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ABSTRACT: Cystic fibrosis (CF) patients characteristically have severe chronic air-
way inflammation associated with bacterial infection. A noninvasive marker of airway
inflammation could be a useful guide to treatment of CF lung disease. The aim of this
study was to assess whether measurement of hydrogen peroxide (H,0O;) and nitric
oxide (NO) in exhaled air can serve to monitor the effect of treatment with antibiotics
in CF-children with acute infective pulmonary exacerbations.

Sixteen CF-patients (mean age 12.3 yrs) with exacerbation of their lung infection
were treated with intravenous antibiotics in an uncontrolled study. During treatment,
H,0, in exhaled air condensate was measured twice a week. In addition, serial NO
measurements were performed in nine patients.

During antibiotic treatment the median H,O, concentration in exhaled air con-
densate decreased significantly from 0.28 uM (range 0.07-1.20 uM) to 0.16 UM (range
0.05-0.24 uM, p=0.002) and the mean forced expiratory volume in one second sign-
ificantly increased from 55% predicted to 75% pred (p=0.001). In individual subjects,
changes of H,O, and FEV1 between pairs of serial measurements correlated weakly
(p=0.08). Data on exhaled NO were inconclusive; exhaled NO did not change sys-
tematically during treatment.

It is concluded that cystic fibrosis patients with an acute pulmonary exacerbation
have abnormally high concentrations of hydrogen peroxide, but not of nitric oxide, in
exhaled air, which decrease during intravenous antibiotic treatment. Further con-
trolled studies should establish if exhaled hydrogen peroxide, may serve as a non-
invasive parameter of airway inflammation to guide antibiotic treatment in cystic
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Invasive procedures such as bronchoscopy, bronchoal-
veolar lavage (BAL) and bronchial biopsies have greatly
enhanced the understanding of the role of airway inflam-
mation in various respiratory disorders like asthma and
cystic fibrosis (CF). Lung disease in patients with CF is
characterized by recurrent exacerbations of respiratory
symptoms due to chronic bacterial infection of the airways.
Shortly after birth, patients with CF acquire respiratory
infection that incites an inflammatory response [1, 2]. The
continuous presence of bacteria in the lung induces a
strong immunological response resulting in the release of
inflammatory cytokines and mediators [3, 4] which can
be measured in BAL fluid or sputum, even in young and
stable CF-patients with clinically mild lung disease [1, 5,
6]. In CF lung disease the inflammatory response leads to
massive neutrophil recruitment [5, 6]. Activated neutro-
phils and macrophages are major sources of oxygen free
radicals including hydrogen peroxide (H,O,). Indeed,
lung infection in CF leads to increased oxygen free rad-
ical generation [7, 8]. Furthermore, sputum of CF-patients
has been shown to prime neutrophils towards enhanced
release of oxygen radicals [9]. The airways in patients

with CF are exposed to increased oxidative stress which
appears to be a result of lower airway inflammation [10].

The currently available methods to obtain material from
the lower respiratory tract are in general inappropriate for
routine use in the assessment of lower airway inflammation
in children because of the invasive nature of these pro-
cedures. A simple, noninvasive test to monitor airway inf-
lammation would be important for the diagnosis of airway
inflammation and to evaluate current and new therapeutic
options. Exhaled air (condensate) has been proposed as a
noninvasive means of obtaining samples from the lower
respiratory tract [11]. H>O,, a reactive oxygen radical, is a
putative marker of airway inflammation in exhaled air
condensate. An increased content of H,O, has been des-
cribed in exhaled air of patients with various inflamma-
tory lung disorders [12—15]. Exhaled nitric oxide (NO)
has been put forward as another noninvasive marker of
airway inflammation [16, 17]. However, in stable CF-pat-
ients orally exhaled NO levels are not elevated [18, 19].
Data in children on NO and H,O, during acute infectious
respiratory tract exacerbation in CF are lacking. The aim
of this study was to assess whether exhaled H,O, and NO
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can serve as noninvasive markers of airway inflammation
during treatment of CF patients with an acute infective
pulmonary exacerbation.

