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Nasal nitric oxide measurement for primary ciliary dyskinesia
diagnosis: The impact of underlying genetic defects on diagnostic

accuracy

Primary ciliary dyskinesia (PCD) is an inherited,
genetically heterogeneous disorder characterized by the
dysfunction of motile cilia that are found in a number
of human tissues including the upper and lower airways
epithelium (respiratory cilia). Respiratory cilia project
from the apical membrane of epithelial cells that line
up the airways and through their active and coordinated
beating, drive the process of mucociliary clearance, which
is responsible for the removal of inhaled pathogens and
other hazardous substances from the respiratory system.
In PCD, mucociliary clearance is impaired and as a
result patients suffer from recurrent respiratory infections
which lead to chronic destructive airway disease.' Other
common manifestations of the disease include sinus and
ear infections, situs abnormalities and male infertility.”

Mutations in more than 40 genes have been found
to date to be causative for PCD and more than 70%
of patients with a confirmed PCD diagnosis, harbor
biallelic mutations in one of these genes.” Known PCD
genes encode outer and/or inner dynein arm proteins
as well as proteins that make-up the central pair and
radial spoke apparatus. Other known PCD genes encode
proteins in the nexin-dynein regulatory complex and
cytoplasmic proteins involved in intraflagellar transport
and preassembly of dynein arms.’ Not surprisingly, the
large number of the involved genes translates in diverse
ultrastructural and motility defects, which make PCD
diagnosis difficult.* The available diagnostic tests for
PCD include measurement of nasal nitric oxide (nNO),
assessment of ciliary ultrastructure using Transmission
Electron Microscopy (TEM) and assessment of ciliary
motility pattern using High Speed Video Microscopy
(HSVM) as well as genetic and immunofluorescence (IF)
analyses. Nevertheless, no single test has been found to
have sensitivity and specificity close to 100% for PCD,
and as result a combination of tests is usually employed
as part the diagnostic work-up in PCD referral centers.’
Current European Respiratory Society guidelines propose
a diagnostic algorithm which includes the performance of

both nNO and HSVM as a first step followed up by TEM,’
while the clinical practice guidelines adopted by the
American Thoracic Society recommend the employment
of nNO or genetic testing coupled with TEM in the case
that nNO is unavailable or patient is less than 5 years old.’

In contrast to the other two main tests (TEM and
HSVM) for PCD diagnosis, measurement of nNO has
the advantage of yielding immediate results, can be
performed in centers with limited experience, does not
require expensive equipment like HSVM and TEM
analysis and is less invasive as it does not require nasal
brushing. Furthermore, two independently conducted
systematic reviews, reported excellent summary estimates
of diagnostic accuracy for nNO in PCD (sensitivity
> 95% and specificity > 94%).”* On the other hand,
TEM is characterised by a low detection rate (misses
approximately 26% of PCD cases)’; requires expensive
equipment along with specialised personnel while in many
occasions; a repeat nasal brushing is needed in order to
obtain a sample of adequate quality for ultrastructural
evaluation.'” HSVM has also been reported to be a
highly sensitive (96%) and highly specific (91%) test for
PCD," which can provide same-day results to the patient,
although variation of ciliary beat pattern within the sample
and subjectivity in interpretation of the results may
compromise diagnosis."

The use of nNO for PCD diagnosis is a widely common
test across PCD specialised centres for more than two
decades. Nevertheless, almost all studies examining
the diagnostic accuracy of this test in PCD have been
conducted in European or North American settings”®
and data from other parts of the world are missing.
Furthermore, the current, widely accepted nNO cut-off
which is considered to be diagnostic for PCD (< 77 nL/
min) is based on a North American study" and differences
within other populations may exist. In this issue of
Pediatric Investigation, Zhang et al have evaluated the
ability of nNO, to discriminate among PCD, Cystic
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Fibrosis (CF), asthma, non-CF-non-PCD bronchiectasis
and post-infectious bronchiolitis obliterans (BO) patients
in China. In this study, the authors demonstrated that nNO
can effectively discriminate PCD from other diseases in
their population. Levels of nNO among PCD patients were
significantly lower compared to nNO levels in each of the
other groups, with the exception of the CF group where
some overlap was observed. The overall sensitivity and
specificity reported was 86.1% and 93.9% respectively for
an optimal cut-off line of 76 nL/min."* Using the same cut-
off, specificity rose to almost 100% when CF patients were
excluded from the analysis. The optimal cut-off suggested
by this study for the Chinese population (76 nL/min), is
similar to the previously suggested 77 nL/min, however
the sensitivity estimate associated with this cut-off is much
lower (86.1%) compared to the one reported by Leigh et al
(98%)."

