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Abstract 

Introduction 

Primary Ciliary Dyskinesia (PCD) is a rare, genetically heterogeneous disorder which results 

from the dysfunction of small hair-like organelles, called motile cilia. Motile cilia project 

from the apical side of epithelial cells that line up the upper and lower airways (respiratory 

cilia) and can be found in a variety of other tissues. PCD patients usually suffer from 

recurrent respiratory infections which lead to chronic destructive airway disease characterized 

by progressive loss of lung function and structural damage of the airways (bronchiectasis).    

Despite the fact that many of the manifestations of PCD present early in life, diagnosis is 

often delayed or missed completely, primarily due to the low specificity of some symptoms 

(e.g. cough, rhinorrhea), lack of awareness for PCD among clinicians and difficulties in the 

availability and interpretation of specialised diagnostic testing. Diagnostic testing for PCD 

usually involves at least three laboratory procedures: (a) nasal Nitric Oxide measurement, (b) 

assessment of ciliary motility and (c) examination of ciliary ultrastructure. Diagnostic testing 

for PCD is laborious and time consuming and many centers may lack access to necessary 

equipment or expertise to perform all required tests. As a result, different diagnostic 

algorithms for PCD diagnosis may be followed by different centers and this phenomenon is 

further influenced by the lack of knowledge regarding the diagnostic effectiveness and 

average cost of each test.  

Aims 

Towards further illuminating the decision making process for the establishment of the most 

efficacious diagnostic algorithm for PCD, we aimed first to characterize the diagnostic 

properties of the three main tests for PCD (nNO, TEM and HSVM) and second to evaluate 

different diagnostic algorithms in terms of overall health benefits for PCD patients and 

overall costs to the healthcare systems. 

Methods 

In separate systematic reviews and meta-analyses, all major electronic databases were 

searched from inception until 2016 using appropriate terms towards identifying eligible 

studies that reported estimates of diagnostic accuracy for TEM, nNO and HSVM as well as 

estimates of the prevalence of PCD in consecutive referrals of suspect cases. Eligible studies 
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included diagnostic information on PCD patients or PCD referrals that underwent a 

combination of diagnostic tests which included nNO, TEM, HSVM and genetic testing.  

For the meta-analysis of nNO diagnostic accuracy, estimates of sensitivity and specificity of 

nNO measurement was calculated for each included study and a two-level mixed logistic 

regression model conditional on the sensitivity and the specificity of each study and a 

bivariate normal model for the sensitivity and specificity between studies were fitted. 

Summary receiver operating characteristic (HSROC) curves were drawn using the parameters 

of the fitted models separately depending on the breathing technique, Vellum Closure (VC) 

or non-Vellum Closure (non-VC), used for nNO measurement. For the meta-analysis of PCD 

prevalence in consecutive referrals of suspect cases and for the meta-analysis of TEM 

detection rate, a meta-analysis of proportions using a random effects model was performed. 

Meta-analysis of proportions allows the calculation of the pooled proportion across studies 

containing binomial data while random effects allow for each study to be assigned a weight 

which includes the within study variance and the between studies variance. Heterogeneity 

was assessed with the I
2
 which describes the proportion of total variation in the effect 

estimate that results from the between-studies heterogeneity and ranges from 0 to 100%. 

The evidence regarding the diagnostic properties of nNO and TEM as well as the evidence 

regarding the prevalence of PCD among suspect patients were combined along with 

diagnostic accuracy estimates for HSVM from individual studies to develop a probabilistic 

decision model that allowed the calculation of net sensitivity and specificity as well as the 

cost-effectiveness (CE) and incremental cost effectiveness for three diagnostic algorithms 

that were characterized by different combinations of nNO, TEM and HSVM. The evaluated 

combinations were (a) nNO+TEM in sequence, (b) nNO+HSVM in sequence and (c) 

nNO/HSVM in parallel followed, in cases with conflicting results, by confirmatory TEM 

(nNO/HSVM+TEM) and the model followed a hypothetical initial population of 1000 

referrals (expected 320 PCD patients). Number of PCD patients identified, CE and ICE ratios 

were calculated using Monte Carlo analysis in ANALYTICA. 

