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Volutrauma Increases Exhaled Pentanal in Rats: 
A Potential Breath Biomarker for Ventilator-Induced 
Lung Injury
Lukas Martin Müller-Wirtz, MD,*  Daniel Kiefer, MD,*  Felix Maurer, DSc,*   
Maximilian Alexander Floss, Cand Med,*  Jonas Doneit, Cand Med,*  Tobias Hüppe, MD,*   
Theodora Shopova, MSc,*  Beate Wolf, MTA,*   Daniel I. Sessler, MD,†  Thomas Volk, MD,*   
Sascha Kreuer, MD,* and  Tobias Fink, MD*  

BACKGROUND: Mechanical ventilation injures lungs, but there are currently no reliable meth-
ods for detecting early injury. We therefore evaluated whether exhaled pentanal, a lipid peroxida-
tion product, might be a useful breath biomarker for stretch-induced lung injury in rats.
METHODS: A total of 150 male Sprague-Dawley rats were investigated in 2 substudies. The first 
randomly assigned 75 rats to 7 hours of mechanical ventilation at tidal volumes of 6, 8, 12, 
16, and 20 mL·kg−1. The second included 75 rats. A reference group was ventilated at a tidal 
volume of 6 mL·kg−1 for 10 hours 4 interventional groups were ventilated at a tidal volume of 
6 mL·kg−1 for 1 hour, and then for 0.5, 1, 2, or 3 hours at a tidal volume of 16 mL.kg−1 before 
returning to a tidal volume of 6 mL·kg−1 for additional 6 hours. Exhaled pentanal was monitored 
by multicapillary column–ion mobility spectrometry. The first substudy included cytokine and 
leukocyte measurements in blood and bronchoalveolar fluid, histological assessment of the 
proportion of alveolar space, and measurements of myeloperoxidase activity in lung tissue. The 
second substudy included measurements of pentanal in arterial blood plasma, cytokine and 
leukocyte concentrations in bronchoalveolar fluid, and cleaved caspase 3 in lung tissue.
RESULTS: Exhaled pentanal concentrations increased by only 0.5 ppb·h−1 (95% confidence interval 
[CI], 0.3–0.6) when rats were ventilated at 6 mL·kg−1. In contrast, exhaled pentanal concentrations 
increased substantially and roughly linearly at higher tidal volumes, up to 3.1 ppb·h−1 (95% CI, 
2.3–3.8) at tidal volumes of 20 mL·kg−1. Exhaled pentanal increased at average rates between 
1.0 ppb·h−1 (95% CI, 0.3–1.7) and 2.5 ppb·h−1 (95% CI, 1.4–3.6) after the onset of 16 mL·kg−1 
tidal volumes and decreased rapidly by a median of 2 ppb (interquartile range [IQR], 0.9–3.2), 
corresponding to a 38% (IQR, 31–43) reduction when tidal volume returned to 6 mL·kg−1. Tidal 
volume, inspiratory pressure, and mechanical power were positively associated with pentanal exha-
lation. Exhaled and plasma pentanal were uncorrelated. Alveolar space decreased and inflamma-
tory markers in bronchoalveolar lavage fluid increased in animals ventilated at high tidal volumes. 
Short, intermittent ventilation at high tidal volumes for up to 3 hours increased neither inflamma-
tory markers in bronchoalveolar fluid nor the proportion of cleaved caspase 3 in lung tissue.
CONCLUSIONS: Exhaled pentanal is a potential biomarker for early detection of ventilator-
induced lung injury in rats. (Anesth Analg 2021;133:263–73)

KEY POINTS
• Question: Does exhaled pentanal increase during ventilation with harmfully high tidal vol-

umes and decrease in response to a subsequent reduction in tidal volume in rats?
• Findings: Exhaled pentanal increased rapidly at the onset of ventilation with harmfully high 

tidal volumes and decreased rapidly on return to low tidal volumes.
• Meaning: Pentanal exhalation identifies both the onset and discontinuation of volutrauma ven-

tilation in rats and therefore represents a potential biomarker for ventilator-induced lung injury.
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GLOSSARY
ANOVA = analysis of variance; CI = confidence interval; ELISA = enzyme-linked immunosorbent 
assay; IL = interleukin; IQR = interquartile range; TNF = tumor necrosis factor

Mechanical ventilation with high tidal vol-
umes exposes lung tissue to harmful stress 
and strain, provoking inflammation and 

edema.1 Although low tidal volumes may reduce 
lung injury,2 optimal ventilation strategies remain 
unclear,3,4 in part because there is currently no reliable 
way to detect early injury. Measures of systemic and 
local inflammation or histologic signs of  lung injury 
may be increased by high tidal volume ventilation5,6,7 
but are invasive and abnormal results appear late in 
the injury cascade.

