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Abstract
Pulmonary embolism (PE) can be a diagnostic challenge. Current diagnostic markers for PE are
unspecific and new diagnostic tools are needed. The air we exhale is a possible new source for
biomarkers which can be tapped into by analysing the exhaled breath condensate (EBC). We
analysed the EBC from patients with PE and controls to investigate if the EBC is a useful source for
new diagnostic biomarkers of PE. We collected and analysed EBC samples from patients with
suspected PE and controls matched on age and sex. Patients in whom PE was ruled out after
diagnostic work-up were included in the control group to increase the sensitivity and
generalizability of the identified markers. EBC samples were collected using an RTube™. The
protein composition of the EBCs were analysed using data dependent label-free quantitative nano
liquid chromatography–tandem mass spectrometry. EBC samples from 28 patients with confirmed
PE, and 49 controls were analysed. A total of 928 EBC proteins were identified in the 77 EBC
samples. As expected, a low protein concentration was determined which resulted in many proteins
with unmeasurable levels in several samples. The levels of HSPA5, PEBP1 and SFTPA2 were higher
and levels of POF1B, EPPK1, PSMA4, ALDOA, and CFL1 were lower in PE compared with
controls. In conclusion, the human EBC contained a variety of endogenous proteins and may be a
source for new diagnostic markers of PE and other diseases.

1. Introduction

Pulmonary embolism (PE) has been dubbed the silent
killer because the symptoms vary from asymptomatic
presentation of even large central emboli to dizzi-
ness, cough, dyspnea, chest pain, hemoptysis, syncope
and ultimately acute circulatory collapse/death [1, 2].
A recent study showed that the prevalence of PE in
patients with no other symptoms than recent onset
of excertional dyspnea is about 20% [3]. The vary-
ing and often discrete symptomatology, even shared
with other acute cardiothoracic and respiratory dis-
eases can delay the very thought of PE as a diagnosis.

Sudden deaths caused by PE are sometimes misin-
terpreted as myocardial infarction, and PE is among
the diagnoses most often missed by clinicians [4, 5].
The standard diagnostic workup and risk stratifica-
tion includes clinical examination, D-dimer testing,
arterial blood gas analysis, electrocardiography, echo-
cardiography and imaging diagnostics such as com-
puted tomography (CT)—and ventilation-perfusion
(V/Q) scans.Most of these tests are not specific for PE
[6, 7]. The search for biomarkers to enhance prompt
diagnosis and improve prognostication of PE is con-
sequently ongoing, mainly focused onmarkers detec-
ted in the blood, but the urine and the volatile organic
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compounds of the exhaled breath in humans with
suspected PE have also been investigated as potential
diagnostic tools for PE [8–10].

Besides volatile organic compounds, the exhaled
breath condensate (EBC) contains water vapour with
low concentrations of proteins, however sufficient for
mass spectrometry analysis. More than 100 proteins
have been identified in the EBC, some of which ori-
ginate from the respiratory tract only, while others
are also found in the saliva or upper airways [11–
14]. In a recent study, we tested collection of EBC
and subsequent proteome analysis in a porcine study
of acute PE. Large autologous PE were induced in
sedated, anaesthetized, mechanically ventilated pigs
[15, 16]. The EBC samples were collected before
and after induction of autologous intermediate-high-
risk PE. The protein profiles of the EBCs were ana-
lysed by label-free quantitative (LFQ) nano liquid
chromatography—tandem mass spectrometry (LFQ
nLC MS/MS). The proteome of the EBCs collected
before PE was compared with the proteome of the
EBC collected after PE, and several putative biomark-
ers of PE were identified [16].

In order to investigate the clinical potential of EBC
as a source for biomarkers in humans, this study will
compare the protein profiles of EBC from patients
with confirmed PE and controls without PE.

2. Methods

2.1. Patients and controls
The power calculation of study sample size was based
on the protein that increasedmost after PE in the por-
cine study [16], and we aimed at a 5% significance
level and a statistical power of 95% (i.e. 5% risk of
type 2 errors). The estimated sample size was 26 sub-
jects per group if two groups were compared. Power
calculations were performed in STATA IC, ver.14 by
the power twomeans syntax.