Methods
Study population

Children with CF were recruited from the CF-centre of
the Sophia Children’s Hospital (Rotterdam, the Nether-
lands). CF had been diagnosed on the basis of typical
symptoms, two mutations in the CF-gene, and an abnormal
sweat test (a sweat sodium concentration >70 mmol-L™").
Sixteen CF-patients with an acute infective pulmonary
exacerbation, successively admitted for a course of in-
patient i.v. antibiotic treatment, were included. Patients cha-
racteristics are shown in table 1. Exclusion criteria were:
inability to perform pulmonary function tests; concomi-
tant diagnosis of asthma; current oral steroid therapy; and
a sputum culture containing Burkholderia cepacia. Dis-
ease severity of the subjects varied widely when they
entered the study, with predicted forced expiratory vol-
ume in one second (FEV1) ranging 42—-75% (mean 55%).
Nine subjects used nebulized recombinant human dor-
nase alpha. All subjects were infected with either Pseu-
domonas aeruginosa (n=10) or Staphyloccoccus aureus
(n=2) or a combination of the two organisms (n=4). The
study had an open, uncontrolled design. All patients recei-
ved a standard treatment protocol, including i.v. antibiotics,
based on bacterial sensitivities, and chest physiotherapy.
The duration of the iv. antibiotic therapy ranged 2-5
weeks (median 3 weeks). Informed consent for the study
was obtained from the patients and parents on the day of
admission. The study was approved by the medical ethi-
cal committee of the Erasmus University Medical Centre
(Rotterdam, the Netherlands).

Collection of exhaled air condensate

The subjects breathed through a mouthpiece and a two
way nonrebreathing valve (Rudolph Inc., Kansas City,
MO, USA) which also served as a saliva trap. They were
asked to breath at a normal frequency and tidal volume,
wearing a nose clip. Exhaled air condensate was obtained
by passing expired air through a 50 cm double jacketed
glass tube cooled to a temperature of 0°C, by means of

Table 1. — Patient characteristics before start of intrave-
nous antibiotics

CF-patients

Subjects n 16

Sex M/F n 4/12

Age months 148.0 (83-226)
Height cm 145.3£3.9
Weight kg 33.7£2.5

FVC % pred 68+3

FEV1 % pred 5543

Inhaled steroids n 6

Data are absolute numbers, median with range in parentheses, or
mean=seM. CF: cystic fibrosis; M: male; F: female; FVC: forced
vital capacity; FEV1: forced expiratory volume in one second.

counter-current circulating ice water. The resulting conden-
sate was collected on ice and frozen immediately at -20°C
until analysis. The first collection of exhaled air condensate
took place before the beginning of the i.v. antibiotics. Fur-
ther samples were obtained twice a week at the same time
of day during the i.v. antibiotic treatment period.

Hydrogen peroxide measurement

The concentration of H,O, in exhaled air condensate
was measured in duplicate with a fluorimetric assay based
on the reaction of H,O, with horseradish peroxidase to
form a compound which oxidizes p-hydroxyphenylacetic
acid to a fluorescent product, as described in detail previ-
ously [12, 20]. The fluorescent product of the condensate
and of a standard solution of H,O, were quantified fluori-
metrically. This assay showed a satisfactory within sub-
ject reproducibility of exhaled H,O, values of healthy
subjects obtained on two consecutive days and with a 1
week interval [21, 22].

Concentrations of H,O, in condensate were obtained by
linear interpolation of a standard curve. The lower limit of
H,0, detection was 0.01 uM. The equipment was des-
igned to avoid contamination of the condensate with
saliva, as saliva is a source of H,O,. Saliva contamination
was excluded, as described previously [21], by measuring
amylase in all breath condensates which is a sensitive
marker for the detection of contamination of the con-
densate with saliva [22, 23].

