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ABSTRACT: Neutrophil-dominated endobronchial inflammation is a major character-
istic of cystic fibrosis (CF) and there is increasing demand for easy-to-perform
noninvasive monitoring for prediction and intervention.

Fourteen stable paediatric CF patients (8–17 yrs; mean forced expiratory volume in
one second 86.7% of the predicted value) were investigated once by fractional broncho-
alveolar lavage (BAL) and by sputum induction on three occasions, 2–6 weeks apart.
Sputum was induced by consecutive 10-min inhalations of 3, 4 and 5% saline. CF sputum
cellular profiles were compared with BAL fluid cell counts and samples from age-
matched healthy children, and between different time points to assess reproducibility.

Adequate sputum was recovered on w95% of occasions. In all sputum fractions, CF
patients showed higher neutrophil counts than healthy children. Neutrophil percentages
were highest in the first BAL fraction (median 92%), followed by sputum, in which the
percentages decreased in consecutive fractions (72, 66 and 64%), whereas counts were
lowest in the pooled BAL fraction (53%). Increasing percentages of macrophages
mirrored the decreases in neutrophil percentage. Results of sputum induction at
different time points in the CF patients showed good reproducibility and nonoverlap
with counts from healthy children.

In conclusion, the results of sputum induction in children with mild stable cystic
fibrosis adequately describe airway inflammation by providing cellular profiles with
lower relative neutrophil counts than in the first ("bronchial") bronchoalveolar lavage
fraction and higher relative neutrophil counts than in subsequent pooled ("more
peripheral") bronchoalveolar lavage fractions.
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logy, Charité, }Medical Biometry, Humboldt
University, Berlin and #Centre for Pneumology
and Thoracic Surgery, Großhansdorf Hospi-
tal, Großhansdorf, Germany.

Correspondence: K.P. Paul, Tanenwai 32,
25946 Nebel, Amrum, Germany.
Fax: 49 30450566983
E-mail: karl.paul@lva-scheswig-holstein.de

Keywords: Bronchoalveolar lavage
cell differentials
cystic fibrosis
induced sputum
macrophages
neutrophils

Received: May 24 2002
Accepted after revision: April 14 2003

This study was supported by grants from
Mukoviszidose eV (Bonn, Germany) and
Hoffmann-La Roche Company (Grenzach-
Wyhlen, Germany).

In cystic fibrosis (CF), endobronchial inflammation starts
early in life and is closely related to destruction of the lungs
[1]. Its most prominent feature is persistent neutrophilic
infiltration. Early anti-inflammatory intervention might pre-
vent these processes that result in an irreversible loss of lung
function. Therefore, early detection of endobronchial inflam-
mation is mandatory in CF. Bronchoalveolar lavage (BAL),
although widely used in infants and children with CF for
research purposes, is an invasive procedure and, therefore,
less well-suited for monitoring in the paediatric setting than in
adults [2, 3]. BAL is also designed to preferentially sample the
peripheral airspaces of the lungs, minimising contamination
from the bronchi, although the first aliquot recovered from
BAL contains a higher proportion of bronchial components
than subsequent aliquots [4]. Since the mid-19909s, however,
sputum induction has gained importance as a sensitive and
reliable noninvasive tool in a number of airway diseases other
than CF, yielding results comparable with those of BAL [4–8].

Previous studies of induced sputum in children with CF did
not include comparison with the first and subsequent pooled
BAL aliquots [9, 10]. As part of a prospective, multicentric
study, the present authors9 group has performed BAL
examinations in CF patients with mild disease (forced
expiratory volume in one second (FEV1) w80% of the
predicted value), aged w5 yrs [3]. In virtually all children,

neutrophilic airway inflammation was shown in the first BAL
aliquot [3, 11], indicating its diagnostic value in CF.

In order to assess the usefulness of sputum induction,
children from the Hospital of the Charité, Berlin, Germany,
aged v18 yrs were selected and differential cell counts from
consecutive saline inhalations analysed, since these might
sample regions of increasing depth within the bronchial tree
[12, 13]. More specifically, the aim of the present study was to
compare the inflammatory cell profiles of consecutive sputum
samples with profiles from BAL fluid and sputum from age-
matched healthy children, as well as to assess the reproduci-
bility of sputum cell counts over three repeated sputum
inductions.