Patients visited to the emergency department at
Aalborg University Hospital between 1 June 2019 and
28 February 2020 with suspected PE were invited
to participate upon arrival. Written patient inform-
ation plus written and oral consent to participate was
obtained before EBC collection began. The study was
conducted according to the principles embodies in
the Helsinki Declaration and approved by the North
Denmark Regional Committee on Health Research
Ethics (Journal number N-20180086) and registered
at ClinicalTrials.gov (Identifier NCT04010760).

A diagnosis of PE was confirmed in case the CT
scan and/or V/Q scan confirmed a suspected PE and
the patient received treatment for the PE. Patients in
whom the diagnosis of PE was rejected were included
in the control group. The study was designed to
include a healthy control matched on age and gender
for each of the confirmed PE cases assuming that
we would have at least the protein data quality, that
we reached in the porcine study [16]. The matched

controls were recruited among out-patients waiting
for elective procedures (trans-esophageal echocardio-
graphy, radiofrequency ablation for atrial fibrillation
or switch of batteries in a pacemaker) at the depart-
ment of Cardiology, Aalborg University. These sub-
jects had no signs or symptoms of PE at inclusion.
In preliminary analyses, we however found that the
protein concentration in the clinical EBC samples was
below detection limit. Our main focus in this explor-
ative study was to avoid type 2 errors, and we there-
fore decided to combine the age and gender matched
controls and the PE-ruled out patients in one control
group in the proteome data analysis.

2.2. Inclusion and exclusion criteria
Patients with clinically suspected PE were invited
to participate if they fulfilled the following inclu-
sion criteria: Above 18 years of age possessing legal
capacity, being conscious, clinically stable (defined
as stable blood pressure and not in need for other
treatments) and able to understand written and oral
study information. No limits for D-dimer,Wells score
or upper age limit were applied. For the age—and
sex matched controls we used the following inclu-
sion criteria: Above 18 years of age possessing legal
capacity, being conscious, clinically stable (defined
as stable blood pressure and not in need for other
treatments) and able to understand written and oral
study information, same sex and age (within a 10 year
range) as an included PE patient and with no signs or
symptoms resembling PE. The inclusion started 1st
June T2019. The inclusion stopped earlier than the
initial planning due to the COVID-19 pandemic.

The following exclusion criteria were applicable
for all study participants: a need for intubation/mech-
anical ventilation or any other organ supporting
treatment (e.g. vasopressors, dialysis), being active
smokers/vapours or having active cancer (i.e. receiv-
ing active anti-cancer treatment or palliative care).

2.3. Collection of EBC
Using the Rtube™ device for collection of EBC,
the patients were instructed to breathe through the
mouthpiece leading the exhaled breath through a
cooling chamber where the vaporous part of the
exhaled breath condensed. RTube™ has been used in
previous studies of EBC [14, 17–23] including one
recently published study where the initial condensing
temperature was −80 ◦C and the collection time was
10 min [24]. We aimed at collecting a total minimum
of 3.0 mL EBC per study subject to have enough pro-
tein for the subsequent analysis. The porcine stud-
ies observed efficient collection for 15 min when pre-
cooling the aluminium tube to −80 ◦C. This gave at
least 1.5 ml of EBC per tube[15]. Based on this obser-
vation, we aimed at collecting two consecutive EBCs,
each of 15 min, from each participant. We pre-cooled
the RTube aluminium cooling sleeve to −80 ◦C and
kept it at dry ice during the transport to the patient.
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An insulating cover was placed over the aluminium
cooling sleeves during the 15 min of EBC collection,
but slight temperature increases during sample col-
lection was unavoidable. Since the EBC samples were
frozen at the termination of 15 min of collection, the
temperature was evidently below 0 ◦C.

The EBC collections took place whenever suitable
between clinical examinations, blood tests and other
diagnostic procedures, and did not interfere or delay
treatment or diagnostic work-up. The collection of
EBC was handled by a trained physician.