Results 

PCD prevalence among referrals was 32% (95% CI: 25–39%, I
2
 = 92%). TEM detection rate 

among PCD patients was 83% (95% CI: 75–90%, I
2
 = 90%). Exclusion of studies reporting 

isolated inner dynein arm defects as PCD, reduced TEM detection rate and explained an 

important fraction of observed heterogeneity (74%, 95% CI: 66–83%, I
2
 = 66%).  
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The overall sensitivity of nNO measured by VC techniques was 0.95 (95 % CI 0.91–0.97), 

while specificity was 0.94 (95 % CI 0.88–0.97). The positive likelihood ratio (LR+) of the 

test was 15.8 (95 % CI 8.1–30.6), whereas the negative likelihood ratio (LR-) was 0.06 (95 % 

CI 0.04–0.09). For non-VC techniques, the overall sensitivity of nNO measurement was 0.93 

(95 % CI 0.89–0.96) whereas specificity was 0.95 (95 % CI 0.82–0.99). The LR+ of the test 

was 18.5 (95 % CI 4.6–73.8) whereas the LR- was 0.07 (95 % CI 0.04–0.12). 

Regarding the probabilistic decision analysis model, out of 320 PCD patients, 311 were 

identified by nNO/HSVM+TEM, 274 with nNO+HSVM and 198 with nNO+TEM. The 

nNO/HSVM+TEM had the higher mean cost (€97K) followed by nNO+TEM (€56K) and 

nNO+HSVM (€39K). The nNO+HSVM algorithm dominated the nNO+TEM algorithm (less 

costly and more effective). The ICE ratio for nNO/HSVM+EM was €1600 per additional 

PCD patient identified. 

Conclusions 

Many centers for the diagnosis and treatment of PCD in the developed world follow different 

tests and a variety of algorithms for diagnosing PCD.  In some low income countries, most 

likely, there is a complete lack of specialized diagnostic testing. The results of this PhD thesis 

suggest that diagnostic accuracy of nNO measurement both with VC and non-VC maneuvers 

is high and can be effectively employed in the clinical setting to detect PCD even in young 

children, thus potentiating early diagnosis. On the contrary, a significant percentage, at least 

as high as 26%, is missed by TEM and this limitation that should be accounted toward the 

development of an efficacious PCD diagnostic algorithm. The results of decision analysis 

approach employed in this study also suggest that a diagnostic algorithm which includes nNO 

during VC as a screening test followed by confirmatory HSVM identifies approximately 86% 

of PCD patients with a mean CER of 140€ per PCD case identified. The algorithm which  

maximizes the number of PCD patients identified involves parallel performance of nNO and 

HSVM as the first step, followed by TEM as a confirmatory test for the few cases where nNO 

and HSVM yield conflicting results, with a corresponding ICER of 1620€ per additional PCD 

patient identified. These findings can inform the dialogue about the development of evidence-

based guidelines for PCD diagnostic testing and can illuminate discussions about how these 

guidelines can best be implemented across various healthcare systems. 
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Περίληψη 

Ειζαγωγή 

Η Πξσηνπαζήο Δπζθηλεζία ησλ Κξνζζώλ (ΠΔΚ) είλαη κηα ζπάληα, γελεηηθά εηεξνγελήο 

δηαηαξαρή, ε νπνία πξνθύπηεη από ηε δπζιεηηνπξγία ησλ θηλεηώλ θξνζζώλ. Οη θηλεηνί 

θξνζνί απνηεινύλ κηθξά ηξηρνεηδή νξγαληδία πνπ πξνεθβάινπλ από ηελ θνξπθαία κεκβξάλε 

ησλ επηζειηαθώλ θπηηάξσλ πνπ θαιύπηνπλ ηνπο αλώηεξνπο θαη θαηώηεξνπο αεξαγσγνύο 

(αλαπλεπζηηθνί θξνζζνί) αιιά νη δνκέο απηέο κπνξεί λα βξεζνύλ θαη ζε άιινπο ηζηνύο. Οη 

αζζελείο κε ΠΔΚ ππνθέξνπλ από επαλαιακβαλόκελεο ινηκώμεηο ηνπ αλαπλεπζηηθνύ νη 

νπνίεο νδεγνύλ ζε ρξόληεο πλεπκνλνπάζεηεο πνπ θαηαζηξέθνπλ ηνπο αεξαγσγνύο θαη 

ραξαθηεξίδνληαη από πξννδεπηηθή απώιεηα ιεηηνπξγίαο ηνπ πλεύκνλα θαη θαηαζηξνθή ηεο 

δνκήο ησλ αεξαγσγώλ (βξνγρηεθηαζίεο). 