A possible explanation for the differences in the nNO
sensitivity for PCD across different studies may lie in
the underlying distribution of genetic defects of PCD
patients in each population. According to the authors,
biallelic mutations in DNAHS5 and DNAII genes were
identified in only 8.3% of the Chinese patients while in
the western cohorts this percentage may be as high as
30%." In contrast, mutations in genes encoding proteins
involved in the central and radial spoke apparatus (HYDIN,
RSPH4A and RSPHY) accounted for almost one third of
Chinese patients. Interestingly, out of the five confirmed
PCD patients with nNO value > 76 nL/min, three were
found to harbour biallelic mutations in HYDIN gene and
one in RSPH4A gene, while 4 patients were characterised
by central cilia microtubular disorganization in TEM (one
patient with HYDIN mutations had insufficient sample for
TEM)." In previous studies, some RSPH4A patients were
reported to have nNO above the cut-off value,'® although
the same was not true for patients with a HYDIN genetic
defect.'” Nevertheless, there is evidence that gene defects
affecting other radial spoke proteins such RSPHI and
RSPHY as well as proteins of the nexin-dynein regulatory
complex (GAS8) may be associated with nNO above the
established cut-offs in some PCD patients.'**

In summary, the study by Zhang et al confirms that nNO
is characterised by high diagnostic accuracy for PCD
and can be efficiently used to discriminate PCD from
other respiratory diseases in previously understudied
populations such as Chinese children. At the same time,
the study findings highlight some of the challenges
associated with the performance of nNO measurements for
PCD diagnosis, such as the overlap between nNO values
of CF and PCD children as well as the possibility of low
diagnostic performance of nNO in PCD patients with
specific genetic defects. Adoption of existing guidelines
that advocate for nNO testing to be performed following
the exclusion of CF diagnosis is expected to limit the risk
of misdiagnosis while future studies are needed to provide

additional evidence on the diagnostic performance of nNO
in PCD patients with central apparatus, radial spoke and
nexin-dynein regulatory complex defects.

Panayiotis Kouis', Aigli Evriviadou'?,

Panayiotis K. Yiallouros'”

'Respiratory Physiology Laboratory, Medical School,
University of Cyprus, Nicosia, Cyprus

*Laboratory of Cell Biology and Molecular Embryology,
Department of Biological Sciences, University of Cyprus,
Nicosia, Cyprus

*Pediatric Pulmonology Unit,

Hospital ‘Archbishop Makarios I1I’, Nicosia, Cyprus

Correspondence

Panayiotis Kouis, Shakolas Educational Center of Clinical
Medicine, 2029 Aglantzia, Cyprus

Email: kouis.panayiotis@ucy.ac.cy

CONFLICT OF INTEREST

None.

REFERENCES

1. Boon M, Jorissen M, Proesmans M, De Boeck K. Primary
ciliary dyskinesia, an orphan disease. Eur J Pediatr.
2013;172:151-162.

2. Goutaki M, Meier AB, Halbeisen FS, Lucas JS, Dell SD,
Maurer E, et al. Clinical manifestations in primary ciliary
dyskinesia: systematic review and meta-analysis. Eur Respir
J.2016;48:1081-1095.

3. Horani A, Ferkol TW. Advances in the genetics of
primary ciliary dyskinesia: clinical implications. Chest.
2018;154:645-652.

4. Raidt J, Wallmeier J, Hjeij R, Onnebrink JG, Pennekamp
P, Loges NT, et al. Ciliary beat pattern and frequency in
genetic variants of primary ciliary dyskinesia. Eur Respir J.
2014; 44:1579-1588.

5. Lucas JS, Barbato A, Collins SA, Goutaki M, Behan L,
Caudri D, et al. European Respiratory Society guidelines
for the diagnosis of primary ciliary dyskinesia. Eur Respir J.
2017;49:pii: 1601090.

