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Abstract. Objective: M e a s u r e m e n t  o f  hydrogen  peroxide  
concen t ra t ions  in b rea th  condensa te  o f  mechan ica l ly  ven- 
t i la ted  pa t ien ts  wi th  A R D S  and  with r isk factors  for  de-  
ve loping  A R D S .  
Design: O p e n  s tudy  in intensive care pat ients .  
Setting: Intensive care uni ts  o f  the  Clinics o f  the  Univers i -  
ty o f  Goet t ingen ,  a p r i m a r y  care center. 
Patients." 10 pos t -opera t ive ly  vent i la ted pat ients  as a con- 
t rol  group and  26 pat ients  with acute respira tory  failure, 7 
o f  t hem with ARDS,  12 with po ly t rauma ,  4 with p ne umo-  
nia,  3 with cardiogenic  or  nephrogenic  p u l m o n a r y  edema.  
Interventions: None.  
Measurements: Breath  condensa t e  was col lected by a spe- 
cial  co ld  t rap  and  was ana lysed  for  H202 by a chemilu-  
minescence  me thod .  Da i ly  measu remen t s  were p e r f o r m e d  
for  4 .2+2 .6  days ( m e a n + S D )  as soon  as poss ib le  af ter  
man i f e s t a t i on  o f  resp i ra tory  failure. 
Results: Pat ien ts  wi th  acute  resp i ra to ry  fai lure exhibi ted  
h igher  H202 concen t ra t ions  t han  con t ro l  pa t i en t s  (medi-  
an  95 nmol/1 ,  range  7 6 - 1 4 4  nmol/1) ,  wi th  the  h ighest  
m e d i a n  value  f o u n d  in the  A R D S  group  (552 nmol/1 ,  
range 1 5 4 - 8 9 3 ) .  A f t e r  cl inical  improvement ,  H202 con-  
cen t ra t ions  decreased  to the  range o f  the  con t ro l  group.  
Conclusion: Since h igh  concen t ra t ions  o f  H202 in b rea th  
condensa t e  were on ly  f o u n d  in pa t ien ts  wi th  A R D S  or  
wi th  r isk factors  for  A R D S ,  the  results  a d d  to  the  existing 
evidence tha t  react ive oxygen species are assoc ia ted  with  
some acute  lung diseases.  
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In  several types  o f  acute  lung disease, especia l ly  A R D S ,  
p o l y m o r p h o n u c l e a r  leucocytes  in the  a lveolar  inf i l t ra tes  
release toxic oxygen metabo l i t e s  [ I -  5]. These  may  reach 
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the airways and  can be detected in the  expired breath ,  
since they are no t  deg raded  there  by  catalase.  

Ba ldwin  et al. [61 a n d  Szna jde r  et al. [7] f irst  mea-  
sured increased  hydrogen  peroxide  concen t ra t ions  in the  
b rea th  condensa te  o f  mechan ica l ly  vent i la ted intensive 
care pat ients ,  especial ly  with A R D S .  

This  s tudy  was des igned to de te rmine  hydrogen  perox- 
ide  concen t ra t ions  in the  expired b rea th  o f  pa t ien t s  wi th  
A R D S  or  wi th  r isk factors  for  developing  A R D S .  Fur-  
thermore ,  the  p rognos t i c  s ignif icance o f  the  course o f  
H 2 0  2 concen t ra t ion  and  its su i tabi l i ty  as a d iagnos t ic  
m e a n  was e lucidated.  

Materials and methods 

Patients 

The study was conducted according to the principles established in Hel- 
sinki. Hydrogen peroxide concentrations in the expired breath conden- 
sate were measured in 36 mechanically ventilated patients at the differ- 
ent intensive care units of the Clinics of the University of Goettingen 
(see Table 1). Of these patients 10 were ventilated post-operatively, had 
no signs of pulmonary disease and served as a control group. The other 
patients were included in the study if they met the following criteria for 
"ARDS" or for "risk factors": "ARDS" was supposed to exist if 5 crite- 
ria were fulfilled: acute development of respiratory failure; bilateral, 
diffuse alveolar infiltrates on chest X-ray; pulmonary edema not caused 
by heart failure; increased airway pressure on mechanical ventilation 
(plateau pressure minus PEEP was at least 25 mmHg), indicating de- 
creased lung compliance; and a ratio of arterial to alveolar oxygen ten- 
sion less than 0.2. The cause of ARDS in these 7 patients were: Pneu- 
monia (3), eclampsia with DIC (1), DIC after shock due to severe intra- 
operative haemolysis (1), pulmonary edema caused by acute renal fail- 
ure (2). 