Patients and methods

Patients

Fourteen children with CF were included. All had
taken part in the Bronchoalveolar Lavage for Evaluation of
Anti-inflammatory Treatment (BEAT) study, a multicentric
trial designed to monitor the progression of endobronchial
inflammation by repeated BAL examinations that had started
3 yrs before the present study. Inclusion criteria had been
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FEV1 w80% pred, no inhaled or systemic steroids, no anti-
inflammatory drugs (e.g. ibuprofen), and no serious organ
involvement.

Sputum examinations were accepted by 14 out of 18
patients who had recently undergone the third of three BAL
examinations within the BEAT study. Four patients declined,
mostly due to a lack of time. The clinical data of the
participating patients at the time of the first sputum test are
summarised in table 1. Mean¡SD FEV1 36 months previously
had been 88.5¡15.7% pred and 18 months previously
87.9¡20.2% pred. Before BAL, patients were asked about
their clinical status via a standardised questionnaire including
questions on temperature changes, sputum colour, weight loss
and cough. The answers to all these questions regarding
deterioration in the patients9 clinical status were negative 6
weeks before the tests. Only four patients had been able to
expectorate spontaneously more than once at 3-monthly
check-ups during the year before the first sputum induction.
Furthermore, none had received courses of regular i.v.
antibiotic therapy. On-demand i.v. treatment had to have
been finished 6 weeks before the last BAL, which served as a
reference for the sputum tests. Five of the patients had been
treated with recombinant human deoxyribonuclease for
o3 yrs.

In order to reduce the likelihood of changes between BAL
and sputum induction, as well as to avoid artefacts from the
preceding BAL or sputum induction, the interval between BAL
and sputum induction as well as between repeated sputum
induction was 2–6 weeks [13]. In addition, patients were
required to show no fever, weight loss, increase in sputum
volume or change in sputum colour, dyspnoea, hypoxia or loss
of appetite before each sputum induction. None of the patients
had to be excluded due to such causes. Furthermore, no patient

received courses of i.v. or changes in oral antibiotic therapy
during the study period.

The control subjects comprised 25 age-matched children
who were characterised by a physical examination and
questionnaire to exclude any respiratory illness or upper
respiratory tract infection. Bronchoscopy was not performed
in these children.

The study was approved by the Ethics Committee of
Charité and informed consent was obtained from all children
and/or their parents according to legal standards.

Bronchoalveolar lavage

All BEAT study patients who participated in the sputum
induction procedure had undergone bronchoscopy and frac-
tional BAL with a 3.5-mm (v12 yrs) or 4.9-mm (o12 yrs)
flexible bronchoscope according to a standardised protocol
carried out by the same investigator (K.P. Paul) [3, 12]. In short,
20-mL fractions of 0.9% saline were instilled and immediately
recovered up to a volume of 3 mL?kg body weight-1. BAL
fluid cytology was examined separately for the first fraction
and subsequent fractions (termed "pooled sample") as des-
cribed previously [3]. BAL fluid epithelial cells (ciliated and
squamous) accounted forv5% of cells in the first sample and
v2% in the pooled fraction and were excluded from the cell
count.

Sputum induction and processing

Sputum examinations in CF patients were performed on
average 2.3 weeks after BAL and twice thereafter at intervals
ofy3.2 weeks. The group of healthy children was tested once
by sputum induction. All children were examined at the same
time of day.

In order to facilitate comparison with literature data, a
validated protocol that included prior inhalation of 200 mg
salbutamol and repeated spirometry to minimise the risk of
bronchoconstriction was adhered to [13, 14]. The hypertonic
saline was inhaled in increasing concentrations (3, 4 and 5%)
from an ultrasonic nebuliser (Schill Company, Probstzella,
Germany) for two 5-min periods at each concentration.