2.4. Storage and vacuum centrifugation of EBC
samples
The Rtubes™ marked with study subject id contain-
ing the EBCs were stored at−80 ◦C immediately after
the collection. The EBC samples were stored until all
study subjects were enrolled. The EBC were then set
to thaw in batches of four subjects per day. The EBC
were transferred to 2 ml Protein LoBind Eppendorf
Tubes® and weighed. After determining the volume
of EBC by weight assuming that 1 ml equals 1 g,
the samples were vacuum centrifugated at 30 ◦C,
1400 rpm (Eppendorf Concentrator 5301) until dry.
The dry product of the EBC samples were kept at
−80 ◦C until sample preparation.

2.5. Sample preparation and quantitative mass
spectrometry-based proteomics
Preliminary analysis indicated that the protein con-
centrations in EBC samples were below 0.5 µg ml−1.
Ultimately, the highest sample volume from a single
participant was 7 ml with an estimated maximum
amount of 3–4 µg of protein which was subjected
for LC-MS analysis. The protein concentration was
estimated by measuring the fluorescence (excitation
at 295 nm, emission at 350 nm) under the assumption
that 1 g of protein corresponds to 0.0117 g of trypto-
phan, as in human and mouse samples[25]. The dry
pellets of EBC samples were prepared for bottom-
up proteomics using an in-stage Tip digestion kit
(PREOMICS, Planegg–Martinsried, Germany). Each
sample was prepared according to the manufacturer’s
instructions. LC-MS-analysis was performed on an
Orbitrap Fusion Tribrid mass spectrometer coupled
online to a Dionex UltiMateTM 3000 RSLC nano
system through an EasySpray™ ion source (Thermo
Fisher Scientific Instruments, Waltham, MA, USA).
LFQ nLC-MS/MS was performed with the univer-
sal method settings essentially as described with few
modifications [26]. The peptides were loaded onto
a 5 mm C18 trap column (PepMap) and separated
over a 50 cm C18 main column. The peptides were
eluted from the column at a flow-rate of 300 nl min−1

using 99.9% water with 0.1% formic acid, which was
mixed with 99.9% acetonitrile with 0.1% formic acid
at a gradient increasing the concentration of the lat-
ter from2%–80%over 37min. The EBC sampleswere

analysed in technical duplicates, with an interval of 4–
5 d, except two samples which due to technical issues
only could be analysed in singlets.

2.6. Database searches and proteomics data
management
The raw data files of the EBC samples were searched
against the reviewed UniProt Homo sapiens data-
base downloaded 9 February 2020 using MaxQuant
(v 1.6.6.0) [27] and used to conduct a relative LFQ
analysis of the peptide and protein concentrations.
Settings for the database search were as previously
described [26] with the match between runs function
activated. The LFQ values of each protein were log2
transformed and technical replicates were averaged
by mean. At least one unique peptide was required
for successful protein identification. Proteins iden-
tified in the reverse database, proteins only identi-
fied by site, and potential contaminants, apart from
albumin, which based on our porcine studies may
be interesting in a PE-context, were removed from
the dataset before analysis. The 1% false discov-
ery rate (FDR)-filtered protein and peptide identi-
fications from MaxQuant were further analysed in
Perseus (v 1.6.6.0) [28] and R (v 4.0.5) [29] using
Rstudio v2023.03.0 [30].

2.7. Statistics and bioinformatics
Clinical characteristics of PE patients and controls
were presented as mean values and standard devi-
ations or percentages. Means of EBC volumes were
compared using the one-way ANOVA, standard devi-
ations were checked using Bartlett’s test.

To identify proteins with a PE-associated concen-
tration in EBC, proteins which were not identified
in >30% of the EBC samples in the PE or control
group after replicatemerge were removed. Remaining
missing values were ignored and the analyses were
conducted using only measured data, except for the
principal component analysis (PCA) where missing
values were replaced with values from a Gaussian
distribution using the impute. MinProb function
in the imputeLCMD R package [31] (q = 0.01,
tune.sigma = 0.3) to simulate signals from low
abundant proteins. Signal peptide sequence indicat-
ive of proteins with active extracellular secretion was
identified using SignalP 6.0 [32].