The patients with "risk factors" for developing ARDS were divided 
into the following groups: Polytrauma without chest trauma, including 
2 patients with skull and brain trauma; polytrauma with chest trauma 
0ung contusion), including 5 patients with skull and brain trauma; 
pneumonia. Additionally, a group of patients with cardiogenic (2) or 
nephrogenic (1) pulmonary edema were studied. 

The indices of mechanical ventilation were documented in all pa- 
tients, as were body temperature, heart rate, arterial pressure and rou- 
tine laboratory reports. 

The breath condensate was collected once in the patients of the con- 
trol group. In all other patients the first sample was taken as soon as 
possible (2.0+ 1.6 days) after the clinical manifestation of the respirato- 
ry failure. H202 was measured once per day for several successive days 
(4.2+2.6 days) up to extubation if possible. 



Table 1. Patient characteristics 
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Control Polytrauma without Polytrauma with 
group chest trauma chest trauma 
(n = 10) (n = 4) (n = 8) 

Pneumonia Cardiogenic or nephrogenic ARDS 
pulmonary edema 

(n = 4) (n = 3) (n = 7) 

Sex (m/f) 5/5 1/3 6/2 
Age (years) 

Mean _+ SD 42 _+ 15 25 _+ 7 31 _+ 12 
Range 22 - 64 15 - 31 18 - 48 

Lethality (n) 0 0 1 

4/0 3/0 3/4 

58+ 16 60+8 50+ 16 
4 0 -  76 51 - 66 28 - 76 
0 0 5 

Breath collection 

Hydrogen peroxide in the expired breath was collected together with the 
water fraction by condensation in a special cold trap. In the bronchi and 
alveoli the air is saturated with water vapour by 100% (44 mg/1) and has 
a temperature of 37 ~ [8, 9], independent of the humidity and tempera- 
ture of the inspired gas mixture. At the end of the endotracheal tube the 
expired breath has already partly condensed and lost approximately 
40% of its humidity and heat, the water content being only 27 mg/1 and 
the temperature 29 ~ [9]. Since H202 and H20 have different vapour 
pressures, boiling and melting points, they do not condense at the same 
rate. Therefore it is indispensable to standardize the condensation con- 
ditions. Figure I outlines the sampling method used. A bypass tube with 
a diameter of 7 mm was put into the expiration tube and connected with 
a pump equipped with a gas flowmeter. This pump sucked a portion of 
the expired breath with a continuous flow of approximately 1.51/min 
constantly during in- and expiration phase through a special cold trap 
which was precooled to approximately -80  ~ C in a mixture of acetone 
and dry ice, according to data by Sakugawa and Kaplan [10] on conden- 
sation of H202 from atmospheric air. The expiration tube and the by- 
pass tube up to the glass cold trap were heated to 40~ with a heating 
tape for preventing the expired breath from condensing before reaching 
the cold trap. By connecting a second glass cold trap in series we assured 
the completeness of condensation, as the second cold trap always re- 
mained completely dry. Air contains varying amounts of H202 in the 
vapour phase [10]. To assure that all humidity and all H202 in the ex- 
pired breath originated from the patients' lungs, ventilation during the 
10 min breath Collection period was performed with completely dry gas 
mixtures of oxygen and compressed air at the individually required 
FIO 2. The moisturized silicone ventilation tubes were replaced by new 
disposable PVC tubes during the sampling period. 