Nitric oxide measurement

In nine subjects NO was measured in exhaled air, fol-
lowing the exhaled air condensate collection. NO was
measured with two different sampling methods, each in
duplicate. Firstly, off-line measurement via one single deep
expiration into an NO-impermeable balloon: subjects were
asked to exhale, without breath holding, via a plastic tube,
which acts as a flow restrictor and causes elevation of oral
pressure sufficient to avoid nasal contamination, into an
NO-inert Mylar balloon. This off-line sampling method,
including the advantages and disadvantages of this tech-
nique, was described earlier in detail [24]. The NO con-
centration was measured from the balloons. Secondly, in
children able to perform more complicated manoeuvres,
NO was measured on-line during a controlled slow exhal-
ation from total lung capacity through a mouthpiece and a
two way nonrebreathing valve against an in-line resistor
(20 ¢cmH,O-L™":s™', Rudolph Inc.) with an individually
standardized flow rate of 20% of the subject’s vital capa-
city per second, as described previously in detail [24, 25].
A biofeedback display provided visual guidance for the
subject to maintain the exhalation flow at the target level.
The mean end-expiratory NO level was measured during
an end-expiratory flow plateau of at least 3 s. Between the
different expiratory manoeuvres, all children were allow-
ed 2 min rest, to restore resting conditions of ventilation.
To exclude the effect of high ambient NO levels on the
exhaled NO values, children breathed NO-free air when
the ambient NO was above 5 parts per billion (ppb). Dur-
ing NO measurements, subjects did not wear a noseclip.
NO was measured with a chemiluminescence analyser
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(Sievers 280, Boulder, CO, USA) with a sampling flow of
200 mL-min" and a response time of 200 ms. The analy-
ser was regularly calibrated according to the manufac-
turer’s guidelines, employing certified NO gases (100 ppb
and 9 parts per million) and certified NO-free gas (Hock-
Loos, Barendrecht, The Netherlands).

Lung function

All subjects underwent flow-volume measurements
immediately after collection of the condensate and mea-
surement of NO. Flow-volume curves were obtained in
triplicate (Masterlab Jaeger, Wiirzberg, Germany). Results
of FEV1 and forced vital capacity (FVC) were expressed as
percentage predicted [26].

Data analysis

Results of H,O, and NO measurements are expressed as
median and ranges because of a non-normal distribution.
Lung function data are presented as meantsem. Compar-
ison of exhaled H,O,, NO and spirometric values before
and after antibiotic therapy was performed with the Wil-
coxon signed ranks test for paired samples. A two-tailed
p-value of <0.05 was considered significant. Spearman
correlation tests were performed to detect a correlation of
changes of FEV1 on the one hand, and changes of NO or
H,0O, on the other hand between the first and last mea-
surements in each child. Correlation between changes of
H,0, and changes of FEV1 for the individual subjects
between all subsequent pairs of measurements was inv-
estigated with regression analysis [27].

Results

During i.v. antibiotic treatment, FEV1 improved from
554£3% to 75+4% (p=0.001). Figure 1 shows the ind-
ividual FEV1 data at the start and at the end of iv
treatment. All subjects completed the condensate collec-
tions without difficulty. Of 82 collected condensate sam-
ples, three were discarded because of contamination with
saliva, as shown by detectable amylase. In two conden-
sate samples, the H,O, concentration was below the det-
ection limit. Serial exhaled H,O, measurements during
i.v. antibiotics showed a decreasing trend with time. The
median H,O, concentration in exhaled air condensate just
before the start of i.v. antibiotics was significantly higher
than the concentration at the end of the treatment period:
0.28 uM (range 0.07-1.20 uM) and 0.16 uM (range
0.05-0.24 uM) respectively (p=0.002). The individual
data are shown in figure 2. During treatment, nine sub-
jects showed decreases in exhaled H,O, together with an
improvement in lung function, three subjects showed
decreases in exhaled peroxide with no consistent imp-
rovement in lung function and four subjects exhibited no
consistent change in peroxide concentrations with (n=2)
or without (n=2) improvement in lung function. Figure 3
shows, for the individual subjects, the negative correla-
tion between changes of H,O, and changes of FEV1 of all
different pairs of measurements during the treatment
period. The overall correlation, corrected for the number
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Fig. 1. — Changes in forced expiratory volume in one second (FEV1;
expressed as percentage of predicted normal value) before and after i.v.
antibiotic treatment of respiratory tract infectious exacerbations in 16
cystic fibrosis patients. @: values of individual patients; O: mean+sSem.
The increase is statistically significant (p=0.001).

of measurements per child, is of borderline significance
(p=0.08). At the onset of each treatment, exhaled H,O,
levels did not correlate with exhaled NO levels nor with
baseline FEV1 or FVC (p>0.1 for each). There was no
significant difference in level of exhaled H,O, between
CF-patients on inhaled steroids (n=6) and those not on
inhaled steroids.