A linear mixed-effects regression model of LFQ-
values were fitted a fixed effects of PE-status and a
random participant effect, using the lmer function
from the lme4 R package [33]. P-values were cal-
culated with a null-model without PE-status using
the ANOVA-function and corrected with Benjamini–
Hochberg for multiple hypothesis testing. Proteins
were considered to have a significantly different
abundance at +/− 0.2 log2 fold change and p-
value < 0.05, as no proteins passed q-value < 0.05.
Additionally, a missing-value analysis was performed
based on Fisher’s exact testing on the data matrix
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prior to filtering, as the strict valid value filtering
scheme would have removed PE-unique proteins. We
used the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING, stringdb.org) for protein-
protein interaction analysis, assessment of biological
and molecular function and cellular origin entering
gene names for recognition in the data base [34].
Enrichment p-values were calculated based on ran-
dom graph with given degree sequence as described
[35].

3. Results

3.1. Study population
In total 157 subjects were screened for study inclu-
sion; 124 patients with suspected PE plus 33 controls
with same age and sex as the study participants with
confirmedPE. Forty-seven subjects were not included
in the study, mostly because of being active smoker
(n = 16), or because they did not wish to participate
after oral study information (n= 16), figure 1. Signed
consent to participate in the study was obtained for
110 subjects after written and oral study informa-
tion. PE was suspected in 84 study participants, all
included in the study before the diagnostic work-up
was completed. Of these, PE was confirmed by con-
ventional diagnostic work-up in 28 cases (PE) and
ruled out in 56 cases (nonPE). Controls matched
on age and sex were identified for 26 of the 28 PE
patients. NonPE patients without pleural effusions or
large atelectasis of the lungs were prioritized for pro-
teomics analysis aiming at comparable, homogenous
groups. EBC samples from 6 subjects were too sparse
for further analysis (EBC volumes 10 µl−1.09 ml)
leaving samples from 28 PE patients and 26+ 23 con-
trols for analysis by nano-LC MS/MS. Further details
are provided in figure 1.

3.2. Patient characteristics
ThePEpatients had higher heart rate, higherD-dimer
levels, and lower peripheral arterial saturation com-
pared with controls, and more commonly had a body
mass index >30. The most common symptoms in
patients with suspected PE were dyspnea, chest pain,
vertigo, and cough. Interestingly none of the patients
reported hemoptysis (table 1). Three patients had a
saddle pulmonary embolus, 16 had central PE and 9
were classified as peripheral PEs based on CT or V/Q
scans. Nine patients had concurrentDVT and PE, two
patients had DVT but no PE. These two patients were
included in the control group.

The diagnostic work-up did not result in a specific
differential diagnosis in 10 of the 26 nonPE patients,
while 7 had either pneumonia, pleuritis or both, 3
were diagnosed with chronic pulmonary diseases or
exacerbations of known chronic pulmonary diseases,
2 had reduced ejection fraction, and in 4 patients, the

symptoms leading to diagnostic work-up were due to
either pneumothorax or muscular tensions.

3.3. Collected EBC volumes
The mean (standard deviation) EBC volume in PE
subjects was 4.25ml (1.22), nonPE 3.99ml (1.15) and
controls 4.11 ml (1.21). The F-test for no difference
in the means was 0.31, p-value 0.73, which means
that there was no difference in EBC volumes (supple-
mental figure 1).

3.4. Proteome data
A total of 928 proteins identified by at least one
unique peptide were detected in the 77 EBC samples
after removing proteins identified in the reverse data-
base, proteins only identified by site, and potential
contaminants (supplemental table 1). We observed a
high variability and many missing values in the pro-
teome data set (depicted in blue, figure 2(a)), with
missing values being defined as proteins where a non-
zero LFQ value was not obtained, likely due to protein
levels below the limit of detection. The average num-
ber of proteins identified in each of the EBC samples
were 81 (1st quartile: 46–3rd quartile: 97). Eighty-
seven proteins were identified in at least 30% of the
EBC samples in the PE group or the controls (figure 2
and supplemental table 2) and were submitted for
PE-differential analysis. Eleven proteins were identi-
fied in the EBC samples from all 77 participants (C3,
IGHG1, KRT6, GAPHD, PIP, DSP, ACTG1, DGS1,
SERPINB12, CALML5, UBA52).