Analytical procedure 

Hydrogen peroxide was assayed by a chemiluminescence method previ- 
ously described by Yoshizumi et al. [11]. Briefly, the sample solution 
(minimum volume 50 ~tl) and an equal volume of reagent solution con- 
sisting of 1 ml of luminol-NaOH (1.7 mg luminol in 110.069 M NaOH) 
and 99 ml of haemin-NaOH (4.5 mg haemin in 99 ml 0.069 M NaOH) 

. . . .  ~,  ~ator [ 

I:~.....-...t Flow 1-21/rain 
Fig. 1. Schematic diagram of breath condensate collection by a special 
glass cold trap 

are mixed in a reaction cell to undergo a chemiluminescence reaction. 
Luminol (5-amino-1,2,3,4-tetrahydrophthalazine-l,4-dione) is oxidized 
by H202 in the presence of haemin as a catalyst. The phthalic acid de- 
rivative formed emits light with a maximum at 462 nm. The intensity of 
light emission is directly proportional to the H202 concentration in the 
sample and was detected with a 6-Channel-Multi-Biolumat LB9505C 
from Berthold (Wildbad, Germany). The calibration curve was linear 
for concentrations of 200 nmol/1 up to 1500 nmol/1 (r = 0.992). The 
lower detection limit of the method was 70 nmol/1. The intraday varia- 
tion was 4.5% (n = 10), interday variation between different calibration 
curves was 12% (n = 10). Standard addition tests yielded 10%-15% 
lower values than calculated (n = 5). Samples were assayed immediately 
after collection, or the whole cold trap was stored frozen at -80  ~ for 
a few days. The specificity of the assay was confirmed by pretreating 
representative samples with catalase, which resulted in a complete loss 
of detectable H202. 

A cross-over test was made with the staff of a laboratory of the In- 
stitute of Bioclimatology of the University of Goettingen, where H202 
was measured with a fluorescence method (p-hydroxyphenyl-acetic-ac- 
id) in the presence of horseradish peroxidase: The difference between 
measured concentrations of samples assayed with both methods was 
2 .2%- iL6%,  mean 5.7%, n =4. 

Data analysis 

The Mann-Whitney U test was used to compare data of all patients be- 
tween groups, p < 0.05 was considered significant. 

Results 

A l l  pa t i en t s  were  i n c l u d e d  in t he  s tudy  w i t h i n  2 . 0 +  1.6 
days  ( range  0 - 7  days)  a f t e r  t he  b e g i n n i n g  o f  m e c h a n i c a l  
ven t i l a t i on .  T h e  7 pa t i en t s  w i t h  A R D S  were i n c l u d e d  
w i t h i n  1.4_+ 1.2 days  ( range  0 - 4  days) a f t e r  t he  onse t  o f  
A R D S .  Table  1 shows  the  charac te r i s t i c s  o f  t he  inves t iga t -  
ed  pa t ien ts .  By  chance ,  t he  sex ra t io  was d i f f e ren t  b e t w e e n  
groups .  M e a n  age  was d i f f e r en t  b e t w e e n  g roups ,  too,  b u t  
typ ica l  fo r  t h e  u n d e r l y i n g  d isease  states.  

I n  Table  2 t he  m e d i a n  va lues  o f  m a x i m u m  a n d  min i -  
m u m  H 2 0 2  c o n c e n t r a t i o n s  in  t he  g roups  are  l isted.  I n  
pa t i en t s  w i t h o u t  acu te  lung  d isease  (we inves t iga ted  the  
10 pa t i en t s  o f  t he  c o n t r o l  g r o u p  a n d  7 o t h e r  in tens ive  care  
pa t i en t s  n o t  i n c l u d e d  in t he  s tudy)  we never  m e a s u r e d  
H 2 0 2  c o n c e n t r a t i o n s  h i g h e r  t h a n  200 n m o l / 1  b r e a t h  c o n -  
densa te .  