Παξόιν πνπ ε αζζέλεηα εθδειώλεηαη ζε λεαξή ειηθία, ε δηάγλσζε ηεο θαζπζηεξεί ή 

απνπζηάδεη πιήξσο, θπξίσο ιόγσ ησλ κε-εηδηθώλ ζπκπησκάησλ (βήραο, ξηλόξξνηα), 

έιιεηςεο γλώζεο γηα ηελ ΠΔΚ κεηαμύ ησλ ηαηξώλ αιιά θαη ιόγσ ηεο δπζθνιίαο ζηε 

δηαζεζηκόηεηα θαη ηελ εξκελεία ησλ εηδηθώλ δηαγλσζηηθώλ κεζόδσλ. Ο δηαγλσζηηθόο 

έιεγρνο γηα ΠΔΚ ζπλήζσο πεξηιακβάλεη ηνπιάρηζηνλ 3 εξγαζηεξηαθέο κεζόδνπο: α) 

κέηξεζε ξηληθνύ Μνλνμεηδίνπ ηνπ Αδώηνπ (nasal Nitric Oxide - nNO), β) εθηίκεζε ηεο 

θηλεηηθόηεηαο ησλ θξνζζώλ θαη γ) εμέηαζε ηεο δνκήο ησλ θξνζζώλ. Ο δηαγλσζηηθόο 

έιεγρνο γηα ΠΔΚ είλαη επίπνλνο θαη ρξνλνβόξνο ελώ πνιιά θέληξα πηζαλόλ λα κελ 

δηαζέηνπλ πξόζβαζε ζε εμεηδηθεπκέλν εμνπιηζκό ή πξνζσπηθό γηα ηελ εθηέιεζε όισλ ησλ 

απαηηνύκελσλ ειέγρσλ. Σαλ απνηέιεζκα, δηαθνξεηηθνί αιγόξηζκνη κπνξεί λα 

ρξεζηκνπνηνύληαη γηα ηε δηάγλσζε ηεο ΠΔΚ θαη απηό ην θαηλόκελν επεξεάδεηαη πεξαηηέξσ 

από ηελ έιιεηςε γλώζεο ζρεηηθά κε ηελ απνηειεζκαηηθόηεηα θαη ην κέζν νηθνλνκηθό θόζηνο 

ηεο θάζε δηαγλσζηηθήο ηερληθήο. 

Σηόχοι 

Με νξίδνληα ηελ βέιηηζηε πιεξνθόξεζε ζηε δηαδηθαζία ιήςεο απνθάζεσλ γηα ηνλ πην 

απνηειεζκαηηθό αιγόξηζκν δηάγλσζεο γηα ΠΔΚ, ν ζηόρνο ηεο παξνύζαο εξγαζίαο είλαη, 

πξώηνλ λα θαζνξίζηνπλ νη ηδηόηεηεο ησλ ηξηώλ βαζηθώλ δηαγλσζηηθώλ ηερληθώλ (nNO, 

ειεθηξνληθή κηθξνζθνπία κεηάδνζεο - Transmission Electron Microscopy – ΤΕΜ, 

βίληενκηθξνζθνπία πςειήο ηαρύηεηαο – High Speed Video Microscopy - ΗSVM) θαη 

δεύηεξνλ, ε ζπλνιηθή εθηίκεζε δηαθόξσλ δηαγλσζηηθώλ αιγνξίζκσλ σο πξνο ην ζπλνιηθό 
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όθεινο πξνο ηελ πγεία ησλ αζζελώλ κε ΠΔΚ θαη ηνπ ζπλνιηθνύ νηθνλνκηθνύ θόζηνπο ζην 

ζύζηεκα πγείαο. 

