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ABSTRACT: Exhaled nitric oxide can be detected in exhaled air and is readily
measured by chemiluminescence. It is thought to be involved in both the regulation of
ciliary motility and host defence. Recently, upper airway NO has been found to be
reduced in a small number of children with primary ciliary dyskinesia (PCD) and its
measurement has been recommended as a diagnostic test for this condition.

The aim of this study was to compare the levels of NO in the upper and lower
airways in a larger number of children with proven PCD with those found in healthy
children. Exhaled NO was measured in the upper airway by direct nasal sampling
during a breath-hold and in the lower airway as the end-tidal plateau level, using a
chemiluminescence NO analyser.

Upper airway NO levels were significantly lower in PCD (n=21) than in the healthy
children (n=60) (meantsp, 97+193, 664+298 parts per billion (ppb), respectively,
p<0.0001). In PCD, the lower airway NO levels were also reduced (2.17+1.18, 5.94+
3.49 ppb, respectively, p<0.0001). The levels were not associated with steroid use and
did not correlate with lung function.

Although there was some overlap between normal children and those with primary
ciliary dyskinesia with regard to lower airway NO, nasal NO discriminated between
the two groups in all but one child in each group. Measurement of nasal NO therefore
may be a useful screening test for primary ciliary dyskinesia.
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Recent evidence has shown that the concentration of
nitric oxide detected in exhaled air plays a significant role
in the pathophysiology of airway disease [1]. NO is
synthesized from L-arginine by the enzyme NO synthase
(NOS) which exists in at least three isoforms, two being
constitutive (endothelial and neuronal) and one being
inducible (iNOS) [2]. In healthy subjects, the substantial
proportion of NO found in exhaled air is derived from the
upper airway, with only a minor contribution from the
lower respiratory tract, unless steps are taken to exclude
upper airway contribution [3, 4]. Nasal NO produced by
commensal organisms is negligible, so nasal NO is not
reduced after antibiotic treatment [5]. An increasing num-
ber of studies suggest that NO is a marker of airway
inflammation in asthma [4, 6, 7]. This may reflect ex-
pression of iNOS in epithelial cells [8], the induction of
which is inhibited by glucocorticoids [9].

NO is thought to be involved in both the regulation of
ciliary motility and host defence [10—12]. Primary ciliary
dyskinesia (PCD) is a genetic disease characterized by the
lack of effective ciliary motility, due to an ultrastructural
and/or functional defect of cilia. The result is chronic
infection in the upper and lower airways. Early diagnosis
is important in order to prevent the occurrence of bron-
chiectasis or inappropriate otorhinological procedures
[14]. Recently, marked reduction of nasal NO was re-
ported in a small number of children with Kartagener's
syndrome [5]. The purpose of this study was to extend

these observations by studying a larger group of children
with PCD and comparing the results to healthy control
subjects; a further aim was to assess the use of NO
measurements as a diagnostic tool in PCD.

Methods
Subjects

The PCD group consisted of 21 children with proven
PCD, who were recruited from the PCD clinic of the Royal
Brompton Hospital (table 1). PCD was diagnosed by nasal
brushing with estimation of ciliary beat frequency (CBF)
[14] and electron microscopy [15].

The healthy group consisted of 60 healthy children
without a history of chronic or recent respiratory disease,
who were recruited from siblings of children attending the
asthma or a general clinic at either the Hammersmith or
Royal Brompton Hospitals, London, or from children of
the staff.

Nitric oxide measurement

Exhaled NO was measured using a chemiluminescence
analyser (LR 2000 series; Logan Research, Rochester, UK)
according to the method recommended by the European
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Table 1. — Clinical and spirometric findings in children with
primary ciliary dyskinesia (PCD) and healthy controls

PCD Healthy control
Age yrs 10.843.2 10.843.5
Males % 47 42
Inhaled steroids % 71 -
FEV1 % pred 75+15 97 (12)
FVC % pred 90+15 -
FEF25-75% % pred 59+26 -
CBF* Hz 0 (0-11.1) -

Data are presented as mean+sp unless otherwise stated. FEV1:
forced expiratory volume in one second; FVC: forced vital cap-
acity; FEF25-75%: forced mid-expiratory flow; CBF: ciliary beat
frequency. *: median (range).

Respiratory Society (ERS) Task Force Report [16]. This
equipment was sensitive to NO from 1 to 5,000 parts per
billion (ppb), and gave continuous online recordings with
a resolution of about 0.3 ppb, with a response time of 0.4
s. In addition to NO, the analyser also measured CO,
(resolution 0.1% CO,, response time 200 ms) and ex-
halation pressure and volume (or flow) in real time. The
analyser was calibrated using certified NO mixtures (90—
500 ppb) in N, (BOC Special Gases, Surrey Research
Park, Guildford, UK). Ambient air NO levels were also
recorded.

