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ABSTRACT Nasal nitric oxide (nNO) concentrations are low in patients with primary ciliary dyskinesia

(PCD) providing a noninvasive screening test.

We conducted a systematic review of the literature to examine the utility of nNO in screening for PCD, in

particular 1) different respiratory manoeuvres during sampling (velum closure, tidal breathing, etc.),

2) accuracy in screening young/uncooperative children, 3) stationary versus portable analysers, and 4) nNO

in ‘‘atypical’’ PCD.

96 papers were assessed according to modified PRISMA (Preferred Reporting Items for Systematic

Reviews and Meta-Analyses) criteria and 22 were included in this review.

Meta-analysis of 11 studies comparing nNO during a velum closure breath hold gave a mean¡SD nNO of

19.4¡18.6 nL?min-1 in PCD (n5478) and 265.0¡118.9 nL?min-1 in healthy controls (n5338). Weighted

mean difference for PCD versus healthy controls was 231.1 nL?min-1 (95% CI 193.3–268.9; n5338) and

114.1 nL?min-1 (95% CI 101.5–126.8; n5415) for PCD versus cystic fibrosis. Five studies of nNO

measurement during tidal breathing demonstrated that this is an acceptable manoeuvre in young children

where velum closure is not possible, but the discriminatory value was reduced. Four small studies of

portable NO analysers suggest these are reliable tools for screening for PCD. However, nNO must be

interpreted alongside clinical suspicion. Future studies should focus on standardising sampling techniques

and reporting.
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Introduction
Primary ciliary dyskinesia (PCD) is a rare, autosomal recessive disease characterised by abnormal ciliary

function. The resulting impaired mucus clearance from the lungs, upper airways and middle ear typically

leads to respiratory symptoms from soon after birth, with ongoing chronic sinopulmonary infection and

progressive loss of lung function. Approximately half of those with PCD have situs inversus and male

infertility is common [1]. A European Respiratory Society (ERS) consensus statement on diagnostic

techniques includes high-speed video microscopy to assess function and assessment of ciliary ultrastructure

by transmission electron microscopy. Both are time-consuming, technically demanding investigations that

are only available in specialist centres [2]. Difficulty accessing specialist diagnostic services frequently

contributes to a delay in diagnosis [3]; therefore, an ERS PCD Task Force recommended measurement of

nasal nitric oxide (nNO) as a screening test [2] to improve preselection of patients to travel to centralised

diagnostic centres. A survey prior to the ERS consensus statement suggested only 46% of European PCD

centres were measuring nNO [4].

LUNDBERG et al. [5] first reported very low levels of nNO in PCD patients in 1994, but development of nNO

as a screening test was slow to establish with only a handful of studies over the next decade [6–10].

American Thoracic Society (ATS)/ERS guidelines for the measurement of nNO were published in 1999 and

updated in 2005 [11]. These recommended aspiration of gas from one nostril with gas entrained via the

other naris during a velum closure manoeuvre in order to avoid contamination by lower airway gases.

Subsequently, a number of studies have suggested that nNO is not only sensitive and specific in

differentiating PCD patients from healthy controls but that manoeuvres other than velum closure, which is

not suitable for young children, may be discriminatory.

The mechanism by which nNO is reduced in PCD has yet to be elucidated, several hypotheses have been

proposed and have been more fully reviewed elsewhere [12]. Cultured respiratory epithelial cells have been

studied for their ability to synthesise NO, as well as their levels of expression of the three NO producing

enzymes (nitric oxide synthases). The results have been conflicting [13–15], but cultured epithelial cells

from PCD patients seem to produce equivalent amounts of NO, at baseline, as cells from non-PCD patients.

Further work is needed to assess the role of the paranasal sinuses in reduced production of NO [5, 16].

The ATS/ERS guidelines recommend measurement using a stationary chemiluminescence analyser [11];

however, the recent availability of hand-held analysers with an electrochemical sensor provides a cheaper

and more portable option, making screening more accessible [17]. The reliability of these portable devices

has only been assessed in a handful of small studies and data from exhaled NO studies suggest readings

differ between handheld and stationary devices [18]. We undertook a systematic literature review to assess

the diagnostic accuracy of nNO measurement, highlighting the different analysers and respiratory

manoeuvres currently used. We also considered the evidence for nNO as a screen for PCD in young,

uncooperative children.

