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W
hy Lung Inflam

m
ation ? 

E.g. Asthm
a

200%
 increase

over ten
years

334 m
illion people w

orldw
ide

14%
 of children

< 18y

€19.3 billion per yearin Europe

20%
 of patients on a w

rong
m

edication



Clinical Diagnosis of Asthm
a

R
egular diagnosis approach

§
Pre & post-bronchodilator spirom

etry

§
FeN

O
m

easurem
ent

§
M

ethacholine challenge (brochoprovocation)
w

w
w

.kidshealth.org
w

w
w

.niox.com

Induced sputum
 (in addition to blood eosinophil count) 

§
C

ount of the cells

§
C

haracterization of the cells

§
M

orphology classification

%
 Eosinophilic

cells

%
 N

eutrophilic
cells

Eosinophilic

N
eutrophilic

Pauci-
granulocytic

M
ixed 

granulocytic

3 %

76 %

Asthm
a Inflam

m
atory Phenotypes: Induced Sputum

Pollution or 
infectious agents

Allergenes

H
igh im

pact
on the

treatm
ent



A
dvantages of B

reath

§
Patient inform

ation-rich

§
Accessible and non-invasive 

§
C

ost-efficient

§
Patient com

pliant

B
iopsies

B
A

LF

Sputum

Faeces

B
lood

U
rine

B
reath

VOCs
Breath as Alternative Clinical Diagnosis

BreathPrintStudy
Design

D
iscovery

study
(n: 276)

Validation study
(n: 245)

Training Set 
Test Set 

C
IFs

M
odel 

building on VO
C

s

Feature
selection

C
IFs

M
odel using

selected
features

C
IFs

M
odel predictions

•
AU

R
O

C
 calculations

•
Accuracy

m
easures

1 2
2tR (s)

3

1tR
(m

in)
10

20
30

40

A B
C

D

E

F
G

C
lassification

Features
Eosinophilic

VO
C

 Peak 
Areas  

N
eutrophilic

Paucigranulocytic

Training Set
Test Set 

R
F M

odel building on 
identified

biom
arkers

Feature
selection

am
ong

biom
arkers

R
F M

odel using
selected

features

R
F M

odel predictions

•
AU

R
O

C
 calculations

•
Accuracy, sensitivity
and  specificity
m

easures

Target VO
Cs

7 potentialbiom
arkers

C
om

pound 
N

am
e

M
olecular W

eight 
(am

u)
Sim

ilarity
M

ass A
ccuracy 

(ppm
)

H
exane

86.1090
904

1.16
1-Propanol

60.0570
901

1.51
2-H

exanone
100.0883

926
0.03

U
ndecane

156.1873
934

-0.29
N

onanal
142.1352

942
0.10

Tetradecane
196.2186

934
N

/A
Pentadecene

210.2342
939

N
/A



Eosinophilic
Asthm

a

Accuracy
Sensitivity

Specificity

FeNO
67 %

44
%

83 %

Blood
Eos%

72 %
54 %

83 %

VO
Cs

72 %
76 %

66 %

Com
bination

76 %
79 %

78 %

0.0
1.0

0.0 1.0

False positive rate

True positive rate

+
+

Best diagnostic approach
so

far…
 

Schleich
FN

 et al., Am
. J. R

espir. C
rit. C

are M
ed. (2019) 200 (4), 444-453. 

The Big Picture (Clinical Diagnosis)

Sam
pling

Separation 
& D

etectionD
ata 

Treatm
ent

Efficient and exhaustive 

D
evelopm

ent and 
optim

ization tools

D
evelopm

ent of 
statistical approaches

ü
Low

invasiveness

ü
R

obustness

ü
Exhaustivity

ü
Precise

pattern
ü

R
esolution

ü
Feature

identification

ü
Efficient data reduction

ü
Proper feature

selection

ü
D

iagnosis
& Beyond…



Tow
ards Ex-Vivo & In-Vitro Approaches

A better understanding of the hum
an volatilom

e is desirable
§

W
hat are the ‘end-reaction’ VO

C
s ?

§
Is therapeutic m

onitoring of oxidative stress possible ?

§
C

an w
e elucidate the biochem

ical background of VO
C

s ?

§
C

an w
e m

easure the im
pact of R

O
S on biological system

s ?

W
e curently investigate tw

o m
ain axes

§
Ex-vivo

consideration on bronchoalveolar lavage fluids (BALFs)

§
In-vitro

consideration of cell cultures

H
igh em

phasis on Q
A

/Q
C

 aspects

B
A

LF A
PPR

O
A

C
H



Bronchoalveolar Lavage Fluids (BALFs)

B
A

LF

Liquid sam
ples:  

à
Easy handling

à
Storage and m

ultiple injections
à

Possibilities of derivatization

M
ethod (BALFs)