3.5. Analysis of the exhaled breath protein
composition
The three EBC proteins with the highest levels, as
indicated by their LFQ values that correlate with
absolute concentration, were in descending order:
Keratin, type II cytoskeletal 6B (KRT6B), Protein
S100-A9 (S100A9), a component of calprotectin, and
albumin (ALB) (figure 2(b)). Eigthy-one out of the
87 EBC proteins that were present in at least 30%
of the PE or control samples were recognized by
the STRING database, and the majority of the pro-
teins had known physical interactions (figure 2(c)).
Enrichment analysis revealed that many of the pro-
teins were involved in regulated exocytosis or exo-
somes. The most significantly represented biological
processes and pathways were related to the plate-
let activation and degranulation, hemostasis, innate
immune system, neutrophil degranulation (figure 3).
Proteins from many different organs were identified
in the EBC, including respiratory system but also the
liver, muscles, and intestinal organs (figures 2(c), 3
and supplemental table 3). The presence of a signal-
peptide sequence is indicative that the protein is act-
ively secreted from cells, and could be confidently

4



J. Breath Res. 18 (2024) 016007 I L Gade et al

Figure 1. Study recruitment overview.

identified in 29 (33.3%) of the quantifiable EBC pro-
teins. The descriptive analysis indicates that the EBC
proteins are of multi-origin, and some maybe trans-
ported to the EBC, e.g. from plasma.

3.6. PE-associated EBC protein abundances
The LFQ intensities of the 87 proteins identified
in at least 30% of the PE or control samples were
investigated with a focus on PE-status. An unsuper-
vised PCA and clustering analysis revealed no obvi-
ous clusters of samples based on the available clinical
data nor obvious outliers (figures 4(a) and (b), sup-
plemental figure 2), indicative of the main variance
in the data likely being explained by a multitude of
(unknown) factors. A differential analysis using lin-
ear mixed effect models initially identified no pro-
teins passing q-value< 0.05 after multiple hypothesis
testing. Given the explorative nature of this study we
were first and foremost interested in avoiding type
2 errors, and therefore decided to lower the statist-
ical criteria to include proteins passing uncorrected
p-value < 0.05. Seven proteins were found to have
significantly different concentrations in PE compared
with controls (figure 5, table 2, supplemental figure
4), namely increased levels of HSPA5 and PEBP1 in
PE and reduced levels of POF1B, EPPK1, PSMA4,
ALDOA, and CFL1. In addition, a unique analysis
found that pulmonary surfactant-associated protein
A2 (SFTPA2) was significantlymore frequentlymeas-
urable in EBC from PE patients compared with con-
trols (60.7% PE samples vs 34.7% controls, p-value

0.03. supplemental figure 3). To investigate the impact
of the control-group, proteins with significantly dif-
ferent LFQ values in PE patients compared with con-
trols were further investigated, by dividing the con-
trols into a ‘PE rule out’ group and an ‘age -and sex
matched control’ group. Each group was compared
to the PE group using linear mixed-effects regression
models, correcting for age and sex in the ‘PE rule
out’ group. The directionality of all significantly regu-
lated proteins was retained, regardless if PE was com-
pared to the ‘PE rule out’, ‘age -and sex matched con-
trol’, or the combined control group (supplemental
figure 5). However, only POF1B, CFL1, ALDOA, and
EPPK1 retained statistical significance in at least one
comparison with the ‘PE rule out’ or ‘age -and sex
matched control’ groups, which may be attributed to
the smaller size of the groups and many missing val-
ues, or differences between the EBC compositions of
the groups.

4. Discussion

This is the first study to explore the human exhaled
breath as a source for diagnostic protein-biomarkers
of pulmonary embolism. We identified in total 928
proteins in the EBCusing LFQnLCMS/MS in 77 sub-
jects. The proteins in the exhaled breath represent sev-
eral distinct biological processes indicating that the
air we exhale is a biological sample representing more
or less the whole body, similar to a blood sample.
The protein concentration in EBC was much lower
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Table 1. Clinical characteristics of patients and controls, number (percentage) or when indicated, sd; standard deviations.