Our aim was to consider the effectiveness of nNO measurement as a screening tool for PCD by reviewing:

1) nNO measured in PCD patients compared with healthy and disease control groups using stationary

analysers during a velum closure technique (as recommended in ATS/ERS guidelines [11]), including a

meta-analysis; 2) nNO in patients with atypical PCD (normal electron microscopy); 3) different respiratory

manoeuvres to measure nNO including breath holding, velum closure by forced expiration against

resistance, tidal breathing and humming; 4) measurement of nNO in young children (,5 years) unable to

cooperate with respiratory manoeuvres; and 5) reliability of handheld NO analysers for screening compared

with stationary chemiluminescence analysers.

Methods
A protocol for the systematic review was developed prospectively (online supplementary material) and is

briefly described in the following sections.

Search strategy
The following databases were searched from inception until April 16, 2014: MEDLINE, EMBASE,

PreMEDLINE In-Process & Other Non-Indexed Citations, Web of Knowledge Science Citation Index (SCI),

Web of Knowledge ISI Proceedings and Cochrane Systematic Reviews Database. Additional references were

sought through citations listed by the identified studies.

Study selection
Manuscripts were included if nNO was measured in PCD patients along with details of nNO sampling

technique, analyser, sampling rate, patient age and method of PCD diagnosis.
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Data analysis and synthesis
The sampling rate of NO analysers is a determinant of nNO concentration. In an attempt to standardise

between studies using different sampling rates we converted reported concentrations (ppb) to nL?min-1

using the formula ppb6sampling rate (L?min-1). Two studies have reported good agreement between

different analysers when using this conversion estimate [17, 19].

Studies that reported mean nNO values with either standard deviation or standard error (SE/SEM) were

included in the meta-analysis. Data were analysed using STATA 11.0 (StataCorp LP, College Station, TX,

USA) to perform a generalised inverse variance analysis of mean difference between nNO in PCD patients

and healthy or cystic fibrosis (CF) controls. We also assessed studies for heterogeneity.

Results
Study selection and risk of bias
We identified 96 publications, excluding duplicates, reporting nNO as an outcome in PCD patients

(fig. S1). 35 were original research studies of nNO and were assessed for eligibility (table S1), with 22

included in the narrative synthesis and 11 in the meta-analysis (table 1).

Using QUADAS principles [27], apart from lack of blinding, the risk of bias was assessed as low for all

included studies. Further details of the QUADAS criteria are given in the online supplementary material.

Ability of nNO to discriminate between PCD and healthy or disease controls
We identified 19 manuscripts that reported nNO measured by velum closure manoeuvres with a stationary

analyser (n5634 for PCD); of these 19 papers, 18 compared PCD with healthy controls (n5582) and 11

compared PCD with CF patients (n5510). In addition to these 18 papers, one paper used a portable

analyser to compare PCD with bronchiectasis [28]. All studies were included in the narrative synthesis and

reported significantly lower nNO levels in PCD than healthy controls and CF patients (tables 1 and 2).

The meta-analysis included 478 PCD patients, 338 healthy controls and 415 patients with CF (table 1). The

combined mean¡SD nNO were: PCD 19.4¡18.6 nL?min-1, healthy controls 265.0¡118.9 nL?min-1, and

TABLE 1 Summary of studies measuring nNO in PCD, healthy control and cystic fibrosis groups using a stationary analyser with
a velum closure manoeuvre

PCD Healthy controls Cystic fibrosis

Subjects n Mean¡SD

nL?min-1
Subjects n Mean¡SD

nL?min-1
Subjects n Mean¡SD

nL?min-1

Study
WODEHOUSE et al. [9], 2003 42 16.4¡9.2 16 189.8¡36.5 15 139.5¡40.7
CSOMA et al. [20], 2003 15 14.9¡11.8 14 126.4¡62.5
NOONE et al. [21], 2004 64 19¡17 27 376¡124 11 184¡109
CORBELLI et al. [10], 2004 17 16.4¡4.35 24 268.4¡138.5
PIACENTINI et al. [22], 2008 10 8.9¡5.7 26" 195¡92.8
SHOEMARK et al. [23], 2009 20 12.3¡8.6 20 159.8¡133.5
MORENO GALDÓ et al. [24], 2010 9 22¡29.9 37 224.5¡37.1 210 109.5¡27
MARTHIN and NIELSEN [25], 2011 45 19.0¡13.6 57 272.4¡76.0 49 124.8¡103.7
MATEOS-CORRAL et al. [26], 2011 20 17.9¡13.7 19 366.5¡131.7 32 138.8¡84.1
LEIGH et al. [19], 2013 149 20.7¡24.1 78 304.6¡118.8 77 134.0¡73.5
LEIGH et al. [19], 2013# 71 23.3¡18.0
MARTHIN and NIELSEN [17], 2013 16 23.7¡22.8 20 267¡74.4 21 150.3¡58.8