Final conditions: 
•

C
olum

ns: R
xi-5m

s (30 x 0.25 x 0.25) coupled 
to R

xi-17M
S

 (1 x 0.25 x 0.25)
•

P
M

2 s

3.
C

om
parison of trapping capacity of 

different S
P

M
E

 fiber coating

1.
C

om
parison of norm

al and reverse 
colum

ns com
bination

2.
O

ptim
ization of the G

C
×G

C
 

conditions 

O
ven

40 C
3 m

in
8 C

/m
in

270 C
 

3 m
in



Sam
ples (BALFs)

5 m
L from

 10 patients 

50 m
L of B

A
LF Q

C
 

for m
ethod control 

and optim
ization

SPM
E O

ptim
ization (BALFs)

Fibre Coating and Visual Aspect
Abbreviation

Divinylbenzene/Carboxen/Polydim
ethylsiloxane

DVB/CAR/PDM
S

Polydim
ethylsiloxane

PDM
S

Divinylbenzene/Polydim
ethylsiloxane overcoated

PDM
S/DVB-O

C

Carboxen®/Polydim
ethylsiloxane

Carboxen/PDM
S

Polyacrylate
Polyacrylate

à
Selection of DVB/CAR/PDM

S

Headspace SPM
E

BAL Q
C

N
um

ber 
given

Com
pound’s N

am
e

1
Decane

2
Undecane

3
2,6-Dim

ethylaniline

4
2,6-Dim

ethylphenol

5
2,3-Butanediol

6
1-O

ctanol

7
Nonanal

8
M

ethyl decanoate

9
M

ethyl undecanoate

10
M

ethyl dodecanoate

11
Dicyclohexylam

ine

Grob test m
ix

BALF Q
C



SPM
E O

ptim
ization by DoE (BALFs)

Incubation tem
perature and extraction tim

e

Chem
ical Fam

ily
Com

pounds –
BAL

Q
C

H
ydrocarbons

Aliphatic
N

onane
2,6-dim

ethylheptadecane

N
aphthenic

1,2,4-trim
ethylcyclohexane

Arom
atic

1,2,4-trim
ethylbenzene

Aldehydes
N

onanal
H

exanal

Ketones
2-butanone

Alcohols
2-ethylhexan-1-ol

3-m
ethylbutan-1-ol

O
thers

M
ethoxyphenyloxim

e

1,2-nonadecanediol

2,3-octanedione

à
Selection of 40 °C -30 m

in as the best com
prom

ise

2-butanone

N
onanal

Q
uality Control (BALFs)

35 m
in

2 s

Q
A

/Q
C

 Procedure
Long-term

validation study

•
Standard injections every batch (10)

•
M

onitoring of analyticalvariations

A) U
ndecane

B) 2-H
exanone

A) U
ndecane

B) 2-H
exanone

A) U
ndecane

B) 2-H
exanone

•
1tR , 2tR

•
1tR

LR
Is

•
E

I (70eV
) fragm

entogram
•

TO
FM

S
 H

R
-D

econvolution
•

E
xact m

asses
•

M
olecularform

ulae
(P

I, C
I, …

)
•

Fingerprinting



Data Science: O
bject of all Attentions

Data Acquisition

Processing

Autom
atic Data 

Alignm
ent 

Statistical 
treatm

ent

Features

Unsupervised
Supervised

M
achine learning

PCA

Separation Science

D
ata Science

Pretreatm
ent M

ethod 

Pretreatm
ent M

ethod (BALFs)

1.N
orm

alization

2.Scaling

3.Transform
ation

0



Various Pathologies (BALFs)
Patient

Pathology
Abbreviation

Num
ber of replicates

1
Chronic O

bstructive Pulm
onary Disease

CO
PD

7 x 500 μL

2
Asthm

a
Asthm

a1
10 x 500 μL

3
Asthm

a
Asthm

a2
9 x 500 μL

4
Asthm

a/CO
PD O

verlap Syndrom
e

ACO
S

5 x 500 μL 

5
Asthm

a
Asthm

a3
10 x 500 μL

6
Pulm

onary Sarcoidosis
PS

10 x 500 μL

51 sam
ples

Com
pounds extraction

Statistical analysis

Cum
ulative im

age
Peaks table

51-chrom
atogram

 superim
position

Pattern recognition

Robustness & Repeatability (BALFs)

PC
1 95 %

PC2 1 %

Supervised

H
ealthy

vs C
O

PD

Features 
selection

-
Supervised R

F
-

BALF only

T
y
p
e
 
o
f
 
r
a
n
d
o
m
 
f
o
r
e
s
t
:
 
c
l
a
s
s
i
f
i
c
a
t
i
o
n
 

N
u
m
b
e
r
 
o
f
 
t
r
e
e
s
:
 
5
0
0
 

N
o
.
 
o
f
 
v
a
r
i
a
b
l
e
s
 
t
r
i
e
d
 
a
t
 
e
a
c
h
 
s
p
l
i
t
:
 
1
4
 

O
O
B
 
e
s
t
i
m
a
t
e
 
o
f
 
e
r
r
o
r
 
r
a
t
e
:
 
0
%
 



Various Pathologies (BALFs)
U

nsupervised
Pattern Recognition

Supervised
Pattern Recognition

PCA
scores plot 

PLS-DA
scores plot

Clustering by disease

Feature Selection (BALFs)