Off-line exhaled NO measurements by means of ball-
oons were obtained without difficulty in all nine children.
In contrast, three out of nine children were not able to
sustain a stable end-expiratory flow plateau of at least 3 s
for on-line measurements of NO with constant flow. Serial
exhaled NO measurements during i.v. antibiotics showed
no consistent trend with time. For both sampling methods,
the mean NO levels in exhaled air before treatment were
not significantly different from those after treatment. Initial
values of NO obtained with the balloon method and with
slow controlled exhalation were 3.5 ppb (2.3—6.5 ppb) and
4.2 ppb (3.1-6.1 ppb), respectively. At the end of treatment
exhaled NO was 3.4 ppb (2.2-6.8 ppb) (p=0.6) and 4.0 ppb
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Fig. 2. — Changes in exhaled hydrogen peroxide (H,O,) in 16 cystic
fibrosis-patients before and after i.v. antibiotic treatment of respiratory
tract infectious exacerbations. @: data from individual children; O:
median values. The change is statistically significant (p=0.002).



98 Q. JOBSIS ET AL.

021 o .
°
0.1 %
%e % °
= | [ )
:(5\_‘ 0.0 .:.;...- .o ° °
(@] hed °
2 0.1 Ta oo .
:I(_E ° o o ¢
g% 0.2- o0
= ° °
5 031
041
°
-O|5 T T T T T 1

20 10 0 10 2 30 40 50

Change in FEV1 % pred

Fig. 3. — Scatterplot of changes in exhaled hydrogen peroxide (H,0,)
versus changes in forced expiratory volume in one second (FEV1) in
paired observations made during antibiotic treatment of 16 children with
cystic fibrosis treated with antibiotics for respiratory exacerbations.
Regression analysis, correcting for the numbers of observations per
patient, showed a weak correlation of borderline clinical significance
(p=0.08). % pred: percentage predicted.

(2.4-5.6 ppb) (p=0.4) for balloon- and on-line sampling,
respectively. The correlation between FEV1 and NO was
not significant. No conclusion can be drawn about the
effect of inhaled steroids on exhaled NO, because only two
of the nine CF-children, in which exhaled NO was mea-
sured, used inhaled steroids.

Discussion

In this study it was found that exhaled H,O, was ele-
vated and decreased significantly in CF-children with acute
infective pulmonary exacerbations who were treated with
i.v. antibiotics. Their lung function (FEV1) improved sign-
ificantly. Data on exhaled NO were inconclusive and sho-
wed no trend.

Careful monitoring of CF lung disease is important,
especially in the early stages of the disease where infec-
tion and the associated inflammatory response and oxid-
ative stress are frequently insidious and asymptomatic
[28]. However, conventional methods to assess airway
inflammation are complicated (bronchoscopy, BAL), and
sputum may be difficult to obtain in young children.
Hence, markers of inflammation like H,O, and NO that
can be obtained easily and repeatedly are potentially imp-
ortant for monitoring CF lung disease. Exhaled H,0,
levels in adult CF-patients were investigated earlier and
appeared not to be significantly different from those of
healthy controls [22, 29]. In this study in CF-children
with acute infective pulmonary exacerbations higher lev-
els were found than in healthy children [21], and a signi-
ficant decrease of serial exhaled H,O, levels in the course
of treatment with antibiotics was also found. The obser-
ved H,O, concentrations at the end of the treatment
period are similar to those found previously in healthy
children [21], and are in agreement with the results of
stable CF-adults [22, 29]. Thus, exhaled H,O, may not be
a suitable marker of airway inflammation in stable CF-

patients, but is of potential value to monitor the effect of
anti-inflammatory treatment for exerbations.