Analysis of exhaled volatile organic compounds is a 
promising approach for early noninvasive detection of 
several diseases,8 whereby exhaled lipid peroxidation 
products especially increase in response to lung injury 
such as lung cancer9 or acute respiratory distress syn-
drome.10 Consistently, we previously identified 51 
volatile organic compounds in the breath of ventilated 
rats of which only the lipid peroxidation product pen-
tanal significantly increased by the exposure to exten-
sively high tidal volumes (8 vs 45 mL·kg−1). However, 
interventional tidal volumes were lethal as only 25% of 
rats exposed to high tidal volume ventilation survived 
the whole study period of 12 hours, which questioned 
exhaled pentanal as a meaningful biomarker.11 To the 
extent that pentanal might be a suitable biomarker for 
ventilator-induced lung injury, exhaled concentrations 
should also increase in response to ventilation with 
nonlethal moderate-to-high tidal volumes, and also 
decrease when low tidal volumes are restored.

Systemic conditions including cancer,12,13 poorly 
controlled diabetes,14 and renal insufficiency15 can all 
contribute to pentanal exhalation. Furthermore, while 
mechanical ventilation primarily damages lung tis-
sue, concomitant injury of other organ systems such 
as the diaphragm might contribute to pentanal exha-
lation.16 It is thus of considerable interest to assess the 
relationship between exhaled and systemic pentanal 
concentrations to understand whether pentanal is pri-
marily generated in the lungs or elsewhere and sim-
ply passes through the lungs.

We therefore conducted 2 studies in rats to evalu-
ate exhaled pentanal as a potential biomarker for ven-
tilator-induced lung injury. The first substudy tested 
the primary hypotheses that pentanal exhalation 
in mechanically ventilated rats increases as a func-
tion of tidal volume. The second substudy tested the 
primary hypothesis that intermittent high tidal vol-
ume ventilation increases, and a subsequent reduc-
tion in tidal volume decreases pentanal exhalation. 
Secondarily, we assessed increase rates of exhaled 

pentanal at various tidal volumes, the correlation 
between exhaled and plasma pentanal, and the asso-
ciation of exhaled pentanal with various ventilation 
parameters. We additionally assessed inflammation, 
apoptosis, and histological signs of lung injury.

METHODS
With approval of the Institutional Animal Care and 
Use Committee (No. 45/2016, 19/2017, Landesamt für 
Soziales, Saarbrücken, Germany) and in accordance 
with the German Animal Welfare Act, 150 male Sprague-
Dawley rats (age 8–10 weeks) were obtained from Charles 
River Laboratory International (Sulzfeld, Germany). Rats 
were kept in the institutional animal facility under con-
trolled conditions (temperature 20 ± 2 °C and 50% ± 5% 
relative humidity) and had free access to water. Standard 
pellet food was withheld 12 hours before experiments. 
Animals were killed with an overdose of propofol and 
ketamine when the study was done.

Anesthesia, Preparation, and Monitoring
After induction of anesthesia with sevoflurane (3.5–
5 vol%), the right jugular vein and the left carotid 
artery were catheterized, and a tracheal cannula 
was inserted. Thereafter, anesthesia was converted 
to continuous intravenous propofol and ketamine 
application supplemented by balanced electrolyte 
solution (Sterofundin ISO, B. Braun Melsungen, 
Melsungen,  Germany) to a total infusion rate of 10 
mL·kg−1·h−1. Propofol and ketamine were infused 
at a rate of 30 mg·kg·h−1 throughout surgical prepa-
ration, reduced to 25 mg·kg·h−1 at ventilation start, 
and from there on hourly reduced by 0.5 mg·h−1 (no 
weight adaptation) until reaching a minimum rate 
of 15 mg·kg·h−1. With starting mechanical ventila-
tion, a loading dose of 10 mg·kg−1 rocuronium was 
administered, followed by continuous infusion at 
12.5 mg·kg·h−1 with hourly reductions by 0.25 mg·h−1 
(no weight adaptation) until a minimum rate of 7.5 
mg·kg·h−1 was reached. Rectal temperature was 
kept at 37 ± 1 °C. Physiological parameters were 
recorded with LabChart 8 using PowerLab 8/35 
(ADInstruments, Oxford, United Kingdom).

Ventilation Protocol
Fifteen rats each were assigned to 5 groups separately 
for each substudy using a random number genera-
tor (Excel 2010, Microsoft, Redmond, WA). Blinding 
of the investigators was not possible throughout the 
experiments, but allocation was concealed whenever 
possible during postexperimental analysis.
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Substudy 1. Two reference groups were ventilated 
with a tidal volume of 6 or 8 mL·kg−1 for 7 hours. 
Three interventional groups were ventilated with a 
tidal volume of 8 mL·kg−1 for 1 hour, followed by 6 
hours of group-specific ventilation with 12, 16, and 20 
mL·kg−1.