Each 5-min period was followed by expectoration of sputum
and spirometry. Lung function was also assessed before
sputum induction. Sputum samples were pooled for each
saline concentration. Pooling over concentrations was carried
out subsequently by computing the mean results.

Adequate sputum samples were separated macroscopically
from saliva by visual assessment using a microscope (the more
solid and opaque portions are sputum and are selected from
the remainder, which is mainly saliva) and processed within
2 h. (They were considered adequate when epithelial (squa-
mous and ciliated) cell numbers werev5% of the total and the
total volume wasw1.5 mL. Volumes ofv1.5 mL and samples
with w5% epithelial cells were accepted on the basis of
microscopic quality). After weighing, samples were suspended
1:2 in sputolysin1 (weight/weight), incubated for 15 min at
37uC and washed in phosphate-buffered saline (PBS; pH 7.4)
by centrifugation for 10 min at 6006g. The cells were then
resuspended in PBS containing 1% bovine serum albumin.
Cell counts were assessed using a haemocytometer and
viability by trypan blue exclusion. Cytocentrifuge slides (Mini-
Zentrifuge RF; Heraeus, Hanau, Germany) were prepared
from 20,000–40,000 cells and 400–500 cells were counted by
one experienced investigator (N. Reinhardt) for differential cell
counts (excluding epithelial cells). Sputum bacteriology was

Table 1. – Characteristics of cystic fibrosis patients and
healthy children

Patients Controls

Males:females n 6:8 12:13
Age yrs 13.1¡3.1 12.1¡2.5
FEV1 % pred 86.7¡17.9 105.7¡14.6
MEF25 % pred 49.5¡25.5 110.4¡34.8
Induced sputum

Cell viability % 80.3 (74.5–91.7) 84.7 (81.5–90.5)
Total cell count

106 cells?mL-1

3% saline 3.5 (2.1–8.0) 1.9 (0.7–3.2)
4% saline 3.0 (1.9–4.6) 1.3 (0.8–2.6)
5% saline 5.0 (3.1–6.1) 1.1 (0.6–2.7)

Neutrophils
104 cells?mL-1

245.9 (174.3–412.9) 14.8 (8.0–40.7)

% 67.0 (60.5–73.8) 8.8 (6.3–13.7)
Macrophages

104 cells?mL-1
113.4 (66.6–179.6) 126.5 (81.2–235.0)

% 26.0 (17.7–33.6) 85.1 (81.2–89.1)
Lymphocytes

104 cells?mL-1
22.9 (12.7–33.9) 6.0 (4.2–13.3)

% 5.1 (3.8–8.5) 4.6 (3.3–5.0)
Eosinophils

104 cells?mL-1
5.85 (3.05–8.82) 0.17 (0.00–0.80)

% 1.61 (0.85–2.11) 0.07 (0.00–0.41)

Data are presented as mean¡SD or median (interquartile range).
Sputum composition data are for the first induction after bronchoal-
veolar lavage in children with cystic fibrosis and expressed as pooled
values (mean over consecutive inhalations of 3, 4 and 5% saline). FEV1:
forced expiratory volume in one second; MEF25: maximum expiratory
flow when 25% of the forced vital capacity remains to be exhaled; %
pred: percentage of the predicted value.
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not included since there had been agreement between throat
swabs and BAL fluid bacteriology in all but two patients.

Statistical analysis

Nonparametric repeated-measures analyses of variance
were used to take into account the correlated nature of the
repeated measurements [15]. For comparison of healthy
controls and patients, two-factorial analysis was performed
for each cell type, with group and saline concentration as
factors. One-factorial analysis was used to compare the frac-
tional patterns of absolute and relative cell counts obtained
by BAL as well as sputum induction. Reproducibility was
examined by two-factorial analysis, with time and saline
concentration as factors. Further, intraclass correlation coef-
ficients were determined to quantify reproducibility [16]. A
p-value of 0.05 was considered significant.

