 ± 0.09a 0.032
Propanoic acid 0.55 ± 0.17a 0.47 ± 0.16a 0.46 ± 0.16a 0.42 ± 0.12a 0.42 ± 0.12a 0.39 ± 0.10a 0.328
Butanoic acid 0.54 ± 0.13a 0.48 ± 0.12a 0.41 ± 0.14a 0.43 ± 0.11a 0.41 ± 0.11a 0.40 ± 0.10a 0.063
Pentanoic acid 0.34 ± 0.16a 0.28 ± 0.18a 0.28 ± 0.19a 0.22 ± 0.19a 0.25 ± 0.15a 0.20 ± 0.16a 1.000
Hexanoic acid 0.33 ± 0.22a 0.32 ± 0.21a 0.29 ± 0.21a 0.28 ± 0.20a 0.26 ± 0.21a 0.27 ± 0.16a 1.000
Phenol 0.44 ± 0.13a 0.47 ± 0.11a 0.41 ± 0.15a 0.41 ± 0.11a 0.38 ± 0.11a 0.41 ± 0.07a 1.000
Methyl-phenol 0.54 ± 0.15a 0.45 ± 0.18a 0.47 ± 0.09a 0.40 ± 0.16a 0.43 ± 0.13a 0.42 ± 0.12a 1.000
Ethyl-phenol 0.28 ± 0.21a 0.34 ± 0.13a 0.29 ± 0.19a 0.30 ± 0.18a 0.28 ± 0.19a 0.30 ± 0.15a 1.000
Propofol 0.52 ± 0.29a 0.52 ± 0.26a 0.51 ± 0.28a 0.53 ± 0.27a 0.60 ± 0.23a 0.58 ± 0.25a 1.000

Fig. 4 Effect of respiratory rate (RR) on maximum values extracted from breath profiles of selected compounds. Statistically significant differences
are established by means of one-way ANOVA, followed by Tukey’s post-hoc (letter notation highlights differences between conditions, p < 0.05).
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volatile and might respond less rapidly to a change in venti-
lation; moreover, for hydrophobic compounds other compart-
ments (endothelial lining, muscle and fat tissue) might have a
buffering action on breath VOC levels. For propanal and penta-
nal a statistically significant increase in maximum has been
observed at the highest respiratory rate values. This is in agree-
ment with recent studies carried out on ventilated patients51

and animal models,52 showing a positive correlation between
breath pentanal and mechanical ventilation pressure, probably
because of an increase in lipid peroxidation and oxidation
stress.

Phenols (phenol, methyl-phenol and ethyl-phenol) and C2–
C6 carboxylic acids have also been linked to oesophago-gastric
cancer.41,42,44 None of these VOCs were significantly impacted
by changes in respiratory parameters and this is not surprising
considering these compounds are all polar, less volatile and
have high blood : air partitioning coefficients. The only excep-
tion was acetic acid: as seen for other classes of compounds,
faster airway depletion when RR is increased is probably
favoured by a higher volatility. Since acetic acid has a high
blood : air partitioning coefficient, exchanges are likely taking
place in the airways and not at the alveolar level.

Propofol was also monitored during the experiments due to
its relevance for surgical procedures. At the moment, no
method is available for online propofol monitoring: the possi-
bility to measure propofol in breath in real time has already
been shown and propofol concentrations in blood, blood
headspace and breath are correlated.38 The fact that rapid
modifications in ventilation parameters has no short-term
effects on breath propofol levels would appear to support
further research in to the use of breath analysis for propofol
monitoring during surgery.

A limitation of this work resides in the choice of one spec-
trum s−1 as PTR-ToF-MS acquisition speed: a quicker acqui-
sition speed might have provided better definition and more
accurate parameter estimation, even though at the expense of
sensitivity. It therefore remains unclear whether variation in
VOC primarily in response to increasing RR is as a conse-
quence of a true physiological effect relation to their partition
between the airways and breath or alternatively as result of
limitation in settings. The fact that findings obtained on iso-
prene and acetone agree with previous findings supports the
validity of our approach.

Whilst RR and TV were carefully controlled during this
study we did not record exact minute ventilation under experi-
mental conditions. Discrepancy between ventilator setting and
the ventilation delivered may have existed. Small sample size
and the limited number of VOCs that could be assessed are
other acknowledge limitation of this work. Finally, in remains
uncertain whether these findings would be the same
in situations where breath samples are collected off-line and
what effect if any prior breathing pattern may have.

In conclusion, findings presented herein identify that for
selected VOC variation in respiratory parameters, principally
respiratory rate, can have a significant impact on the levels at
which they are detected in breath. Whilst acknowledging that

it is not a requirement for all exhaled VOCs, it would neverthe-
less appear prudent to advocate greater standardisation for
breath sampling in future research. Subjects should avoid
strenuous activity, be rested prior to sampling and breathe
slowly with a resting tidal volume. In awake patients, this
could be achieved with the aid of visual or audible cues, such
as a metronome.
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