Substudy 2. A reference group was ventilated 
with a tidal volume of 6 mL·kg−1 for 10 hours. Four 
interventional groups were ventilated with tidal 
volumes of 6 mL·kg−1 for 1 hour, subsequently with 
16 mL·kg−1 for 0.5, 1, 2, or 3 hours, and thereafter with 
6 mL·kg−1 for additional 6 hours.

Respiratory rate was adapted to maintain appropriate 
minute ventilation (500 mL·kg−1·min−1), resulting in ini-
tial respiratory rates of 83 breaths·min−1 with 6 mL·kg−1, 
63 breaths·min−1 with 8 mL·kg−1, 42 breaths·min−1 with 
12 mL·kg−1, 31 breaths·min−1 with 16 mL·kg−1, and 25 
breaths·min−1 with 20 mL·kg−1. Throughout the experi-
ments, respiratory rate was reduced or increased by 
10% as necessary to keep carbon dioxide partial pres-
sure between 28 and 45 mm Hg. Inspiration ratio 
was 45%, positive end-expiratory pressure was 2 cm 
H2O, and inspiratory oxygen fraction was 50% ± 5% 
(KTR-5 small animal ventilator; Hugo Sachs Elektronik-
Harvard Apparatus, March-Hugstetten, Germany).

Breath Samples
Ten milliliters of exhaled air were sampled at 15-min-
ute intervals and analyzed by 2 multicapillary col-
umn – ion mobility spectrometers (MCC-IMS by 
B&S Analytik, Dortmund, Germany) connected to 
the expiratory limb of the ventilator, as previously 
described.17 Briefly, sampling was controlled by an 
automated sequence using the software VoCan 3.7 
(B&S Analytik, Dortmund, Germany). After sam-
pling, gases pass a multicapillary column, are ionized 
by a beta radiator, pass a drift tube, and finally induce 
an electrical current at a faraday plate. Visual Now 3.6 
(B&S Analytik, Dortmund, Germany) software was 
used to quantify the intensity of the pentanal peak. 
Devices were calibrated with pentanal concentra-
tions ranging from 0.1 to 50 ppb. Inspired gases were 
cleaned by an activated charcoal filter and inert tub-
ing made out of perfluoroalkoxy alkane was used for 
ventilation and sampling.

Blood Samples
Blood sampling time points for each substudy are 
shown in the Supplemental Digital Content 1, Figure 
S1, http://links.lww.com/AA/D531.

Substudy 1. Arterial blood, 650 µL, was sampled at 1, 
4, and 7 hours. Blood gas analyses were performed to 
monitor ventilation (ABL90 Flex, Radiometer GmbH, 
Krefeld, Germany). Leukocytes were counted using 

a Neubauer chamber. Interleukin-6 (IL-6) and Tumor 
necrosis factor - alpha (TNF-alpha) were measured 
by enzyme-linked immunosorbent assay (ELISA). 
Positive controls of each cytokine were measured 
routinely with each assay (ELISA Antibodies BD 
OptEIA; BD Biosciences Pharmingen, San Diego, CA).

Substudy 2. Arterial blood, 600 µL, was sampled at the 
start and end (T1 and T3; Supplemental Digital Content 
1, Figure S1, http://links.lww.com/AA/D531) of the 
final ventilation period with 6 mL·kg−1 tidal volume. 
Plasma pentanal concentrations were measured with 
high-performance liquid chromatography (Agilent 
1260 Infinity, Waldbronn, Germany) as described in 
Supplemental Digital Content 2, Method description 
for plasma pentanal measurements, http://links.
lww.com/AA/D532. Additional 150 µL arterial blood 
were sampled for gas analyzes after 1 hour, after 3 
hours of the final ventilation period with 6 mL·kg−1 
tidal volume, and at the end of the study (Radiometer 
ABL 800 Basic, Willich, Germany).