Results

Safety and efficacy of bronchoalveolar lavage and
sputum induction

BAL did not lead to complications and was well tolerated.
Similarly, sputum induction proved to be safe in the children
studied, as described previously for adults [16]. The maximum
fall in FEV1 during induction wasy4.8% and never exceeded
20%; none of the tests had to be stopped because of bron-
choconstriction. All of the CF patients produced sufficient
sputum during all three consecutive 10-min inhalation periods
but four of 25 healthy children only did so at one or two saline
concentrations. The weight of sputum samples in CF, as a mean
over the three visits, was 1.1 g after 3% saline, 1.2 g after 4%
and 1.4 g after 5%. Pseudomonas aeruginosa was recovered
from the BAL fluid of seven patients, Staphylococcus aureus
from five and both organisms from two.

Bronchoalveolar lavage fluid cytology

Cell viability (by trypan blue exclusion) was 79% in the first
fraction and 80% in the pooled sample of BAL fluid. The
corresponding total cell counts were 486104 and 606104

cells?mL-1. In accordance with results obtained across the
whole BEAT population [3], the patients participating in the
present study demonstrated a greater percentage of neutrophils
in the first fraction compared to the pooled sample: neutrophils
accounted for (median (range)) 92 (0.4–96)% of cells in the first
BAL fraction and 53 (2–93)% in the pooled sample (pv0.01).
The corresponding percentages of macrophages were 4
(0.7–88)% and 40 (2–93)%, lymphocytes 3 (1–11)% and 6
(1–18)%, and eosinophilsv1 (0.2–2)% in both fractions. Prior
examination of the same 14 patients 36 and 18 months
previously had shown relative median neutrophil counts of 61
and 77% in the first fraction of BAL fluid, respectively.

Sputum cytology

The viability of samples pooled across the three saline
concentrations was similar in the two groups (CF patients and
controls) studied (table 1).

Squamous epithelial cell contamination was v20% in all
cases andv5% in 95% of cases. The mean epithelial cell count
was 3.2% in CF patients and 3.9% in controls. Absolute
numbers of neutrophils were significantly elevated in CF

patients compared to healthy children (pv0.001). Median
total counts in CF patients were 3.06106, 2.26106 and 3.16106

cells?mL-1 after 3, 4 and 5% saline, respectively. In contrast,
counts were as low as 0.26106, 0.16106 and 0.076106

cells?mL-1 in the control subjects (table 1).
Eosinophil counts were low in both groups but CF patients

showed significantly higher counts than controls (p=0.001)
(table 1). They also exhibited significantly higher lymphocyte
counts (pv0.001) (table 1). There was no significant difference
between patients and controls regarding the absolute number
of macrophages.

The percentages of neutrophils and macrophages in sputum
induced by different saline concentrations in CF patients and
controls are shown in figure 1. Neutrophil percentages were
significantly elevated in CF patients (median 72, 66 and 64%)
compared to controls (median 11, 9 and 5%; pv0.001) and
there was almost no overlap between the two groups (fig. 1a).

Similarly, the percentage of macrophages differed between
CF patients (median 16, 23 and 30%) and controls (median
83, 87 and 91%; pv0.001) (fig. 1b). There were also significant
differences between percentages of eosinophils (pv0.005) and
lymphocytes (pv0.05) between CF patients and controls
(table 1).
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Fig. 1. – Boxplots showing percentages of a) neutrophils and b)
macrophages in induced sputum from healthy children (u) and cystic
fibrosis (CF) patients (h). The box represents the median and
interquartile range; the whiskers show the minimum and maximum
values excluding outliers (#). Data were derived from the first
induction after bronchoalveolar lavage (BAL) and are given sepa-
rately for consecutive inhalations of 3, 4 and 5% saline. For com-
parison, values from the first fraction and pooled BAL fluid of CF
patients at the lavage prior to the first sputum induction are also
shown.
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The consecutive inhalation of 3, 4 and 5% saline led to a
consistent change in cellular profiles (fig. 1). In both healthy
children (pv0.001) and CF patients (pv0.005), macrophages,
as markers of peripheral airways and alveolar space, appeared
in significantly increased numbers over consecutive inhala-
tions (fig. 1b). Correspondingly, percentages of neutrophils
decreased significantly (pv0.001 and pv0.05) (fig. 1a).