6. Shapiro AJ, Davis SD, Polineni D, Manion M, Rosenfeld
M, Dell SD, et al. Diagnosis of primary ciliary dyskinesia.
An official American Thoracic Society clinical practice
guideline. Am J Respir Crit Care Med. 2018;197:¢24-e39.

7. Kouis P, Papatheodorou SI, Yiallouros PK. Diagnostic
accuracy of nasal nitric oxide for establishing diagnosis of
primary ciliary dyskinesia: a meta-analysis. BMC Pulm
Med. 2015;15:153.

8. Shapiro AJ, Josephson M, Rosenfeld M, Yilmaz O, Davis
SD, Polineni D, et al. Accuracy of nasal nitric oxide
measurement as a diagnostic test for primary ciliary
dyskinesia. A systematic review and meta-analysis. Ann Am
Thorac Soc. 2017;14:1184-1196.

9. Kouis P, Yiallouros PK, Middleton N, Evans JS, Kyriacou K,
Papatheodorou SI. Prevalence of primary ciliary dyskinesia
in consecutive referrals of suspect cases and the transmission
electron microscopy detection rate: a systematic review and



216]

wileyonlinelibrary.com/journal/ped4

10.

12.

13.

14.

15.

meta-analysis. Pediatr Res. 2017;81:398-405.

Olin JT, Burns K, Carson JL, Metjian H, Atkinson JJ,
Davis SD, et al. Diagnostic yield of nasal scrape biopsies in
primary ciliary dyskinesia: a multicenter experience. Pediatr
Pulmonol. 2011;46:483-488.

. Rubbo B, Shoemark A, Jackson CL, Hirst R, Thompson

J, Hayes J, et al. Accuracy of high-speed video analysis to
diagnose primary ciliary dyskinesia. Chest. 2019;155:1008-
1017.

Lucas JS, Leigh MW. Diagnosis of primary ciliary
dyskinesia: searching for a gold standard. Eur Respir J.
2014;44:1418-1422.

Leigh MW, Hazucha MJ, Chawla KK, Baker BR, Shapiro
AJ, Brown DE, et al. Standardizing nasal nitric oxide
measurement as a test for primary ciliary dyskinesia. Ann
Am Thorac Soc. 2013;10:574-581.

Zhang X, Wang X, Li H, Wang W, Zhao S. The value of
nasal nitric oxide measurement in the diagnosis of primary
ciliary dyskinesia. Pediatr Invest. 2019;3:209-213.

Zariwala MA, Omran H, Ferkol TW. The emerging genetics
of primary ciliary dyskinesia. Proc Am Thorac Soc.
2011;8:430-433.

. Zigtkiewicz E, Bukowy-Bierytto Z, Voelkel K, Klimek B,

Dmenska H, Pogorzelski A, et al. Mutations in radial spoke

17.

18.

19.

20.

head genes and ultrastructural cilia defects in East-European
cohort of primary ciliary dyskinesia patients. PLoS One.
2012;7:33667.

Olbrich H, Schmidts M, Werner C, Onoufriadis A, Loges
NT, Raidt J, et al. Recessive HYDIN mutations cause
primary ciliary dyskinesia without randomization of left-
right body asymmetry. Am J Hum Genet. 2012;91:672-684.
Knowles MR, Ostrowski LE, Leigh MW, Sears PR, Davis
SD, Wolf WE, et al. Mutations in RSPHI cause primary
ciliary dyskinesia with a unique clinical and ciliary
phenotype. Am J Respir Crit Care Med. 2014;189:707-717.
Yiallouros PK, Kouis P, Pirpa P, Michailidou K, Loizidou
MA, Potamiti L, et al. Wide phenotypic variability in
RSPH9-associated primary ciliary dyskinesia: review of a
case-series from Cyprus. J Thorac Dis. 2019;11:2067.
Olbrich H, Cremers C, Loges NT, Werner C, Nielsen KG,
Marthin JK, et al. Loss-of-function GAS8 mutations cause
primary ciliary dyskinesia and disrupt the nexin-dynein
regulatory complex. Am J Hum Genet. 2015;97:546-554.

How to cite this article: Kouis P, Evriviadou A, Yiallouros PK.
Nasal nitric oxide measurement for primary ciliary dyskinesia
diagnosis: The impact of underlying genetic defects on
diagnostic accuracy. Pediatr Invest. 2019;3:214-216. https://doi.
org/10.1002/ped4.12171