Variable, level

Pulmonary
embolism
(n= 28)

Pulmonary
embolism ruled
out (n= 26)

Age -and sex
matched controls
(n= 23) Total (n= 77) p-value

Male sex 15 (53.6) 10 (38.5) 15 (65.2) 40 (51.9) 0.17
Age, median[iqr] 69 [61.0, 72.8] 52.5 [41.2, 62.0] 67 [57.5, 76.0] 63 [49, 71] <0.001
Previous VTE 9 (32.1) 7 (28.0) 1 (6.2) 17 (24.6) 0.14
Missing 0 1 7 8
Lung disease 3 (10.7) 3 (12.0) 2 (25.0) 8 (13.1) 0.56
Missing 0 1 15 16
Heart disease 2 (7.1) 0 (0.0) 6 (60.0) 8 (12.7) <0.001
Missing 0 1 13 14
Anticoagulants 3 (10.7) 3 (12.0) 5 (50.0) 11 (17.5) 0.01
Missing 0 1 13 14
BMI> 30 12 (42.9) 7 (26.9) 1 (4.3) 20 (26.0)

Clinical examination

Heart rate, mean (sd) 90.3 (18.1) 77.7 (17.3) 90.2 (28.7) 84.6 (19.2) 0.03
Missing 0 0 19 19
Blood pressure:
Systolic, mean (sd) 143.2 (19.1) 140.3 (19.2) 129.2 (13.1) 140.5 (18.8) 0.25
Missing 0 0 17 17
Diastolic, mean (sd) 82.6 (13.6) 83.8 (10) 85.7 (11.1) 83.5 (11.7) 0.83
Missing 0 0 17 17

Laboratory results

Arterial saturation, mean (sd) 95.1 (4.1) 97.8 (2.3) 100 (NA) 96.5 (3.6) 0.01
Missing 0 0 22 22
PO2, mean (sd) 8.8 (2.8) 9.1 (4.3) NaN (NA) 8.9 (3.4) 0.84
Missing 13 15 23 51
PCO2mean (sd) 5.5 (2.1) 6.8 (3) NaN (NA) 6.1 (2.6) 0.08
Missing 2 0 23 25
Troponin T, mean (sd) 41.6 (60.4) 11.7 (5.2) NaN (NA) 27 (45.4) 0.02
Missing 5 4 23 32
D-dimer, mean (sd) 5.5 (5.4) 0.8 (0.7) NaN (NA) 3.2 (4.5) <0.001
Missing 1 0 23 24

Symptoms

Dyspnea 26 (92.9) 23 (88.5) 0 (0.0) 49 (63.6) <0.001
Chest pain 13 (46.4) 14 (53.8) 0 (0.0) 27 (35.1) <0.001
Syncope 1 (3.6) 0 (0.0) 0 (0.0) 1 (1.3) 0.41
Hemoptysis 0 (0.0) 1 (3.8) 0 (0.0) 1 (1.3) 0.37
Vertigo 5 (17.9) 7 (26.9) 0 (0.0) 12 (15.6) 0.03
Caugh 7 (25.0) 5 (19.2) 0 (0.0) 12 (15.6) 0.04
Swollen extremity 5 (17.9) 1 (3.8) 0 (0.0) 6 (7.8) 0.04

than in porcine EBC, and it was, therefore, technic-
ally difficult to detect the proteins resulting in a high
number of missing values.While the data did not suf-
fice for identifying robust biomarkers for PE, lower-
ing the statistical requirement and including signi-
ficant proteins passing p-value 0.05 allowed us to
demonstrate that biomarkers likely can be identified
in EBC as a proof of concept of the idea. We identi-
fied eight proteins with significantly different levels
in EBC from patients with PE compared with con-
trols. Five of the observed potential diagnostic mark-
ers were also identified by discovery-based differen-
tial expression analysis in the pre-clinical study of
putative diagnostic markers from EBC in a porcine

model of acute PE. With p-values< 0.05, the levels of
POF1B, EPPK1, PSMA4, ALDOA, and CFL1 were all
found to be lower after PE in the porcine study [16].