Combined 478 19.4¡18.6 338 265.0¡118.9 415 123.2¡62.7

ppb equivalents+

NIOX (Flex/MINO)1 64.7 883.3 410.7
Eco Medics CLD 88e 58.8 803.0 373.3
Sievers## 38.8 530.0 246.4
LR2000"" 77.6 1060.0 492.8

nNO: nasal nitric oxide; PCD: primary ciliary dyskinesia. #: replication; ": results from co-operative healthy controls only; +: calculated by using
mean in nL?min-1/machine sampling rate; 1: Aerocrine AB, Solna, Sweden; e: Eco Medics AG, Duernten, Switzerland; ##: GE Analytical Instruments,
Boulder, CO, USA; "": Logan System, Rochester, UK.
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CF 123.2¡62.7 nL?min-1. These measurements appear consistent with data from studies where

nonparametric data was reported; lower median values than means are consistent with negatively skewed

data (table 2).

All 11 studies in the PCD versus healthy control meta-analysis reported considerably lower levels of nNO in

PCD, and this is reflected in the weighted mean difference of 231.1 nL?min-1 (95% CI 193.3–268.9) (fig. 1).

The difference between PCD and CF was also significant across studies, but with a smaller weighted mean

difference of 114.1 nL?min-1 (95% CI 101.5–126.8) (fig. 2). There was a high degree of heterogeneity, with

an I2 (variation attributable to heterogeneity) of 93.9% for PCD versus healthy controls, and a moderate degree

TABLE 2 Studies reporting nonparametric summary statistics for nasal nitric oxide in PCD, healthy control and cystic fibrosis
groups measured via stationary analyser with velum closure manoeuvre

Study PCD Healthy controls Cystic fibrosis

Subjects n Outcome
nL?min-1

Subjects n Outcome
nL?min-1

Subjects n Outcome
nL?min-1

KARADAG et al. [6], 1999 21 Median 13.75
(range 0.83–239.8)

60 Median 138.3
(range 29–359.3)

NARANG et al. [7], 2002 31 Median 15.1
(range 0.8–230)

53 Median 179
(range 99.5–359.3)

17 Median 122.8
(range 7.8–285)

HORVATH et al. [8], 2003 14 Median 13.6
(range 1.3–67.3)

37 Median 165.8
(range 80.5–335.8)

20 Median 85.8
(range 7.5–249.3)

SANTAMARIA et al. [29], 2008 14 Median 3.3
(IQR 3.3)

14 Median 90.1
(IQR 67.2)

MARTHIN and NIELSEN [25],
2011#

12 Median 15.9
(95% CI 3–162)

WALKER et al. [30], 2013 14 Median 8.1
(IQR 4.8–22.8)

18 Median 231.6
(IQR 207–265.8)

12 Median 150.3
(IQR 135–182.4)

BOON et al. [31], 2014 38 Median 16.8
(IQR 8.1–35.7)

49 Median 236.4
(IQR 198.3–295.8)

46 Median 109.5
(IQR 75.6–169.5)

HARRIS et al. [32], 2014 11 Median 12.3
(IQR 7.5–15.9)

15 208.2
(IQR 181.2–240)

6 Median 139.5
(IQR 99–227.7)

PCD: primary ciliary dyskinesia; IQR: interquartile range. #: consecutive referrals.

WODEHOUSE [9] 2003

CSOMA [20] 2003

NOONE [21] 2004

CORBELLI [10] 2004

PIACENTINI [22] 2008

SHOEMARK [23] 2009

MORENO GALDÓ [24] 2010

MARTHIN [25] 2011

MATEOS-CORRAL [26] 2011

LEIGH [19] 2013

MARTHIN [17] 2013

Overall (I2=93.9%, p<0.001)

Note: weights are from random effects analysis

-173.40 (-191.50– -155.30)

-111.50 (-144.78– -78.22)

-357.00 (-403.96– -310.04)

-251.96 (-307.41– -196.51)

-186.09 (-221.94– -150.24)

-147.50 (-206.13– -88.87)

-202.50 (-255.42– -179.58)

-253.39 (-273.52– -233.27)

-348.60 (-408.12– -289.08)

-283.90 (-310.55– -257.25)

-243.30 (-277.77– -208.83)

-231.09 (-268.91– -193.27)

9.85

9.34

8.72

8.28

9.24

8.11

9.71

9.79

8.06

9.59

9.30

100.00

First author [ref.] year WMD (95% CI) nL·min-1 Weight %

600-600

FIGURE 1 Forest plot showing the weighted mean difference (WMD) in mean nasal nitric oxide between healthy controls
and primary ciliary dyskinesia patients using a stationary analyser and velum closure technique.
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for PCD versus CF (I2 of 40.8%). This reflects differences in the study populations, such as age, and

methodological issues such as breath hold with CO2 monitoring versus sampling during exhalation against

resistance.