Pa t i en t s  w i th  acu t e  l u n g  inf i l t ra tes ,  w h e t h e r  foca l  o r  
d i f fuse ,  exh ib i t ed  m a r k e d l y  h i g h e r  va lues  t h a n  c o n t r o l  
pa t i en t s ,  w i th  t he  h ighes t  m e d i a n  va lue  (by 5 t imes  h i g h e r  
t h a n  in t he  c o n t r o l  g roup )  f o u n d  i n  t he  A R D S  g r o u p  
(p < 0 . 0 1  fo r  H 2 0  2 o f  c o n t r o l  g r o u p  versus  m a x i m u m  
H 2 0  2 o f  al l  o t h e r  pa t i en t s ;  n = 10 vs 26). However ,  t he  
d i f fe rences  b e t w e e n  t h e  g r o u p s  wi th  p o l y t r a u m a ,  p n e u -  
m o n i a ,  p u l m o n a r y  e d e m a  a n d  A R D S  were n o t  s ta t i s t ica l -  
ly s ign i f ican t .  
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Table  2. Patient data and results of H20 z measurements and clinical parameters. H202 max = Maximum H202-concentrations in breath conden- 
sate; PaO2: FIO 2 = PaO 2 divided by the inspired FIO 2 at the time of maximum H202; Vt / (Pp-PEEP ) = tidal volume (Vt) divided by the dif- 
ference of plateau pressure (Pp) and PEEP as a parameter of the respiratory system compliance at the time of max. H202; no. of quadr. = number 
of quadrants with lung infiltrates or edema on the X-ray at the time of max. H202, H202 rain = minimum concentrations of H202 at clinical 
recovery to a required FIOz<0.45. Data are given as median values (range) 

Group n H202 max PaO 2: FIO 2 Vt/(P p - PEEP) No. of quadr, n H202 min 
[nmol/1] [mmHg] [ml/cmH20] with infiltr. [nmol/1] 

Control group 10 95 (76-  144) 438 (388- 550) 66 (44-  71) 0 - 0 - 
Polytrauma, no chest trauma 4 233 (156-427) 273 (260-506) 51 (36-57) 0 (0-1)  4 110 (86-204) 
Polytrauma, chest trauma 8 334 (158- 1008) 255 (152- 420) 45 (33 - 63) 1 (1 - 3) 7 128 (92-  227) 
Pneumonia 4 343 (241-862) 171 (150-303) 37 (30-50) 2.5 ( i - 4 )  4 124 (95-250) 
Pulmonary edema 3 368 (222- 671) 146 (139 - 200) 43 (30-  62) 4 ( 2 -  4) 3 170 (68-  172) 
ARDS 7 552 (154-893) 78 (38-129) 29 (22-40) 4 (2-4)  2 137 (104-170) 

Figure 2 shows the individual values of maximum 
H202 concentration. The variation within groups is 
marked. The H 2 0  2 concentrations in single patients did 
not correlate with clinical parameters such as FIO2, 
PaO2, severeness of infiltrates on the chest X-ray, airway 
pressure or laboratory parameters, e.g. number of leuco- 
cytes in blood (maximum H202 vs PaO2: r = - 0 . 2 2 ,  
n = 33; H202 vs FIQ:  r = 0.013, n = 103). In some cases 
(n = 11) with serial determination of H202 concentra- 
tions over several days a short lasting (24-48 h) peak de- 
veloped, followed by a decrease over several days down to 
values near the lower detection limit. In Fig. 3 the course 
of H 2 0  2 concentrations is plotted for all patients of the 
ARDS group. A decrease of H202 developed always if 
patients recovered but also in two cases in which the 
pulmonary gas exchange became desolate with increases 
in PaCO2 followed by the death of the patient. Two oth- 
er patients of those 5 who died had H 2 0  2 concentrations 
higher than 500 nmol/1 until a few hours before death, 
but in one case a patient died who never had concentra- 
tions above 400 nmol/1. In spite of exhibiting pulmonary 
infiltrates, some patients never had H202 values higher 
than 200 nmol/1 (2 patients with chest trauma, 1 with 
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Fig. 2. Maximum H202 concentrations in the expired breath of me- 
chanically ventilated patients. Individual values of all patients. Polytr., 
Polytrauma; tr., trauma; Pneum., Pneumonia; Pulm., Pulmonary 

A R D S ) .  H202  median values were highest in the ARDS 
group, the group with lowest PaO2, lowest lung compli- 
ance, maximum X-ray results and maximum lethality. 

Discussion 

The role of oxidants in acute lung injury has been exam- 
ined in a variety of animal models (reviewed in [2]). In 
humans, indirect evidence such as the presence of 
~-proteinase inhibitor in the bronchoalveolar fluid [12] 
and of lipid hydroperoxides in pulmonary edema fluid 
[13] as well as direct detection of H20 z in breath con- 
densate [6, 7] and in this paper point to an elevated pro- 
duction of oxidants in the lung of ARDS patients. This 
is commonly ascribed to the margination of large quanti- 
ties of neutrophils into the pulmonary interstitium and 
the alveolar space [14, 15]. 