Bronchoalveolar Lavage Fluid and Tissue 
Samples
Substudy 1. Bronchoalveolar lavage fluid was obtained 
by flushing the left lung with 5 mL of phosphate-buffered 
saline. IL-6, TNF-alpha, and leukocyte concentrations 
were measured in bronchoalveolar lavage fluid using 
the same method as used for blood (ELISA). The right 
upper lung lobe was fixed in buffered formaldehyde 
4% (Fischar GmbH & Co. KG, Saarbrücken, Germany) 
and embedded in paraffin for examination. Lung 
sections were stained with hematoxylin and eosin. 
Ten randomized photographs at 200× magnification 
for each animal lung were converted to binary black-
and-white images and analyzed for the proportion 
of alveolar space (Image J version  1.51j8, National 
Institutes of Health, USA; Ilastik 1.2.2, GNU General 
Public License as described elsewhere18). The right 
lower lobe of 10 randomly selected animals of each 
group was frozen in liquid nitrogen and stored at 75 
°C to measure myeloperoxidase enzyme activity as 
previously described.19 Absorbance at 460 nm was 
detected over time. A photometer (Nanophotometer 
P220, Implen Inc, Westlake Village, CA) provided the 
slope from linear regression, representing the change 
of absorbance per minute.

Substudy 2. Bronchoalveolar lavage fluid was 
obtained by a lavage of the lung with 10 mL of 
phosphate-buffered saline in 7 animals per group. 
IL-6, TNF-alpha, and leukocyte concentrations were 
measured in bronchoalveolar lavage fluid using the 
same method used in substudy 1.

Lungs were harvested in the remaining animals 
(n = 8 per group). The left lung was frozen in fluid 
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nitrogen, and stored at −75 °C. The proportion of acti-
vated/cleaved caspase 3 to nonactivated caspase 3 
was determined in lung tissue by western blot tech-
nique as described in Supplemental Digital Content 2,  
Method description for western blot technique, 
http://links.lww.com/AA/D532. The right middle 
lobe was prepared the same way as in substudy 1 for 
microscopic visual assessment.

Calculation of Mechanical Power
Mechanical power was calculated with the follow-
ing formula: mechanical power (J·min−1) = 0.098 × 
respiratory rate (breaths·min−1) × tidal volume (mL) × 
(positive end-expiratory pressure [cm H2O] + driving 
pressure [cm H2O]).20

Statistical Analysis
Data were primarily analyzed with SigmaPlot 12.5 
(Systat Software, Erkrath, Germany) and linear gen-
eralized estimating equations—regression was per-
formed with SPSS 26 (IBM, Armonk, NY). Data were 
assessed for normality using the Shapiro-Wilk test and 
by visual assessment of distribution histograms and 
quantile-quantile plots. Because most data were not 
normally distributed, results are uniformly presented 
as medians and interquartile ranges. Results of regres-
sion analyzes are presented as regression coefficients 
with the corresponding 95% confidence intervals. Two-
tailed P < .05 was considered statistically significant.

We tested the primary hypothesis of the first sub-
study by comparing exhaled pentanal concentrations 
at the end of the study using a 1-way analysis of vari-
ance (ANOVA) on ranks, followed by pairwise com-
parisons with Dunn’s method. We tested the primary 
hypothesis of the second substudy by comparing adja-
cent 15-minute concentrations before and after tidal 
volumes changed using repeated-measures ANOVA 
on ranks, followed by pairwise comparisons with 
Dunn’s method. Average increase rates in exhaled 
pentanal and associations of ventilation parameters 
with exhaled pentanal were calculated using linear 
generalized estimating equations regression models 
to account for repeated measurements and a nonnor-
mal distribution of exhaled pentanal. Associations of 
ventilation parameters with exhaled pentanal were 
assessed with separate univariable models because, 
as expected, collinearity (Pearson’s r > 0.7) was 
observed among tidal volume, inspiratory pressure, 
and mechanical power. Exchangeable or first-order 
autoregressive working correlation structures were 
used under consideration of the estimate’s plausi-
bility and the quasi-likelihood under independence 
model criterion. Model parameters were estimated by 
the quasi-likelihood method.

All other comparisons among groups were per-
formed using 1-way ANOVA on ranks and multiple 

comparisons by Dunn’s method. Linear correlation 
between exhaled and plasma pentanal concentrations 
was assessed by Spearman’s rank-order correlation.

Sample Size Considerations
Uncalibrated results from preliminary work indicated 
an average difference in exhaled pentanal intensity of 
2 ± 1.5 mV between rats exposed to low versus high 
tidal volumes.11 As both substudies were planned in 
parallel, we used the same expected effect size mea-
sures for both sample size estimations. For both sub-
studies, ANOVA sample size calculations indicated 
that 15 animals per group would provide 80% power 
with an α of .05 either to detect significant differences 
in exhaled pentanal intensity among 5 different tidal 
volume groups, or among the initial and the adjacent 
intensities before and after tidal volumes changed.