Nine studies calculated cut-off values with sensitivity and specificity for diagnostic accuracy within their

populations (table 3). LEIGH et al. [19] developed a cut-off of 77 nL?min-1 using data from their centre and

subsequently correctly identified 70 of 71 PCD patients (.98%) across six other sites. This suggests that,

when using standardised protocols, cut-off values are valid in different settings, analysers and populations.

Four studies reported nNO levels in consecutive referrals to a PCD diagnostic service; two were excluded

(lack of sampling details and unclear PCD diagnosis) [19, 33]. CORBELLI et al. [10] reported 34 referrals, half

of whom proved PCD positive; mean nNO for PCD positive patients was 16.4 nL?min-1 versus

159.2 nL?min-1 for PCD negative referrals (p,0.05). MARTHIN and NIELSEN [25] found a highly significant

difference (p,0.0001) in nNO levels between 12 referrals whose diagnostic tests were positive and 46

whose tests were negative; medians (95% CI) were 15.9 (3–162) nL?min-1 for positive versus 204.3

(34.5–386.1) nL?min-1 for negative results. Their cut-off of 52.5 nL?min-1 identified 55 out of 59 PCD cases

from consecutive referrals (sensitivity of 92%, specificity of 96%) [25].

WODEHOUSE [9] 2003

NOONE [21] 2004

MORENO GALDÓ [24] 2010

MARTHIN [25] 2011

MATEOS-CORRAL [26] 2011

LEIGH [19] 2013

MARTHIN [17] 2013

Overall (I2=40.8%, p=0.119)

Note: weights are from random effects analysis

-123.10 (-143.88– -102.32)

-165.00 (-229.55– -100.45)

-87.50 (-109.24– -65.76)

-105.79 (-135.10– -76.49)

-120.90 (-150.65– -91.15)

-113.30 (-130.17– -96.43)

-126.60 (-154.12– -99.08)

-114.13 (-126.78– -101.48)

18.52

3.48

17.68

12.40

12.15

22.32

13.45

100.00

First author [ref.] year WMD (95% CI) nL·min-1 Weight %

600-300

FIGURE 2 Forest plot showing weighted mean difference (WMD) in mean nasal nitric oxide between cystic fibrosis and
primary ciliary dyskinesia patients using a stationary analyser and velum closure technique.

TABLE 3 Summary of studies presenting sensitivity and specificity of their cut-off values for nNO for PCD versus healthy
patients

Study Subjects n nNO cut-off nL?min-1 Sensitivity % Specificity %

MATEOS-CORRAL et al. [26], 2011# 44 60.8 100 100
NARANG et al. [7], 2002 157 25

62.5
75
97

96
90

HORVATH et al. [8], 2003 102 46.8 93 95
CORBELLI et al. [10], 2004 34 126 94 88
MARTHIN and NIELSEN [25], 2011 94 Breath hold 52.5

Oral exhalation 72.6
Tidal breathing 47.4

91.1
94.3
94.4

100
100
100

LEIGH et al. [19], 2013 227 77 98 .99.9
MARTHIN and NIELSEN [17], 2013 57 78.6 100 100
HARRIS et al. [32], 2014 47 38 100 95
BOON et al. [31], 2014 226 90 89.5 87.3

nNO: nasal nitric oxide; PCD: primary ciliary dyskinesia. #: bronchiectasis patients included in healthy control group.
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Seven studies compared nNO levels in PCD patients with those in non-CF bronchiectasis (table 4). Five

reported similar nNO levels in bronchiectasis to healthy controls [7–9, 23, 26] and one used only a portable

analyser in a small number of patients [28]. MORENO GALDÓ et al. [24] reported lower nNO in

bronchiectasis than in healthy participants (mean 90.3 nL?min-1 versus 224.5 nL?min-1), but levels were

significantly higher than in PCD patients. It is unclear why this study found bronchiectasis patients to have

lower levels than those reported in other studies, but participant numbers were low [24] and the

bronchiectasis group may have contained a number of undiagnosed PCD patients. PCD patients nNO was

also significantly lower than patients with asthma [19, 24, 30, 31], chronic obstructive pulmonary disease