We identified higher levels of three proteins in
PE patients. Surfactant protein A2 (SFTPA2), is
a glycoprotein produced by type 2 pneumocytes.
Although the mRNA of this protein is found in a few
other tissues (prostate, pancreas, trachea), the protein
is exclusively expressed in the lungs as opposed to lung
surfactant protein D, which is generally expressed on
mucosal surfaces [36, 37]. SFTPA2 is actively secreted
from the pneumocytes as a component to the pul-
monary surfactant to lower the surface tension of the
alveoli. Furthermore, SFTPA2 initiates andmodulates
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Figure 2. Descriptive analysis of the EBC proteome. (a) Missing value (blue bars) across 31 randomly participants demonstrate a
high variability and many missing values across the samples, as expected for the sample type. (b) Major protein components in
the EBC. (c) Protein–protein interaction analysis reveals that the proteins detected in the EBC are biologically interconnected.
Blue: GO biological process regulated exocytosis (GO:0045055), red. Extracellular space (GO:0070062), green: respiratory system
(TISSUES BTO:0000203).

the immune system in the lungs. HSPA5 is highly
abundant in type 2 pneumocytes and in immune cells
[37]. It is an intracellular chaperone involved in pro-
tein transport and storage in the endoplasmic retic-
ulum, and it may inhibit tissue factor procoagulant
activity on cell surfaces [38]. PEBP1 is a serine pro-
tease inhibitor expressed by most cell types, includ-
ing type 2 pneumocytes and endothelial cells in the
lungs [37]. An array of biological processes are regu-
lated by serine protease inhibitors, including inflam-
mation and coagulation.

The levels of five proteins were lower in PE com-
pared with controls. POF1B is an intracellular pro-
tein found in many tissues, the role of this protein
is uncertain although it is known to play a role in
relation to the cytoskeleton [37]. EPPK1 is expressed
in many cell types in the body including alveolar
cells [37]. It is an intracellular protein that links to
intracellular filaments and controls reorganization to
stress. PSMA4 is an intracellular proteasome subunit
expressed inmost tissues playing a key role in the pro-
tein homeostasis [37]. ALDOA is a cytosol protein

7
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Figure 3. Functional enrichment analysis based on the 87 proteins detected in the exhaled breath condensate. The ordinates
depicts the ten most enriched terms with regard to reactome pathways (RCTM), tissue expression, Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, the three Gene Ontololy (GO) domains; cellular components biological process and molecular
function. The abscissa represents the strength of the enrichment described as Log10 ratio between (I) the number of proteins
among the 87 investigated proteins annotated with each term, and (II) the expected number of annotated proteins in case 87
randomly selected proteins were analysed. The colour of each lollipop illustrates the false discovery rate (FDR), i.e. p-values
adjusted for multiple hypothesis testing by the Benjamin–Hochberg procedure. The dot size illustrates the number of protein
involved in each term.

Figure 4. Unsupervised analysis. (a) Principal components analysis (PCA) scores plot of principal component (PC) 1 and 2
visualizing the main variance in the data and separation of pulmonary embolism (PE) and control samples. (b) Hierarchical
clustering. LFQ: normalized relative label-free quantitation.

that is important for glycolysis and gluconeogenesis,
and it has been reported to protect against damage
during hypoxia [39]. CFL1 is a plasma membrane
protein expressed in most cell types, particularly in
themacrophages. It regulates cell morphology by reg-
ulation of the cytoskeleton organization [40].

In summary we see higher levels of pro-
teins that are actively secreted and have effects
on the coagulation and inflammation and lower
levels of intracellular proteins associated with
intracellular ‘household’ in PE compared with
controls.
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Figure 5. Difference in protein abundances between pulmonary embolism (PE) samples and controls. X-axis represents the
averaged abundance difference of each protein (circles) between PE- and control samples. The statistical significance is given on
the y axis, and the black line represents the significance cutoff, with p-value< 0.05. Blue proteins are present at lower levels in the
PE group, and red proteins are higher.

Table 2. Proteins with significantly different LFQ values in PE patients compared with controls based on mixed linear effect models.