Bronchoalveolar lavage versus sputum induction

Overall, cell densities were significantly lower in BAL fluid
than in induced sputum (pv0.001). When comparing the
percentage of neutrophils in BAL fluid with that in sputum in
CF, there was a consistent decrease from the first fraction of
BAL, across the three induced sputum fractions and to the
pooled BAL sample (pv0.001) (fig. 1a). As a mirror image,
the percentages of macrophages increased (pv0.001) (fig. 1b).
It was observed that two of the patients with normal dif-
ferential cell counts in the pooled BAL fraction showed
increases in neutrophil percentages in induced sputum. In
these patients, neutrophil numbers were 1.70¡1.84% for the
first and 5.50¡4.38% for the pooled BAL fraction. In
induced sputum, the same patients showed neutrophil
percentages of 69.33¡11.31% for 3% saline, 60.66¡17.29%
for 4% and 64.65¡10.39% for 5%. As regards other inflam-
matory cells, only the percentage of eosinophils showed a
significant difference between BAL fluid and induced sputum,
being higher in sputum (pv0.05).

Reproducibility

In order to assess the reproducibility of sputum cell counts
over time, sputum induction was repeated on three separate
occasions in the CF patients at intervals of 3.1–3.4 weeks.
Figure 2 depicts the individual percentages of neutrophils
(fig. 2a) and macrophages (fig. 2b) for all CF patients at the
different time points. Intraclass correlation coefficients for
pooled percentages of macrophages were 0.67 between the
first and second sputum induction (pv0.05), 0.80 between the
second and third (pv0.005), and 0.71 between the first and
third (pv0.05). The corresponding values for neutrophils were
0.68 (pv0.05), 0.80 (pv0.005) and 0.76 (pv0.01). On non-
parametric analysis of variance, no significant change over
time could be seen for macrophages or neutrophils.

Discussion

The present study indicates that, in children with CF and
mild lung disease, sputum induction yields a profile of
inflammatory cells that corresponds well to the profile obtained
by BAL. Fractional analysis of sputum samples collected after
each of three consecutive inhalations with increasing saline
concentrations further demonstrated a gradient in neutrophil
and macrophage numbers, suggesting that more and more
peripheral airways are sampled by prolonged inhalation.
Although a similar trend could be observed in both CF
patients and age-matched healthy controls, cellular profiles,
nevertheless, reproducibly distinguished between the two
groups. Sputum induction was well tolerated and all patients
were capable of producing sputum after hypertonic saline
inhalation [17]. The present results suggest that sputum
induction is a valid and promising tool for clinical and research
purposes in children with mild CF. Furthermore, data are
provided on reproducibility over time, which is necessary for
future therapeutic interventions.

To date, BAL has generally been considered the gold
standard for the assessment of airway inflammation in children
with CF. Accordingly, BAL fluid differential cell counts from
the present patients demonstrated neutrophilic inflammation
and were comparable to published data obtained using the
same method [3, 11]. The present evaluation of induced sputum
represents the first comparison to BAL fluid in children with
CF. It showed that the percentage of neutrophils in induced
sputum was within the range of the first and pooled fractions of
BAL fluid.

Sputum differential cell counts from the age-matched
healthy control group were similar to those described for
adults in the literature [13]. Previous reports in this age group
had already suggested that sputum samples obtained over
consecutive saline inhalations supply information about airway
inflammation at increasing depths in the bronchial tree [12,
13]. Indeed, the change in neutrophil numbers observed in the
present study in children and adolescents indicates that the
first BAL fraction and the first sputum sample originate from
more central airways, and that the last sputum sample and
pooled BAL sample are derived from more peripheral bronchi
(fig. 1). The fact that there was virtually no overlap between
CF patients and controls as regards the percentage of
neutrophils in sputum is a strong argument that sputum
induction samples a region of the bronchial tree that is highly
informative about airway inflammation in CF and renders
sputum induction potentially superior to BAL for this disease
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Fig. 2. – Individual percentages of a) neutrophils and b) macrophages
in induced sputum. Data are presented as means over consecutive
inhalations. In order to demonstrate reproducibility over time, values
obtained in the second (.) and third (#) inductions are plotted
against those from first induction. On average, there were 3.1 weeks
between the first and second, and 3.4 weeks between the second and
third inductions.
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[18]. This is particularly relevant in view of the fact that fluid
recovery in the first BAL fraction (often referred to as the
"bronchial wash"), even in stable children with CF, is
quantitatively inferior to subsequent fractions and, in a
considerable number of cases, does not yield sufficient
material for analysis [3].