RESULTS
All animals survived the observation period. Mean 
arterial pressure decreased, but similarly in all 
groups (Supplemental Digital Content 1, Figure S2, 
http://links.lww.com/AA/D531). Blood gas values 
remained within normal ranges and were similar in 
all groups (Supplemental Digital Content 1, Tables 
S1, S2, http://links.lww.com/AA/D531). In the first 
substudy, median peak ventilation pressures were 9 
cm H2O (IQR, 8.6–9.8) with 6 mL·kg−1 tidal volume, 
10 cm H2O (IQR, 9.3–10.8) with 8 mL·kg−1 tidal vol-
ume, 11 cm H2O (IQR, 10.7–12.6) with 12 mL·kg−1 tidal 
volume, 14 cm H2O (IQR, 12.4–15.2) with 16 mL·kg−1 
tidal volume, and 17 cm H2O (IQR, 14.9–19.1) when 
tidal volume was 20 mL·kg−1. In the second substudy, 
median peak inspiratory pressures were 9 cm H2O 
(IQR, 8.8–9.2) with a tidal volume of 6 mL·kg−1 and 14 
cm H2O (IQR, 13.2–14.4) with 16 mL·kg−1.

Exhaled Pentanal Increased by High Tidal 
Volume Ventilation
Exhaled pentanal concentrations increased slightly, 
averaging 0.5 ppb·h−1 (95% CI, 0.3–0.6), when rats were 
ventilated with tidal volumes of 6 mL·kg−1. In con-
trast, exhaled pentanal concentrations progressively 
increased with higher tidal volumes up to an average 
increase rate of 3.1 ppb·h−1 (95% CI, 2.3–3.8) when rats 
were ventilated with 20 mL·kg−1 (Table  1; Figure  1). 
Consequently, exhaled pentanal concentrations were 
significantly higher with tidal volumes of 8 mL·kg−1 
or more than with tidal volumes of 6 mL·kg−1 after 
a total of 7 hours of mechanical ventilation (ANOVA 
on ranks: P < .001, P < .05 for pairwise comparisons 
by Dunn’s method; Supplemental Digital Content 1, 
Table S3, http://links.lww.com/AA/D531). Exhaled 
pentanal rapidly increased with concentrations being 
significantly higher as early as in the first measure-
ment after a change to high tidal volumes of 16 and 
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20 mL·kg−1 compared to controls ventilated with 6 
mL·kg−1 (Supplemental Digital Content 1, Table S3, 
http://links.lww.com/AA/D531).

Exhaled Pentanal Decreased by Discontinuing 
High Tidal Volume Ventilation
Switching to harmfully high tidal volumes of 16 
mL·kg−1 rapidly increased pentanal exhalation, and a 
return to protectively low tidal volumes of 6 mL·kg−1 
rapidly decreased pentanal exhalation (Figure  2; 
Supplemental Digital Content 1, Figure S3, http://
links.lww.com/AA/D531). Average increase rates 
of exhaled pentanal during ventilation at 16 mL·kg−1 
ranged between 1.0 ppb·h−1 (95% CI, 0.3–1.7) and 2.5 
ppb·h−1 (95% CI, 1.4–3.6) (Table 1). Consequently, con-
centrations were substantially greater in rats with 
longer exposure to high tidal volumes. For example, 
median final concentrations were 9 ppb (IQR, 3–13) 
in rats ventilated at 16 mL·kg−1 for 3 hours, but only 
4 ppb (IQR, 2–5) in those ventilated at 16 mL·kg−1 for 
just an hour (Figure 2). Within a maximum of 15 min-
utes after tidal volume returned to 6 mL·kg−1, exhaled 
pentanal concentration significantly decreased by a 
median of 2 ppb (IQR, 1–3), corresponding to a reduc-
tion of 38% (IQR, 31–43) (Figure  2; Supplemental 
Digital Content 1, Figure S3, http://links.lww.
com/AA/D531). Thereafter, exhaled concentrations 

gradually increased, even in control rats that were 
never exposed to high tidal volumes (Table 1).

Exhaled Pentanal Was Positively Associated 
With Mechanical Power
Median mechanical power across both substudies 
was 0.16 J·min−1 (IQR, 0.14–0.20); median cumula-
tive mechanical power was 42 J (IQR, 23–62). Tidal 
volume, inspiratory pressure, and mechanical power 
were positively associated with pentanal exhalation 
(Table 2).

Exhaled and Plasma Pentanal Concentrations 
Were Unrelated
There was no correlation between exhaled and plasma 
pentanal concentrations at the start (RT1) and at the 
end (RT3) of the final period with protective tidal vol-
umes of 6 mL·kg−1 (RT1 = 0.04, RT3 = −0.01, P > .05; 
Supplemental Digital Content 1, Figure S4, http://
links.lww.com/AA/D531).