(COPD) [19, 28] and humoral immunodeficiency [31].

nNO in patients with atypical PCD
LEIGH et al. [19] describe 10 PCD patients with DNAH11 mutations and normal ciliary ultrastructure that

all had nNO levels below 77 nL?min-1. PIFFERI et al. [34] found four patients with normal ultrastructure, but

abnormal ciliary beat frequency, had nNO levels consistently below 22 nL?min-1 with no overlap with

secondary ciliary dyskinesia or healthy subjects. KNOWLES et al. [35] recently identified patients with RSPH1

mutations causing PCD that have a milder phenotype and higher nNO levels (mean 98.3 nL?min-1). 12 of

the 18 patients identified with this mutation have nNO above a diagnostic cut-off of 77 nL?min-1 [35, 36].

The reason for higher nNO levels in this genotype is unclear, but may provide insights into the mechanisms

of low nNO in PCD.

Comparison of manoeuvres used during measurement of nNO
Four studies have compared tidal breathing with a velum closure technique (table 5). Tidal breathing

produces consistently lower nNO levels in both PCD and control patients, but preserves the significant

difference between PCD and other groups [17, 22, 25, 26].

Meta-analysis of three studies [17, 25, 26] gave statistically significant differences in mean nNO between

tidal breathing and velum closure for healthy controls (182.2 nL?min-1 versus 278.8 nL?min-1; p,0.0001)

and CF patients (91.5 nL?min-1 versus 132.7 nL?min-1; p,0.0001), but not PCD (21.6 nL?min-1 versus

19.8 nL?min-1). The standard deviations for PCD and controls are also larger in tidal breathing (48.6 and

127.4 nL?min-1) than in velum closure (18.2 and 99.4 nL?min-1), diminishing discriminatory value.

Three studies investigated nNO levels during a humming exhalation [26, 29, 38]. Humming rapidly empties

the paranasal sinuses if the osteomeatal complex is patent and causes a peak in nNO in healthy controls but

not in PCD patients [39]. Sampling rates and methods were variable; therefore, it was not possible to

reliably convert ppb readings to nL?min-1 and differences between studies should be interpreted with

caution. MONTELLA et al. [38] found significant differences in mean levels between PCD (n514), healthy

controls (n513) and CF (n511) at 5.1 ppb, 165.5 ppb and 45.6 ppb. MATEOS-CORRAL et al. [26] showed a

significant (p,0.0001) difference in mean nNO during humming between PCD and healthy controls or CF

children over 5 years of age (PCD 34.4 ppb, healthy controls 3034.9 ppb and CF 402.3 ppb; n520, 19 and

32, respectively), with a 123 ppb cut-off being 100% sensitive. SANTAMARIA et al. [29] also found a

significant difference between PCD and healthy controls using humming exhalation with means of 2.8 ppb

in PCD (n514) and 212.4 ppb in healthy controls (n514). They report a sensitivity and specificity of 100%

using a nasal humming NO cut-off of 48.7 ppb.

TABLE 4 nNO values in PCD, bronchiectasis patients and healthy controls

Study Bronchiectasis Healthy controls PCD

Subjects n nNO nL?min-1 Subjects n nNO nL?min-1 Subjects n nNO nL?min-1

NARANG et al. [7], 2002 21 133.4 (20–513.3) 53 179 (99.5–359.3) 31 15.1 (0.8–230)
HORVATH et al. [8], 2003 31 170 (77.5–250) 37 165.8 (80.5–335.8) 14 13.6 (1.3–67.3)
WODEHOUSE et al. [9], 2003 20 220.1¡49.1 16 227.7¡43.7 42 19.7¡11.0
WODEHOUSE et al. [9], 2003# 12 193.2¡39.0
SHOEMARK et al. [23], 2009 20 223¡127.8 20 159.8¡133.5 20 12.3¡8.6
MORENO GALDÓ et al. [24], 2010 8 90.3¡39.2 37 224.5¡37.1 9 22.0¡29.9
MATEOS-CORRAL et al. [26], 2011 6 376.2¡346.4 10 366.5¡131.7 150 17.9¡13.7
HARRISON et al. [28], 2012" 4 75.3¡81.9 5 125.7¡22.8 12 15.6¡11.6

Data are presented as median (range) or mean¡SD, unless otherwise stated. nNO: nasal nitric oxide; PCD: primary ciliary dyskinesia. #: Young’s
syndrome; ": measured by portable NIOX MINO analyser.
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Use of nNO as a screen for PCD in young children
Very young children are unable to cooperate with specific breathing manoeuvres. Measurement during tidal

breathing is, therefore, used in this age group.