Μέθοδοι 

Μέζσ μερσξηζηώλ κειεηώλ ζπζηεκαηηθήο αλαζθόπεζεο θαη κεηα-αλάιπζεο (systematic 

review and meta-analysis), όιεο νη ζεκαληηθέο ειεθηξνληθέο βάζεηο δεδνκέλσλ έρνπλ 

εξεπλεζεί κέρξη ην 2016, κε ηελ ρξήζε θαηάιιεισλ όξσλ γηα λα αλαγλσξίζνπκε ηα άξζξα 

πνπ αλαθέξνπλ ζηνηρεία ζρεηηθά κε ηελ δηαγλσζηηθή αθξίβεηα ησλ κεζόδσλ nΝΟ, ΤΕΜ θαη 

HSVM, θαζώο θαη ζηνηρεία ηεο εθηίκεζεο ηεο ζπρλόηεηαο ηεο ΠΔΚ ζε πιεζπζκνύο 

ύπνπησλ αζζελώλ πνπ έρνπλ παξαπεκθζεί  γηα δηαγλσζηηθέο εμεηάζεηο γηα ΠΔΚ. Οη 

επηιεγκέλεο κειέηεο πεξηιάκβαλαλ δηαγλσζηηθέο πιεξνθνξίεο γηα ηνπο αζζελείο κε ΠΔΚ ή 

ύπνπηνπο αζζελείο πνπ έρνπλ ππνζηεί έλα ζπλδπαζκό δηαγλσζηηθώλ κεζόδσλ πνπ 

πεξηιακβάλνπλ nΝΟ, ΤΕΜ θαη HSVM θαη γελεηηθό έιεγρν. 

Γηα ηελ κεηα-αλάιπζε ηεο δηαγλσζηηθήο αθξίβεηαο ηνπ nΝΟ, έρνπλ ππνινγηζηεί ε 

επαηζζεζία θαη ε εηδηθόηεηα ησλ κεηξήζεσλ ηνπ nΝΟ γηα όια ηα άξζξα πνπ πεξηιήθζεθαλ 

ζηε κειέηε θαζώο θαη πξνζαξκόζηεθαλ έλα κνληέιν κηθηήο ινγηζηηθήο παιηλδξνκεζεο δύν 

επηπέδσλ βαζηζκέλν ζηελ επαζζεζία θαη ηελ εηδηθόηεηα ηεο θάζε κειέηεο θαζώο έλα 

δηκεηαβιεηό κνληέιν θαλνληθήο θαηαλνκήο γηα ηελ επαηζζεζία θαη ηελ εηδηθόηεηα κεηαμύ 

ησλ κειεηώλ. Ιεξαξρηθέο θακπύιεο ROC (Summary receiver operating characteristic 

(HSROC) curves) αλαπηύρζεθαλ κε βάζε ηηο παξακέηξνπο ησλ πξνζαξκνζκέλσλ κνληέισλ 

μερσξηζηά γηα ηελ κέηξεζε nΝΟ κε θιεηζηή  ηελ γισηηίδα (Vellum Closure - VC) θαη 

μερσξηζηά γηα ηελ κεηξήζε ηνπ nNO κε αλνηθηή ηελ γισηηίδα (non-Vellum Closure - non-

VC). Γηα ηελ κεηα-αλάιπζε ηεο ζπρλόηεηαο ηεο ΠΔΚ ζε πιεζπζκνύο ύπνπησλ αζζελώλ πνπ 

έρνπλ παξαπεκθζεί γηα εμέηαζε ΠΔΚ θαη γηα ηελ κεηα-αλάιπζε ηνπ πνζνζηνύ αλίρλεπζεο 

ηνπ ΤΕΜ, ρξεζηκνπνηήζεθε ε κεζνδνινγία ηεο κεηα-αλαιπζεο πνζνζηνύ κε ηπραίεο 

επηδξάζεηο. Η κεηα-αλάιπζε πνζνζηνύ επηηξέπεη ηνλ ππνινγηζκό ηνπ ζπγθεληξσηηθνύ 

πνζνζηνύ από όιεο ηηο κειέηεο πνπ παξηείραλ δησλπκηθά δεδνκέλα ελώ ε ρξήζε ηπραίσλ 