Local Inflammation Increased by High Tidal 
Volume Ventilation
In the first substudy, IL-6 concentrations in bronchoal-
veolar fluid of animals ventilated at a tidal volume of 
20 mL·kg−1 were significantly higher than with 6 or 8 
mL·kg−1 (6 mL·kg−1: 572 [IQR, 473–729] pg·mL−1 or 8 
mL·kg−1: 683 [IQR, 561–835] pg·mL−1 vs 20 mL·kg−1: 
1170 [IQR, 774–1406] pg·mL−1, P < .05; Figure 3). TNF-
alpha concentration and leukocyte count in bron-
choalveolar fluid did not differ significantly at each 
tidal volume (Figure 3). Myeloperoxidase activity in 
lung tissue was significantly higher with tidal vol-
umes of 6 than with 12 mL·kg−1 (6 mL·kg−1: 0.25 [IQR, 
0.18–0.28] slope versus 12 mL·kg−1: 0.08 [IQR, 0.05–
0.16] slope, P < .05; Figure  3). Blood concentrations 
of IL-6, TNF-alpha, and leukocytes did not differ sig-
nificantly among tidal volume groups (Supplemental 
Digital Content 1, Table S4, http://links.lww.com/
AA/D531).

In the second substudy, IL-6, TNF-alpha, and leu-
kocyte counts in bronchoalveolar lavage fluid and 
the proportion of cleaved caspase 3 in lung tissue did 
not differ significantly among the groups (Figure  3; 
Supplemental Digital Content 1, Figure S5, http://
links.lww.com/AA/D531).

Histological Signs of Lung Injury Increased by 
High Tidal Volume Ventilation
Rats ventilated with a tidal volume of 6 mL·kg−1 had a 
significantly greater proportion of alveolar space than 
groups ventilated with higher tidal volumes in the first 
substudy (Figure 4). Visual assessment of lung histol-
ogy in the second substudy revealed no substantial 
differences among groups exposed to different dura-
tions of intermittent high tidal volume ventilation 

Table 1. Increase Rates in Pentanal Exhalation
Substudy 1
Tidal volume 
(mL·kg−1)

Average increase in exhaled pentanal per hour  
(ppb·h−1) (95% confidence interval)

20 3.1 (2.3–3.8)
16 2.8 (1.9–3.8)
12 2.6 (1.6–3.6)
8 1.7 (1.3–2.1)
6 0.5 (0.3–0.6)
Substudy 2

Harmful  
ventilation  
time (h)

Average increase in exhaled pentanal per hour  
(ppb·h−1) (95% confidence interval)
High tidal volume  
period (16 mL·kg−1  
tidal volume)

Low tidal volume  
period (6 mL·kg−1  
tidal volume)

0 0.6 (0.3–1.0) 0.5 (0.2–0.7)
0.5 2.5 (1.4–3.6) 1.2 (0.8–1.6)
1 1.0 (0.3–1.7) 0.6 (0.4–0.9)
2 1.2 (0.8–1.7) 0.8 (0.6–1.1)
3 1.9 (1.1–2.6) 0.9 (0.5–1.3)

Substudy 1: a linear generalized estimating equations regression model 
was calculated to obtain the average increase in exhaled pentanal per hour 
(ppb·h−1) (subjects: n = 75, data pairs: n = 1780). Substudy 2: 2 linear gen-
eralized estimating equations regression models were calculated to obtain 
the average increase in exhaled pentanal per hour (ppb·h−1) (subjects: n = 
75). The first model (left column) included only values during high tidal vol-
ume ventilation at 16 mL·kg−1 and values of the equal period for ventilation 
at 6 mL·kg−1 in control rats (data pairs: n = 180 for 0 h, 30 for 0.5 h, 60 
for 1 h, 120 for 2 h, and 180 for 3 h of high tidal volume ventilation, total: 
n = 570). The second model (right column) included only values of the final 
6 h protective ventilation period at 6 mL·kg−1 (data pairs: n = 345 for each 
group, total: n = 1725). Parameters used for all models: dependent variable: 
exhaled pentanal (ppb), independent variable: ventilation time within each 
group (h). P < .001 for all regression coefficients.
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(representative microscopic pictures, Supplemental 
Digital Content 1, Figure S6, http://links.lww.com/
AA/D531).

DISCUSSION
Exhaled pentanal concentrations increased only 
slightly at a tidal volume of 6 mL·kg−1 but did so pro-
gressively at higher tidal volumes. A switch to harmful 
tidal volumes of 16 mL·kg−1 rapidly increased exhaled 
pentanal, which in turn rapidly decreased after return-
ing to lung-protective tidal volumes of 6 mL·kg−1. 