BARALDI et al. [40] reported two infants that were evaluated for PCD (at 4 and 6 months of age) and

compared them with five healthy infants with a mean age of almost 4 months (range 1.3–7 months). nNO

levels in the two PCD patients were 9.4 and 12.7 nL?min-1, while the mean for the healthy controls was

32.5 nL?min-1 (range 24.8–41.7 nL?min-1). The lower levels in healthy controls make false positive results

more likely [40]. STEHLING et al. [41] report a PCD neonate who had a nNO of less than 5 ppb on day 4 of

life (sampling method not stated), while six healthy neonates (2–24 days) had a mean nNO of 171.2 ppb.

MARTHIN and NIELSEN [25] reported a 16-day-old with nNO of 2.7 nL?min-1 and a 16-week-old with nNO

of 3.3 nL?min-1, both with PCD. The overall false positive rate was 39% in children under 6 years of age

performing nNO during tidal breathing, nevertheless the negative predictive value was 99% [25].

PIACENTINI et al. [22] measured nNO in two uncooperative PCD patients and 50 healthy children less than

1 year of age during tidal breathing. The two infants with PCD had nNO levels of 2.2 and 12.5 nL?min-1.

They reported mean¡SD nNO levels of 38.4¡4.9 nL?min-1 in healthy children under 6 months of age

(n526) and 92.7¡13.8 nL?min-1 for those aged 6–12 months (n524). Their analysis showed that a cut-off

of 16.2 nL?min-1 for less than 6 months of age had a sensitivity of 90% and specificity of 81% for diagnosis

of PCD [22].

The role of portable nitric oxide meters in screening for PCD
Four studies used a portable nNO analyser; three compared this portable analyser with a stationary

chemiluminescent analyser (table 6).

MONTELLA et al. [38] assessed stationary and portable analysers in PCD, CF and healthy control patients

using nasal exhalation. HARRIS et al. [32] reported that many healthy controls were unable to hold their

breath for sufficient time to measure nNO using the portable device (45 s was required for sampling as

opposed to 20 s for the stationary device), so only tidal breathing measurements were used. MARTHIN and

NIELSEN [17] reported successful breath hold for 45 s by 70% of participants in their study (versus 86% for

the stationary device and 100% for tidal breathing).

Portable sampling at 2 mL?s-1 showed no advantage over 5 mL?s-1 and breath hold could not be performed

with the former [17, 32].

MARTHIN and NIELSEN [17], similar to the other three studies [28, 32, 38], confirmed significant

differentiation between PCD, CF and healthy controls was obtained using the portable analyser (p,0.0001)

using both tidal breathing and velum closure. Three studies performed receiver operating characteristic

(ROC) analysis. MONTELLA et al. [38] reported a cut-off of 6.9 nL?min-1 for silent nasal exhalation gave a

sensitivity of 100% and a specificity of 85% to detect patients with PCD. HARRIS et al. [32] reported a cut-off

TABLE 6 Summary of studies reporting nasal nitric oxide measurements with a portable nitric oxide analyser in PCD, healthy
controls and cystic fibrosis patients, readings from a stationary analyser are shown for comparison if they were measured

Study PCD Healthy controls Cystic fibrosis

Stationary Portable Stationary Portable Stationary Portable

MONTELLA et al. [38], 2011# Median 1.5
(range 1.0–2.3),

n514

Median 2.6
(range 1.9–3.5),

n514

Median 13.7
(range 9.6–19.5),

n513

Median 12.4
(range 8.9–17.6),

n513

Median 9.5
(range 7.0–13.0),

n511

Median 13.4
(range 10.4–17.3),

n511
HARRISON et al. [28], 2012" Mean¡SD

7.2¡4.1,
n54

Mean¡SD

125.7¡22.8,
n55

Mean¡SD

12¡11.7,
n56

MARTHIN and NIELSEN [17],
2013+

Mean¡SD

23.7¡22.8,
n516

Mean¡SD

19.2¡18.7,
n512

Mean¡SD

267¡74.4,
n520

Mean¡SD

180.9¡57.7,
n521

Mean¡SD

150.3¡58.8,
n521

Mean¡SD

97.2¡41.6,
n58

HARRIS et al. [32], 20141 Median 12.3
(IQR 8.4),

n511

Median 5.4
(IQR 3.3),

n512

Median 208.2
(IQR 58.8),

n515

Median 112.6
(IQR 88.0),

n515

All nasal nitric oxide measurements have units of nL?min-1. PCD: primary ciliary dyskinesia; IQR: interquartile range. #: nasal exhalation; ": tidal
breathing; +: breath hold; 1: tidal breathing (MINO Breathhold – Flex).
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of 30 nL?min-1 had 100% sensitivity and 95% specificity. MARTHIN and NIELSEN [17] had cut-offs of