επηδξάζεσλ επηηξέπεη ζε θάζε κειέηε λα πξνζδηνξηζηεί κε έλα ζπληειεζηή πνπ 

ζπκπεξηιακβάλεη ηελ δηαθύκαλζε εληόο ηεο κειέηεο αιιά θαη ηελ δηαθύκαλζε κεηαμύ ησλ 

κειεηώλ. Η εηεξνγέλεηα εθηηκήζεθε κε ηελ παξάκεηξν Ι
2 
ε νπνία πεξηγξάθεη ην πνζνζηό ηεο 

ζπλνιηθήο παξαιιαγήο ζηελ εθηίκεζε ηνπ απνηειέζκαηνο από ηελ εηεξνγέλεηα κεηαμύ ησλ 

κειεηώλ θαη ην εύξνο ησλ ηηκώλ πνπ κπνξεί λα πάξεη, θπκαίλεηαη κεηαμύ 0 κέρξη 100%. 
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Τα ζηνηρεία ζρεηηθά κε ηηο δηαγλσζηηθέο ηδηόηεηεο ηνπ nΝΟ θαη ΤΕΜ θαη ηα ζηνηρεία ζρεηηθά 

κε ηελ επηθξάηεζε ηεο ΠΔΚ κεηαμύ ύπνπησλ αζζελώλ ζπλδπάζηεθαλ κε ηηο εθηηκήζεηο γηα 

ηελ δηαγλσζηηθή αθξίβεηα ηνπ HSVΜ από κεκνλσκέλεο κειέηεο θαηά ηελ αλάπηπμε ελόο 

πηζαλνινγηθνύ κνληεινπ αλάιπζεο ην νπνίν επηηξέπεη λα ππνινγηζηεί ε ζπλνιηθή 

επαηζζεζία θαη εηδηθόηεηα ηνπ εθάζηνηε δηαγλσζηηθνύ αιγνξίζκνπ, θαζώο θαη ε ζρέζε 

θόζηνπο-απνηειεζκαηηθόηεηαο θαη ε απμαλόκελε ζρέζε θόζηνπο-απνηειεζκαηηθόηεηαο γηα 

ηνπο ηξεηο δηαγλσζηηθνύο αιγόξηζκνπο νη νπνίνη ραξαθηεξίδνληαη από δηάθνξνπο 

ζπλδπαζκνύο ηνπ nΝΟ, ΤΕΜ θαη HSVΜ. Οη αμηνινγνύκελνη ζπλδπαζκνί ήηαλ α) 

nΝΟ+ΤΕΜ ζε αθνινπζία, β) nΝΟ+ HSVΜ ζε αθνινπζία θαη γ) παξάιιειε δηελέξγεηα 

nΝΟ/HSVΜ αθνινπζνύκελν από ΤΕΜ σο επηβεβαησηηθή εμέηαζε  ζηηο πεξηπηώζεηο 

αιιεινζπγθξνπόκελσλ απνηειεζκάησλ (nΝΟ/HSVΜ+ΤΕΜ). Τν πηζαλνινγηθό κνληέιν 

ππνινγίδνληαλ κε αξρηθό ππνζεηηθό πιεζπζκό 1000 παξαπνκπώλ ύπνπησλ αζζελώλ κε 

αλακελόκελε κέζε ζπρλόηεηα ΠΔΚ ίζε κε 320 αζζελείο ζηηο 1000 παξαπνκπέο). Τα 

απνηειέζκαηα ηνπ κνληέινπ πεξηιάκβαλαλ ηνλ εθηηκόκελν αξηζκό ησλ αζζελώλ κε ΠΔΚ 

από θάζε δηαγλσζηηθό αιγόξηζκν, ηνλ ιόγν θόζηνπο-απνηειεζκαηηθόηεηαο (Cost-

Effectiveness Ratio – CER)  θαη ηνλ ιόγν απμαλόκελνπ θόζηνπο-απνηειεζκαηηθόηεηαο 

(incremental Cost-Effectiveness Ratio - ΙCER) γηα θάζε δηαγλσζηηθό αιγόξηζκν. Τα 

απνηειέζκαηα ππνινγίζηεθαλ ρξεζηκνπνηώληαο ηε πξνζνκνίσζε Monte Carlo ζην 

πξόγξακκα ANALYTICA. 