Our findings as well as those of Baldwin et al. [6] and 
Sznajder et al. [7] do not point to the source of the H202 
recovered in the breath condensate. Baldwin et al. [6] 
were the first to measure increased hydrogen peroxide lev- 
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Fig. 3. Course of the H202 concentrations in all patients with ARDS. 
�9 - 0 5 patients who died from ARDS; �9 - �9 2 patients survived and 
could be extubated later 



els in breath condensate of patients with ARDS, values 
being 5 times higher than in a heterogeneous group of pa- 
tients with risk factors for developing ARDS, including 
some patients with focal pulmonary infiltrates due to 
pneumonia or lung contusion. The authors did not dif- 
ferentiate the group of non-ARDS patients into sub- 
groups. It is therefore not known whether there was a dif- 
ference in H202 concentrations between patients with fo- 
cal pulmonary infiltrates and without any infiltrates. As 
the surviving patients showed a decrease of H202 with 
clinical improvement, Baldwin et al. suggested that mea- 
surement of breath condensate peroxide might serve as a 
diagnostic parameter in patients with acute lung disease. 
Unlike the results of Baldwin et al. [6], the recent findings 
of Sznajder et al. [7] showed high H202 concentrations 
in breath condensate of patients with ARDS as well as in 
patients with focal pulmonary infiltrates and in patients 
with severe brain injury without pulmonary infiltrates. 
Patients with different types of lung disease such as lung 
contusion, pneumonia and pulmonary edema showed 
similar values of H202 in our study while patients with 
ARDS exhibited higher values. The difference, however, 
was not statistically significant. Larger numbers of pa- 
tients may provide a means of differentiation between 
groups. This is suggested by the observation that a corre- 
lation is found between the rank order of peak H202 
concentration, degree of infiltration and arterial oxygen 
pressure between groups (Table 2). However, no correla- 
tion does exist between H202 concentration and clinical 
parameters for individual patients. 

The variation of H202 breath concentrations within 
groups was similar as in the studies of Baldwin et al. [6] 
and Sznajder et al. [7] and may be caused by the 
pathophysiology of H202 generation and detoxification 
itself: the antioxidant activity in the extracellular lining 
fluid may differ as well as the level of enzyme activity 
(e. g. catalase, glutathione peroxidase) in the alveolar in- 
filtrates. In infiltrated lung sections, inequalities of venti- 
lation and perfusion may decrease the efficiency of 
H202 exchange. Under such conditions H202, though 
possibly released by neutrophils, may not reach the air- 
ways and the breath condensate. As the ventilation-perfu- 
sion ratio may vary between and within patients, a large 
variation of H202 concentrations may be inevitable. In 
patients with alveolar high-protein edema in both lungs 
H202 concentrations may decrease concomitantly with 
the decrease of PaO2 and the increase of PaCO2 since ex- 
change of gases and possibly H2Oz is extremely impaired 
(2 ARDS patients of this study). Additionally, in cases 
with focal infiltrates H2Oz may be diluted by the water 
vapour of the unaffected lung parts. From these reasons 
H202 in breath condensate cannot be considered as a 
quantitative parameter of lung injury. 

Its prognostic potential is low since increasing H202 
expiration does not necessarily indicate the onset of 
ARDS but may coincide with the fully developed disease 
and since decrease of H202 expiration does not necessar- 
ily indicate amelioration of lung injury (Fig. 3). Our re- 
suits do not provide evidence whether the increased 
H202 formation is a primary event during the course of 
lung injury or an epiphenomenon accompanying mani- 
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fest lung injury. Whether primary or secondary in nature, 
H202 production must be assumed to contribute to the 
lung damage. This may give rise to the development of 
antioxidant therapy strategies in the future. 

In conclusion, our results demonstrate increased H202 
expiration in various types of infiltrative lung disease, 
most markedly in ARDS. This adds to the evidence for a 
role of toxic oxygen species in human lung disease inde- 
pendent of the aetiology and of the individual prognosis. 
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