Exhaled lower airway sampling

This was attempted in all the children. After maximum
inspiration, subjects exhaled for as long as possible (slow
vital capacity manoeuvre) into a wide-bore tube. A fine-
bore Teflon tube, connected directly to the analyser,
continuously sampled the exhaled air adjacent to the
mouthpiece at 0.25 L-min™'. In all these manoeuvres, sub-
jects wore a nose clip and kept the flow during expiration
within a constant range by the use of auditory and visual
guides (lights, the flapping ears of a plastic dog and a
musical sound), which were activated when exhalation was
within the required range of expiratory flow (200-280
mL-s™"). Thus, the pressure generated (5 cm H,0) was
sufficient to exclude nasal NO production by elevating the
soft palate and prevent nasal contamination. The trace was
observed until the end-tidal CO, reached a plateau and the
NO concentration at the end of exhalation was recorded at
this plateau value. The test was repeated five times and the
mean value was calculated. A result was only excluded if it
was not possible to determine a plateau value because
expiration time or control of expiratory flow was inade-
quate.

Exhaled upper airway sampling

Nasal NO was measured in all the PCD and 20 of the
healthy children. It was not attempted in the first 40 healthy
children, who underwent lower airway NO measurements
only. A Teflon tube was inserted just inside one nostril
whilst the contralateral nostril was left open. Air was
sampled at 250 mL-min”' continuously from one nostril via
the other nostril during a breath-hold, maintained as long
as possible. NO concentrations were recorded when the

values reached a plateau. Nasal CO, was also monitored to
ensure exhalation was not taking place. This test was
repeated three times in each nostril, and the mean value
was calculated.

Within-subject repeatability

Within-subject repeatability of NO was measured in
subsets of children, 10 with asthma and 10 control, in
whom five tidal measurements were repeated within 15
min and the means compared. For nasal NO, mean values
obtained from the left and right nostril were compared.

Statistical analysis

Statistical analysis was performed using SPSS for
Windows Software (SPSS, Chicago, IL, USA). Compar-
ison of NO levels between groups was performed using a
two-sample Student's t-test or Kruskal-Wallis, as appro-
priate according to data distribution. Correlations were
made using Spearman’s rank test. Repeatability has been
expressed as the coefficient of variation as variation varied
with the mean. A p-value of <0.05 was considered signi-
ficant. The results are expressed as mean+sp, the 95%
confidence interval (CI) of means or median and range.

Results

Nasal NO measurements were obtained in all children
with PCD and in all the 20 healthy children in whom it was
attempted; lower airway NO could not be measured in 3/18
children with PCD, and 3/60 healthy children could not
cooperate with the controlled exhalation necessary. In the
PCD group, the mean coefficient of variation of repeated
measurements was 10% for upper and 13% for lower
airway NO compared to 8% for healthy children.

Exhaled lower airway NO

The range for lower airway NO in healthy children was
2.53-22.7 ppb. There was some overlap with PCD (range
0.22-5.26 ppb) (fig. 1), but the mean NO concentration in
PCD was significantly lower than that in the healthy
children (mean (95% CI) 2.17 (1.01-3.3), 5.94 (5.03-6.9)
ppb, p<0.001, respectively) (table 2).

Exhaled upper airway NO

Upper airway NO was found to be markedly reduced in
children with PCD compared to healthy control subjects
(table 2). There was overlap between the groups in one
child in each group (fig. 1). In the child with PCD who
had a normal nasal NO level (959 ppb), the lower airway
NO was also low at 1.06 ppb; this patient had dex-
trocardia and an inner dynein arm defect with a measured
CBF of 11.1 Hz on the few cilia that were apparent; the
movements were dyskinetic.

There was no relation between CBF and NO levels
(nasal = 0.01; tidal °=0.01), between lung function
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Fig. 1. — Upper (a) and lower (b) airway NO in healthy control children
and those with primary ciliary dyskinesia (PCD). The difference in scale
between upper and lower airway NO should be noted. ppb: parts per
billion.