64 nL?min-1 for breath hold (sensitivity 100%, specificity 95.2%) and 43 nL?min-1 for tidal breathing

(sensitivity 100%, specificity 100%).

Discussion
This systematic review and meta-analysis confirms that nNO is significantly lower in PCD than in healthy

individuals or patients with respiratory diseases including CF. Screening for PCD by measuring nNO during

a velum closure manoeuvre is accurate with good sensitivity and specificity. Measurement of nNO during

tidal breathing is relatively easy to perform in non-cooperative children and provides a reasonable screening

test, but is less sensitive than velum closure. Healthy young children have much lower nNO than adults or

older children and false positives during screening are, therefore, more common. Although most studies

have used stationary chemiluminescence analysers, a handful of small studies suggest that portable analysers

are reliable for measuring nNO as a screening test for PCD. It is important for those using portable analysers

to understand the limitations of these devices. As well as differing in the means of analysis, portable

analysers do not display the sampling in real-time so there is no way of checking the validity of the

measurement (for example ensuring a steady plateau reading is taken). Plateau visualisation can ensure the

reading is not affected by nares leak or lower airway contamination. NIOX portable versus stationary

analysers are compared more fully by HARRIS et al. [32]. There is a need for standardised protocols and

training at sites distant to the PCD diagnostic centre whether using portable or stationary analysers.

In assessing diagnostic accuracy of nNO, choosing a cut-off nNO level that is three standard deviations from

the mean would include all but 0.15% of PCD patients; using data from the meta-analysis (table 1) this cut-

off is 75.2 nL?min-1. Individual studies suggested cut-offs ranging from 38 to 126 nL?min-1 (table 3), with

the largest study (n5227) calculating that a cut-off of 77 nL?min-1 has sensitivity of 98% [42]; while

MARTHIN and NIELSEN [17] found a cut-off of 78.6 nL?min-1 provided them with a sensitivity of 100%.

77 nL?min-1 is equivalent to 257 ppb on NIOX Flex/MINO, 233 ppb on Eco Medics CLD 88sp, 308 ppb on

LR2000 and 144 ppb on Sievers. High sensitivity is important to select all PCD patients for further

diagnostic testing, but it is important to note that the cut-off level of 77 nL?min-1 is for children .5 years of

age and adults using velum closure manoeuvres. Further work is needed to establish cut-offs for younger

children, for tidal breathing and for portable devices.

Respiratory manoeuvres during measurement are one of the topics requiring standardisation. For example,

a variety of methods are used to achieve velum closure that is required for a ‘‘true’’ plateau measurement.

Velum closure can be achieved during voluntary manoeuvres (making a ‘‘k’’ sound) or during breath hold,

but is easier to achieve while blowing against a resistor. If a plateau is not reached the measures will be lower

and the cut-off less discriminatory. This is demonstrated by results from MARTHIN and NIELSEN [25] where

the cut-off for measurement during velum closure during exhalation against a resistor is higher than during

breath hold (table 3).

Rarely patients with PCD have nNO levels in the normal range [19, 25]. MARTHIN and NIELSEN [25]

examined the characteristics of the five subjects in their study with PCD and normal nNO, and found all

had classical symptoms such as chronic wet cough and persistent nasal secretions from birth; all were

subsequently discovered to have both beat frequency and ultrastructure abnormalities. This highlights need

for PCD diagnostic testing in those with strong clinical suspicion even if nNO is normal.

A number of studies suggest that patients with CF have nNO concentrations that are lower than in healthy

controls (tables 1 and 2). Although we have demonstrated that levels are generally greater than in PCD,

occasional CF patients have nNO in a similar range to PCD patients [19, 25, 26]. This may be due to nasal

polyposis [31], reduced levels of inducible nitric oxide synthase [43] or changes in arginine metabolism [44].

In the small numbers of patients studied, there remains a highly significant difference in nNO levels between

PCD, CF and healthy groups measured during tidal breathing despite the influence of lower airway gas

mixing (table 5), but the discrimination is poorer than measurement during velum closure [17, 19, 25, 32].