Consistently, tidal volume, inspiratory pressure, and 
mechanical power were associated with exhaled pen-
tanal across both substudies. These observations are 
encouraging since a biomarker of ventilator-induced 
lung injury should not only detect potential harm but 
also indicate when conditions improve.

In contrast to the unknown pathways of many 
other volatile organic compounds in breath, pen-
tanal results from lipid peroxidation.21–23 In com-
bination with findings on cellular responses to 
ventilator-induced lung injury,24,25 we hypothesize 

Figure 1. Pentanal exhalation in substudy 1. Two reference groups were ventilated with a tidal volume of 6 or 8 mL·kg−1 for 7 h. Three inter-
ventional groups were initially ventilated with a tidal volume of 8 mL·kg−1 for 1 hour, followed by tidal volumes of 12, 16, or 20 mL·kg−1 for 6 
h. N = 15 per group. Data are presented as medians and interquartile ranges.

http://links.lww.com/AA/D531
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that pentanal arises consequent to high tidal volumes 
stretching lung tissue, thereby exposing polyunsat-
urated fatty acids in cell membranes to oxidation. 
Consistent with this theory, synthetic membranes 
exposed to oxidation and mechanical stress 
through sonication vaporize considerable amounts 
of pentanal.23 In addition, malondialdehyde—also 
a lipid peroxidation product26—increases in lung 
tissue of rats ventilated with high tidal volumes.27 
Unlike malondialdehyde, pentanal can be evalu-
ated noninvasively.

Figure 2. Pentanal exhalation in substudy 2. A reference group was ventilated at 6 mL·kg−1 for 10 h. Four interventional groups were ventilated 
with a tidal volume of 6 mL·kg−1, interrupted by ventilation with a tidal volume of 16 mL·kg−1 for 0.5, 1, 2, or 3 h. N = 15 per group. Data are 
presented as medians and interquartile ranges.

Table 2. Association of Exhaled Pentanal With  
Ventilation Parameters

Parameter
Regression  
coefficient

95%  
confidence  
interval P

Tidal volume (mL) 0.7 0.6–0.8 <.001
Inspiratory pressure (cm H2O) 0.19 0.15–0.20 <.001
Mechanical power (J·min−1) 11 9–13 <.001
Mechanical power cumulative (J) 0.13 0.11–0.15 <.001

Univariable linear generalized estimating equations regression models were 
calculated to assess the association of exhaled pentanal (dependent variable) 
with ventilation parameters (independent variable). All available data from both 
substudies were included (subjects: n = 150, data pairs: n = 4518).
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Both stretch-induced injury and oxidative pro-
cesses arising from larger lung surfaces exposed 
to ventilation by high tidal volumes may gener-
ate pentanal. In clinical practice, it remains unclear 

whether the open lung approach or permissive 
atelectasis is most protective.28 The open lung 
approach uses high positive end-expiratory pres-
sures and repeated recruitments which may lead 

Figure 3. Markers of inflammation 
and apoptosis in rat lungs. Substudy 
1: Bronchoalveolar lavage of the left 
half of the lung was performed with 5 
mL phosphate-buffered saline. Due to 
technical problems with the TNF-alpha 
assay for the 6 mL·kg−1 group, we 
cannot provide values for this group. 
Bronchoalveolar lavage was success-
fully performed in n = 11 for 6 mL·kg−1, 
n = 12 for 8 mL·kg−1, n = 14 for 12 
mL·kg−1, n = 12 for 16 mL·kg−1, and n 
= 13 for 20 mL·kg−1. *P < .05 for pair-
wise comparisons by Dunn’s method; 
ANOVA on ranks: IL-6: P = .003, TNF-
alpha: P = .06, leukocytes: P = .086, 
myeloperoxidase activity: P = .024. 
Substudy 2: Bronchoalveolar lavage of 
the whole lung was performed with 10 
mL phosphate-buffered saline to mea-
sure interleukin and leukocyte concen-
trations in n = 7 rats per group. The 
left half of the lung was removed in n 
= 8 rats per group to measure the pro-
portion of cleaved caspase 3 in lung 
tissue. Data are presented as medi-
ans and interquartile ranges. No sta-
tistically significant differences among 
groups; ANOVA on ranks: IL-6: P = .52, 
TNF-alpha: P = .85, leukocytes: P = .76, 
cleaved caspase 3: P = .09. ANOVA 
indicates analysis of variance; IL, inter-
leukin; TNF, tumor necrosis factor.
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to unnecessary exposure of lung areas to oxidative 
processes that would otherwise rest and stay unaf-
fected. Exhaled pentanal could probably help to 
distinguish between these ventilatory strategies in 
future studies.