(FEV1) and either upper or lower levels (=0.002; 1°=0.02,
respectively) or between lower and upper airway NO
(’=0.02). In PCD children, there was no difference in
either the lower or upper airway NO in those with and
without reported acute infections in the preceding 2 weeks.
Upper airway NO was significantly higher than lower
airway NO in the PCD group (p=0.03), and in the healthy
children (p<0.001; table 2). Neither upper nor lower
airway NO values were significantly related to ambient
NO levels (nasal °=0.24; tidal: *=0.03). There was no
significant difference in tidal NO in PCD children treated
with (n=15) and without (n=6) inhaled steroids (median
(range) 1.12 (0.8-2.8), 2.28 (0.22-5.26) ppb, respect-
ively, p=0.71. Lower airway NO in nonsteroid treated
PCD was significantly lower than that in healthy control

Table 2. — Values of upper and lower airway NO (parts
per billion (ppb)) in children with primary ciliary dyskinesia
(PCD) and healthy control subjects

Upper airway Lower airway

PCD 55 (3.3-959) 2.3 (0.2-5.3)
Healthy control 553 (116-1437) 5.0 (2.5-23)
p-value <0.001 <0.001

Data are presented as median (range).

subjects (median (range) 5.0 (2.5-23), p<0.001). NO was
unrelated to age in either group for upper (p=0.9) and
lower (p=0.2) airways.

Discussion

In this larger group of children with PCD, earlier reports
that NO in the upper airway is reduced [5, 17] have been
confirmed. In addition, it is reported for the first time that
NO concentration is also reduced in the lower airways in
most children with PCD. An important finding in this
study was of a normal nasal NO concentration in one
child with PCD and a low nasal NO in a healthy child; the
implications of this are discussed below.

The readings were made using strictly standardized
conditions in order to ensure accurate measurements. It
was ensured that the nasal samples were not contaminated
by expired gas from the lower airway by checking that
there was no carbon dioxide signal. For the tidal meas-
urements, a resistor in the expiratory circuit prevented
nasal contamination of the expirate by preventing flow
from the nasopharynx [3]. Standardization of the respira-
tory flow rate with auditory and visual signals minimized
flow-dependent variability of the measurements [18].
Ambient NO levels had no effect on lower airway NO
levels, as has been previously noted [16], and nor was
there any correlation between ambient and nasal values
even in the children with PCD. It is therefore believed that
the present measurements represent uncontaminated nasal
and lower airway samples, and that the differences
between the two groups reflect real differences and not
methodological artefacts.

The finding of low NO in a condition like PCD, which is
characterized by chronic infection and airway inflamma-
tion, is at first sight surprising. One possible explanation is
the presence of a "barrier" preventing diffusion into the
airway: in the upper airway, from infection leading to
chronic obstruction of the paranasal sinuses, the major site
of NO production, and, in the lower airway, due to airway
surface mucus [19]. If this were so one might have
expected a correlation between NO and lung function or
recent infections, which was not the case. The poor
correlation with recent infection might be because it was
difficult to distinguish when these children with chronic
symptoms had a superimposed acute infection. Further-
more, the levels of NO in cystic fibrosis (CF) are normal
or only slightly reduced [20], despite the fact that in CF
upper airways are also affected and the lower airway
disease usually much more severe than in PCD. However,
in a recent study, nitrite levels in breath condensate were
increased in CF, suggesting increased NO production
undetected by exhaled NO [21].

Another possible explanation is that impaired NO pro-
duction is in some way related to the underlying molecular
pathology of the disease, either primary or secondary. PCD
is usually characterized by structural ciliary abnormalities
(including absent dynein arms, radial spoke defects and
tubular problems), and it is difficult to imagine how low
levels of NO could produce such a multiplicity of structural
abnormalities. NO has certainly been implicated in control
of ciliary function [12], but no relation between NO and
CBF could be shown. This may be because CBF was only
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measured at diagnosis, and not at the time of NO meas-
urement.

The diagnosis of PCD may be difficult; secondary func-
tional and structural changes in cilia may be confused
with the primary disease [22]. Furthermore, children in
particular find that nasal brushing is unpleasant, and a
completely noninvasive screening test is appealing.
Although for the group tidal NO is reduced in PCD,
the overlap with healthy children was too great for it to be
useful to screen individuals. For nasal NO, however,
using a level <250 ppb as diagnostic, both the positive
and negative predictive values were 0.95 (20/21 and 19/
20 respectively); unlike previous reports, the separation
was not complete [5, 17]. Nevertheless it would seem
reasonable to proceed to a nasal brushing in all children
with a low NO and to exclude the diagnosis of PCD in all
with normal nasal values, unless the index of suspicion is
high. A prospective study would be needed to assess this
approach. It should also be noted that many cases of PCD
will present before they are old enough to cooperate with
a breath-hold, a manoeuvre necessary to measure nasal
NO using current techniques; in these children nasal NO
could obviously not be used to screen for PCD.

In conclusion, it has been demonstrated that children
with primary ciliary dyskinesia have a negligible amount
of nasally derived NO and also a reduced level in their
lower airways. The reason is not clear and further studies
are needed to determine whether these low values are
primary or secondary to the ciliary defect. Measurement of
nasal, but not tidal, NO may be a useful alternative
screening test for primary ciliary dyskinesia.
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