That exhaled H,O, is not elevated in stable CF-patients
is possibly due to an increase of scavenging by for example
glutathione or catalase which may balance the increased
oxidative stress [29]. In that case, the results suggest that
infective pulmonary exacerbations may disturb such a
balance, and this could be due to various mechanisms.
For example, increased oxidative stress; bacterial infec-
tion could contribute to oxidative stress by recruitment
and activation of phagocytic cells in the lung [30], and
by inactivating oxygen radical scavenging molecules.
MCcGRATH et al. [8] recently showed that serum inflam-
matory markers during acute respiratory exacerbations in
CF-patient were significantly elevated and showed im-
provement with antibiotic treatment. Furthermore, alveo-
lar macrophages obtained by BAL fluid from subjects
with a recent lower respiratory tract infection released
more H,O, [31]. On the other hand a decreased anti-
oxidant status; RANGE et al. [32] recently demonstrated in
17 CF-subjects with infective exacerbations that treat-
ment with 7.v. antibiotics resulted in increased plasma
levels of antioxidants.

There was no significant difference in median level of
exhaled H,0, between CF-patients on inhaled steroids and
those not on inhaled steroids. This observation contrasts
with results in stable asthmatic children where inhaled cort-
icosteroids were associated with lower exhaled H,O, [12].
On the other hand, earlier studies in CF and bronch-
iectasis also showed no significant influence of inhaled
steroids on exhaled H,O, [13, 22]. A possible explanation
is that corticosteroids do not alter the neutrophilic inflam-
mation in CF as effectively as they affect eosinophilic
inflammation in asthma [13]; alternatively, the relatively
low levels in CF leave less room for change than the
higher levels in untreated asthmatics.

Exhaled NO in CF-children was measured with two
different sampling methods: on-line single slow flow con-
trolled exhalation method and off-line via a single ex-
halation into a balloon. In contrast to the off-line sampling
method the on-line NO sampling method recommended
by the European Respiratory Society [17] is rather difficult
to perform in children. In this study the on-line constant
flow method had a failure rate of 33%. In a previous study
in a larger study population of 101 stable allergic ast-
hmatic children a similar failure rate of 30% was found
[24]. CaNaDY et al. [33] showed that 24% of their studied
children (n=33) were unable to perform the on-line mea-
surement at constant flow. Both NO sampling methods
were used in this study; exhaled NO levels showed no
consistent trend with time in both sampling methods. This
result is in agreement with an earlier study by Ho et al.
[34] who found no change in exhaled NO levels during 7
days of treatment in eight adults with infectious exacer-
bation of CF. This suggests that exhaled NO may not be a
suitable marker to monitor airway inflammation and to
evaluate anti-inflammatory treatment in CF-patients with
an infective pulmonary exacerbation. However, for a defi-
nitive conclusion on this subject further studies with lar-
ger study populations are needed. The initial NO value
obtained with the balloon method in the present study was
slightly lower than values obtained previously in healthy
children with the same sampling method [35]. Other stud-
ies also reported exhaled NO levels in CF-subjects that
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were not higher than in control subjects [18, 19, 34].
Whether this finding reflects reduced diffusion and meta-
bolism of NO within the viscous airway secretions or a
genuine reduction in airway mucosal NO synthesis is not
clear. However, nitrite levels in exhaled air condensate
were found to be higher in CF-patients than in normal
subjects [36]. This suggests that exhaled NO may not
reflect the total NO production in the airways.

The relationship between initial values of exhaled H,O,
or NO and lung function was not significant. Probably,
measurement of lung function and of exhaled NO and
H,0, give different information about the inflammatory
process of the airways. Airway inflammation is only one of
the many determinants of airflow limitation. Nevertheless,
figure 3 shows a weak negative correlation between cha-
nges of H,O, and changes of FEV1 between the different
serial measurements in individual subjects, and this does
suggest that generation of H,O, is related to the in-
flammatory process which impairs lung function in CF.

In conclusion, the study shows that the levels of exhaled
hydrogen peroxide are elevated in cystic fibrosis-children
with an infective pulmonary exacerbation. Furthermore, in
contrast to exhaled nitric oxide, exhaled hydrogen per-
oxide significantly decreases during serial measurements
in cystic fibrosis-patients during intravenous antibiotic tre-
atment. This suggests that exhaled hydrogen peroxide may
be a helpful marker to monitor oxidative stress due to
airway inflammation in cystic fibrosis-subjects with an
acute infective pulmonary exacerbation.
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