Exhaled and plasma pentanal concentrations were 
apparently unrelated, indicating that exhaled pen-
tanal measured in our rats was primarily generated 
in the lungs. Nonpulmonary pathologies may indi-
rectly increase pentanal exhalation, as previously 
shown in humans for cancer,9,13 poorly controlled 
diabetes,14 and renal insufficiency.15 Available data 
thus suggest that exhaled pentanal results mostly 
from lung injury, but it remains possible that nonpul-
monary sources may contribute, thus diminishing 
the specificity of exhaled pentanal as a biomarker of 
ventilator-induced lung injury.

Inflammatory responses to high tidal volumes were 
subtle in the first substudy. Bronchoalveolar fluid IL-6 
concentrations increased in animals ventilated with 
high tidal volumes, but other biomarkers did not. 
Myeloperoxidase activities in lung tissue were higher 
in rats ventilated with low tidal volumes which is in 
contrast to previous reports.29,30 However, this result 
appears to be statistically fragile.

In the second substudy, high tidal volume ventila-
tion did not increase cytokine or leukocyte concentra-
tions in bronchoalveolar fluid. Likewise, there was no 
significant increase in cleaved caspase 3, a measure of 
apoptosis which we thought might be more sensitive 
to ventilator-induced lung injury.31 Interestingly, the 
rats ventilated for 0.5 hours at 16 mL·kg−1 had marked 
increases in exhaled pentanal exhalation, suggest-
ing that these animals were particularly vulnerable 
although they were randomly allocated to treatment. 

And as might be expected, they had the highest pro-
portion of cleaved caspase 3 in lung tissue.

In contrast to IL-6 concentrations in bronchoal-
veolar fluid, inflammatory markers in blood did not 
increase at higher tidal volumes. Our findings in 
rats thus correspond to clinical findings in patients 
with healthy lungs, confirming that blood cytokine 
concentrations are insensitive indicators of harmful 
ventilator settings.5,6 Cytokines in bronchoalveolar 
lavage fluid seem to be better markers of pulmonary 
inflammation in response to mechanical ventilation. 
Consistently, exhaled lipid peroxidation products in 
humans correlate with cytokine concentrations in 
bronchoalveolar lavage fluid, but not with blood con-
centrations.32 The lipid peroxidation product pentanal 
thus more likely relates to local pulmonary rather 
than systemic inflammation.

There is no broad consensus for histological 
assessment of ventilator-induced lung injury. A 
previously used histological scoring system relies 
mainly on objective judgment and requires a trained 
pathologist.33 Scored criteria are thickness of the 
alveolar walls, infiltration or aggregation of inflam-
matory cells, and hemorrhage. All of which imply 
a higher tissue proportion in histological slices, or 
vice versa, a lower proportion of alveolar space. 
Accordingly, we took random histological images 
and determined the proportion of alveolar space by 
a software-based algorithm to objectively quantify 
lung injury. The alveolar space was progressively 
reduced at higher tidal volumes, which is consistent 
with higher grades of lung injury. Histological anal-
yses were thus consistent with pentanal exhalation 
in showing that tidal volumes exceeding 6 mL·kg−1 
injure lungs.

Figure 4. Proportion of alveolar space and representative histological pictures in substudy 1. Ten randomized digital pictures (magnification: 
200×) of the right upper lung lobe were converted to binary black and white pictures, and the area of alveolar space was software-based mea-
sured. Two examples are given on the right side. N = 15 rats per tidal volume group. *P < .05 for pairwise comparisons by Dunn’s method, 
analysis of variance on ranks: P < .001. 
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A limitation of our study is that we considered 
tidal volume to be the most important determinant 
for ventilator-induced lung injury, although other 
factors surely contribute. We report an association 
of mechanical power and pentanal exhalation based 
on a post hoc regression analysis, but further stud-
ies are needed with mechanical power as the con-
trolled exposure. We further assessed animals with 
healthy lungs. But the clinical challenge, and where a 
biomarker would be especially helpful, is the trade-
off between oxygenation and ventilatory injury in 
patients with failing lungs. It will thus be of consid-
erable interest to investigate exhaled pentanal as a 
biomarker of ventilator-induced lung injury in dis-
eased lungs, for example, in patients suffering from 
acute respiratory distress syndrome. Finally, both 
propofol and ketamine possibly provide a degree of 
protection against ventilator-induced lung injury.34,35 
Results may thus differ with other anesthetics.

CONCLUSIONS
Exhaled pentanal increases substantially with high 
tidal volume ventilation and decreases rapidly when 
tidal volume is thereafter reduced. Exhaled pentanal 
thus represents a potential biomarker for early detec-
tion of ventilator-induced lung injury in rats. Systemic 
sources contributed little to pentanal exhalation. E
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