Despite this, the usefulness of sputum induction in CF
could vary. When comparing BAL fluid with sputum from
adult patients with more advanced disease after inhalation of
5% saline, reasonable agreement between inflammatory
indices was found [19]. However, in this population, neu-
trophils accounted for o80% of all cells in both sputum and
BAL samples, in accordance with the fact that endobronchial
inflammation progresses with age. Such extreme values might
pose a problem for the detection of therapeutic effects or
monitoring disease progression. Therefore, surrogate inflam-
matory parameters that respond to changes in inflammation
or damage of the airways and lungs would be useful.
Conversely, the present data, not being that near to the
upper limits, might be relevant for studies on the effect of
interventions in patients with less advanced lung disease.

It is of note that only four of the CF children in the present
population were capable of expectorating spontaneously more
than once during 3-monthly check-ups in the year before the
first sputum induction. All of them, however, produced
sufficient material after saline inhalation. Hypertonic saline is
indeed known to be a potent mobilising agent for secretions in
this patient group and used therapeutically in cases otherwise
refractory to therapy. However, regarding tolerability, it
should be taken into account that all children were in a stable
condition. Furthermore, the minimum age at which sputum
induction can be performed was not the subject of the present
study. All patients were aged o8 yrs and applicability in
younger children can only be speculated upon.

Sputum neutrophil and macrophage percentages were
highly reproducible in children with mild CF, as judged
from the intraclass correlation coefficients. Since the three
repeated sputum inductions were performed within 6–12
weeks, conclusions cannot be drawn regarding individual
long-term monitoring of the disease. The data from BAL in
patients with mild disease were obtained after exclusion of
acute deterioration through strict clinical criteria [3]. The time
interval between BAL and the first sputum induction was only
2.3 weeks and that between repeated sputum examinations
3.2 weeks, thereby rendering an effect of BAL on sputum
induction or of sputum induction on subsequent inductions
unlikely. As the confounding influence of different treatment
modalities had been minimised and patients treated with anti-
inflammatory substances excluded, the present data on repro-
ducibility are likely to provide an unbiased estimate of the
short-term variability in sputum neutrophil percentages in the
clinically stable children studied. Reproducibility, however, is
essential not only for monitoring the natural course of the
disease, particularly in patients with mild disease, but also for
the assessment of therapeutic interventions. This is of par-
ticular interest in children, since ongoing bacterial infection
needs to be treated vigorously to prevent neutrophilic inflam-
mation that might lead to lung damage prior to the onset of
pulmonary function impairment. Even the two patients, in
whom no increased neutrophil numbers (compared to healthy
controls) were apparent in the pooled BAL fluid, showed
increased numbers of granulocytes in all sputum fractions.
Future studies could prospectively evaluate the effect of anti-
inflammatory treatment on sputum cytology, similarly to
asthma, for follow-up of children with CF at an early stage of
the disease [20, 21].

In conclusion, differential cell counts obtained from three
consecutive fractions of induced sputum as well as from the
first and pooled fractions of bronchoalveolar lavage fluid

indicated neutrophilic inflammation within the airways of
children with mild cystic fibrosis. The results were consistent
in suggesting that the percentage of neutrophils decreased
with increasing depth of the airways. Sputum induction
turned out to be safe and reproducible as regards the assess-
ment of neutrophils. Thus, sputum induction should be the
subject of future studies as a valid sensitive noninvasive tool
for monitoring airway inflammation in children with cystic
fibrosis and mild lung disease.
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