Protein names Gene name Unique protein ID Fold-change (log2) p value

78 kDa glucose-regulated protein HSPA5 P11021 0.23 0.035
Phosphatidylethanolamine-binding protein 1 PEBP1 P30086 0.22 0.044
Protein POF1B POF1B Q8WVV4 −0.23 0.014
Epiplakin EPPK1 P58107 −0.24 0.023
Proteasome subunit alpha type-4 PSMA4 P25789 −0.24 0.044
Fructose-bisphosphate aldolase A ALDOA P04075 −0.28 0.018
Cofilin-1 CFL1 P23528 −0.39 0.042

Although we performed a power calculation
based on the porcine study [16], we found that the
lower protein content in the human EBC samples
was several-fold lower than in porcine EBC samples
which was a large challenge and most proteins were
not detected in all samples, resulting in a lower stat-
istical power to detect protein changes. As described,
the nonPE patients were relatively healthy, and the
EBC volumes and protein profiles of the age—and
sex matched controls and the nonPE patients were
comparable (supplemental figures 1and 2). We there-
fore combined the nonPE and C groups to increase
the sample size of the control group and the power
of the study, eventhough the optimal situation would
have been separate control groups in the proteome
analysis.

In this clinical study we identified 486 of the 897
proteins from the porcine study of EBC [16]. The
protein concentration was markedly higher in the
porcine EBC samples (mean protein concentration
3.08µgml−1), possibly due to both inter-species vari-
ation and sampling method as the pigs were mech-
anically ventilated during EBC collection. A study of

EBC collected from mechanically ventilated patients
could clarify the impact of the collection method.

We identified a markedly higher number of pro-
teins in the EBC samples compared with previous
human studies of exhaled proteins [14, 17, 41, 42],
although a study of Ma et al found 1254 proteins
[43]. The EBC proteome in our study has a relat-
ively high overlap in identified proteins with pre-
vious studies and the 928 proteins we identified in
this study included 107 out of 145 proteins (74%)
from the study by Lacombe et al [17], 19 out of 44
proteins (43%) from the study by Fumagalli et al
[14], 110 out of 167 proteins (66%) in the study
by Muccilli et al [41], 47 out of 257 proteins (18%)
in the study by Sun et al [42], using TMT labelling
and 188 out of 1254 proteins (15%) in the study
by Ma et al [43]. Various strategies have been used
including protein separation by polyacrylamide gel
electrophoresis, TMT labelling and data independ-
ent acquisition. Ma et al applied a data independ-
ent acquisition LC-MS/MS analysis strategy which
is more sensitive to identify low-abundant proteins
compared to the data-dependent acquisition used in
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the present study [44]. The findings indicate that EBC
proteomics studies can benefit from data independ-
ent strategies, although the studies may be difficult to
compare since they vary with respect to data filtration
and amount of ‘missing values’. However, albumin
was identified in the EBC in all studies but Fumagallis,
and another 53 proteins were identified in our study
and at least two of the other studies.

The search for new diagnostic markers of PE has
been centred around plasma proteins [40, 45–48].
When using a new biological sample type as EBC, it
is reassuring to identify some of the same potential
markers as seen in plasma studies. We identified in
EBCmany proteins related to the same biological pro-
cesses and cellular responses as observed in the study
by Han et al, who also observed diagnostic potential
of both serotransferrin (TF) and IGHA1 as seen in the
porcine study [16, 45].

The lack of standardization in all aspects of EBC
research is the most important limitation of our
study. Based on protein concentration measurements
in a few of the study samples, we knew that the pro-
tein concentration was at the detection limit. We dis-
cussed whether to pool EBC samples from each of
the groups due to the low protein concentration, but
ultimately settled on performing single sample pro-
teomic analysis, to have single sample protein data.
However, the technical difficulty and limited sens-
itivity to detect proteins at this concentration res-
ulted in many missing values as in other studies.
The investigation of exhaled proteome is in its very
early days and even the method to collect the EBC
is not standardized. In addition, while successful in
characterizing the EBC proteome and identify known
and novel PE biomarkers, the applied MS methods
could likely be further optimized for high sensitivity,
e.g. by utilizing DIA. Mask-based collection of EBC
even with real-time biosensors or filter based cap-
tion of exhaled proteins might be part of the solu-
tion in future studies, but much more research is
needed before EBC analysis can transfer to clinical
use [49].

In conclusion, we successfully analysed 77 single
EBC samples from patients with suspected PE
and controls using LFQ nLC MS/MS. The protein
concentration in the EBC samples was low, but
we identified biologically relevant proteins in the
samples including potential biomarkers of pulmon-
ary embolismworth pursuing in follow-up validation
studies.
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