Tidal breathing is the only option for screening younger children who are unable to cooperate with

breathing manoeuvres; as nNO levels are lower in healthy children than healthy adults [37] false positive

rates are as high as 39% in children under 6 years of age [25]. However, PIACENTINI et al. [22] found a cut-

off of 16.2 nL?min-1 was 90% sensitive for a PCD diagnosis in children less than 6 months of age. nNO

measured during tidal breathing is, therefore, a useful adjunct to clinical suspicion in the screening of young

children for PCD with good negative predictive value, but must be interpreted with caution and alongside

clinical history, particularly in those under 12 months-old. It should be noted that children as young as

3 years of age were able to cooperate with velum closure in some studies [22], but in the experience of the

authors, success is low in preschool children.
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The cost, maintenance and training required for stationary NO analysers has led to the development of

handheld sensors. The studies comparing portable and stationary analysers are small, but suggest they are a

reliable means of measuring nNO [17, 32]. ROC analysis by HARRIS et al. [32] and MARTHIN and NIELSEN

[17] produced cut-offs of 30 and 64 nL?min-1, respectively (100 and 213 ppb on NIOX, 91 and 194 ppb on

Eco Medics CLD88sp), for tidal breathing nNO via portable analyser; both achieving sensitivity of 100%.

There were a number of limitations to the data available for the meta-analysis. The meta-analysis found a

high degree of heterogeneity within and between studies; therefore, combining means and standard deviations

must be interpreted with caution. The higher degree of heterogeneity in the healthy control comparison

may reflect that most studies included children. This may skew results in controls, as STRUBEN et al. [45]

reported that nNO is age related under 12 years of age and found the mean nNO in 6–17 year-olds to be

135 nL?min-1 (meta-analysis healthy control mean: 271.6 nL?min-1). Also, many studies report parametric

summary statistics for an item that cannot be less than zero but with a relatively large standard deviation, and

we have not been able to interrogate the source data to validate this assumption of normality. The studies that

reported nonparametric summary statistics could not be incorporated into the meta-analysis. In addition, we

converted a number of different sampling techniques into nL?min-1 values and, although there is some evidence

that this is a valid conversion [17, 19], differing sampling rates may have different effects depending on the size

of the nasal cavity and whether there is a patent sinus meatus with normally developed sinuses beyond.

In conclusion, there is strong evidence that nNO is reduced in PCD compared with healthy controls and

other patient groups, supporting the international expansion of nNO as a screening test for PCD. Our

review has demonstrated that measurement of nNO as a screening test is accurate using a variety of

manoeuvres and analysers. Efforts are now needed to standardise the reporting of measurements. The

review confirms the following. 1) nNO measurement during velum closure via breath hold or oral

exhalation has the best discriminatory ability, but measurement during tidal breathing is simpler to

perform. 2) A nNO level below 77 nL?min-1 (NIOX 257 ppb; Eco Medics 233 ppb; Sievers 144 ppb; and

LR2000 308 ppb) should be considered highly suggestive of PCD and warrants further assessment in a

specialist diagnostic centre. However normal nNO levels are occasionally reported in PCD. Further studies

are required to develop cut-offs for children ,5 years of age, for tidal breathing and for portable devices.

3) nNO levels are low in those with ‘‘atypical’’ PCD, including those with normal ultrastructure on electron

microscopy. 4) nNO levels are lower in all preschool children, therefore, they must be interpreted with the

clinical picture. There are a high number of false positives, particularly in infants. 5) Readings using a hand-

held analyser appear to provide an accurate screening test for PCD patients, but the numbers of patients in

these studies have been small, and experience from the clinical setting is now needed. The hand-held

analyser that is currently available requires a long breath hold, with resultant poor success rates for

obtaining a measurement using this manoeuvre. 6) Tidal breathing nNO measurement can be a useful

adjunct in the screening of young children or adults who cannot cooperate with velum closure. It should be

noted that the rate of false positive results appears high in infants, although data are sparse.

This review has demonstrated a lack of uniformity for methods and reporting. All methods to measure nNO

provided good discrimination between PCD and non-PCD groups, but the accuracy of some methods was

better than others. Moving forward, we advocate that evidence-based or consensus guidelines are urgently

required for methods at different ages and in different clinical settings (e.g. specialist PCD centre versus

satellite referral centre). This will be one of the areas for consideration by a newly commissioned ERS Task

Force: Diagnosis of PCD in a molecular age: a practice guideline for diagnosing patients with PCD.
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