PCA scores plot (30
com

pounds)
PCA

scores plot (151
com

pounds) 

6 potential m
arkers



C
ELL

C
U

LTU
R

E A
PPR

O
A

C
H

Cell Cultures –
Proof of ConceptPC

’s
: 91.5%

 
Features

: 12 VO
C

s
PC

’s
: 80.2%

 
Features

:  44 VO
C

s

D
ifferentiation

betw
een headspaces of fresh 

m
edia and cultured m

edia (A
549 E

pithelial C
ells)



Focus on A549 EpithelialCells

C
om

pound 1
C

om
pound 2

C
om

pound 3
C

om
pound 4

C
om

pound 5
C

om
pound 6

C
om

pound 7
C

om
pound 8

C
om

pound 9
C

om
pound 10

C
om

pound 11
C

om
pound 12

Effectof O
xidative

Stress on A549 (H
2 O

2 )

The viability of A
549 cells rem

ains unchanged w
hen using low

 
concentration, i.e., 0.1 m

M
 of H

2 O
2 for 1 h, 

C
onditions to explore m

etabolic changes of the cells under 
oxidative stress



Effectof O
xidative

Stress on A549 (H
2 O

2 )
In the headspace

of the m
edia  

ü
SPM

E fiber: D
VB/C

AR
/PD

M
S

ü
Tem

perature
of extraction : 40 °C

ü
Extraction tim

e : 30 m
in

ü
D

esorption
of the fiber: 3 m

in
ü

Inlettem
perature

: 250 °C
 

(O
ptim

ized
conditions using

a D
oE)

C
olum

n
Set : 

1D
 : non-polar R

xi-5M
S

 (30 m
 ×

0.25 m
m

 ×
0.25 µm

 d
f )

2D
 : m

id-polar R
xi-17S

ilM
S

 (2 m
 ×

0.25 m
m

 ×
0.25 µm

 d
f )

M
odulation Period

P
M

: 2,5s 
G

C
 Tem

perature
R

am
p

: 40°C
 to 270°C

 at 5°C
/m

in 

1tR
 (s)

2tR
 (s)

Stability
of the Unstrum

entation

ID
#

C
om

pounds
C

hem
ical form

ula
C

A
S#

1tR
(m

in)
2tR

(s)
m

/z
R

SD
 (%

)

1
2,3-Butanediol

C
4 H

10 O
2

6982-25-8
4.83

1.949
45

5.6

2
D

ecane
C

10 H
22

124-18-5
9.832

1.289
57

6.0

3
1-O

ctanol
C

8 H
18 O

111-87-5
11.299

1.671
56

6.6

4
U

ndecane
C

11 H
24

1120-21-4
11.899

1.304
57

6.4

5
N

onanal
C

9 H
18 O

124-19-6
11.999

1.728
41

6.1

6
2,6-D

im
ethylphenol

C
8 H

10 O
576-26-1

12.099
0.253

107
6.6

7
2,6-D

im
ethylaniline

C
8 H

11 N
87-62-7

13.299
0.52

106
6.3

8
M

ethyl caprate
C

11 H
22 O

2
110-42-9

16.032
1.663

74
7.2

9
M

ethyl undecanoate
C

12 H
24 O

2
1731-86-8

17.698
1.663

74
9.6

10
D

icyclohexylam
ine

C
12 H

23 N
101-83-7

17.732
1.863

138
12.3

11
M

ethyl laurate
C

13 H
26 O

2
111-82-0

19.232
1.677

74
11.1

Injection of 10 G
rob m

ix successively
to evaluate

the 
repeatability

and the stability
of the B

T 4D



Effectof O
xidative

Stress on A549 (H
2 O

2 )

O
bvious

clustering
tendency

betw
een

H
2 O

2
treated

cells
and

non-treated
cells

is
highlighted

Significant m
etabolic 

changes of the cells after 
H

2 O
2 treatm

ent for 1 h. 

Features…

Effectof O
xidative

Stress on A549 (H
2 O

2 )



Effectof O
xidative

Stress on A549 (H
2 O

2 )

26 VO
C

s
w

ere
tentatively

identified:
–

H
ydrocarbons

–
Aldehydes

–
Arom

atic
com

pounds

H
2 O

2 -treated A549 cells
appearto be producing

these
‘suspected’ fam

ilies of VO
C

s
O

xidative
stress m

arkers
found

in 
both

breath
and cellm

edia? 
(U

nder investigation)

O
verall Conclusions

§
G

C
×G

C
-(H

R
)TO

FM
S (& SIFTM

S) is a pow
erful tool 

for asthm
a phenotyping) 

§
Ex-vivo BALF sam

ples offers valuable headspace 
inform

ation on the volatilom
e

of inflam
m

ation 

§
In-vitro cell cultures allow

 the study of the im
pact of 

oxidative stress on the volatilom
e

§
D

eeper investigation is undergoing…

0.0
1.0

0.0 1.0

False positive rate

True positive rate
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