Αποηελέζμαηα 

Η κέζε ζπρλόηεηα ηεο ΠΔΚ κεηαμύ ησλ παξαπνκπώλ ήηαλ 32% (95% Δηάζηεκα 

Εκπηζηνζύλεο (ΔΕ): 25–39%, I
2
 = 92%). Τν πνζνζηό αλίρλεπζεο κε ΤΕΜ κεηαμύ ησλ 

αζζελώλ κε ΠΔΚ ήηαλ 83% (95% ΔΕ: 75–90%, I
2
 = 90%). Ο εμαίξεζε ησλ κειεηώλ πνπ 

αλαθέξνπλ κεκνλσκέλνπο ειαηησκαηηθνύο βξαρίνλεο δπλείλεο σο ΠΔΚ, κείσζε ην πνζνζηό 

αλίρλεπζεο κε ΤΕΜ θαη εμεγεί ην πνζνζηό ηεο παξαηεξνύκελεο εηεξνγέλεηαο (74%, 95% 

ΔΕ: 66–83%, I
2
 = 66%).  

Η ζπλνιηθή επαηζζεζία ηνπ nΝΟ θαηά ηελ κέηξεζε κε VC ήηαλ 0.95 (95 % ΔΕ: 0.91–0.97), 

ελώ ε εηδηθόηεηα ήηαλ 0.94 (95 % ΔΕ: 0.88–0.97). Ο ζεηηθόο ιόγνο πξόβιεςεο  (Positive 

Likelihood Ratio - LR+) ήηαλ 15.8 (95 % ΔΕ: 8.1–30.6), ελώ ν αξλεηηθόο ιόγνο πξόβιεςεο 

(Negative Likelihood Ratio - LR-) ήηαλ 0.06 (95 % ΔΕ: 0.04–0.09). Γηα ηηο κεηξήζεηο non-

VC, ε ζπλνιηθή επαηζζεζία ηνπ nΝΟ ήηαλ 0.93 (95 % CI 0.89–0.96), ελώ ε εηδηθόηεηα ήηαλ 
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0.95 (95 % CI 0.82–0.99). O ζεηηθόο ιόγνο LR+ ήηαλ 18.5 (95 % CI 4.6–73.8), ελώ ν 

αξλεηηθόο ιόγνο LR- ήηαλ 0.07 (95 % CI 0.04–0.12).  

Σρεηηθά κε ηα απνηειέζκαηα ηνπ πηζαλνινγηθνύ κνληέινπ, από ηνπο 320 αλακελόκελνπο 

αζζελείο κε ΠΔΚ, 311 αληρλεύηεθαλ κε nNO/HSVM+TEM, 274 κε nNO+HSVM θαη 198 κε 

nNO+TEM. Ο ζπλδπαζκόο nNO/HSVM+TEM είρε ην πην ςειό κέζν θόζηνο (€97K) 

αθνινπζνύκελν από ην ζπλδπαζκό nNO+TEM (€56K) θαη ηνλ ζπλδπαζκό nNO+HSVM 

(€39K). Ο αιγόξηζκνο nNO+HSVM επηθξάηεζε ηνπ αιγόξηζκνπ nNO+TEM (ρακειόηεξν 

θόζηνο θαη πην απνηειεζκαηηθό). Ο ιόγνο ICER γηα ην nNO/HSVM+EM ήηαλ €1620 γηα 

θάζε επηπιένλ δηαγλσζκέλν αζζελή κε ΠΔΚ. 

Συμπεράζμαηα 

Πνιιά από ηα θέληξα πνπ αζρνινύληαη κε ηε δηάγλσζε θαη ηε ζεξαπεία ηεο ΠΔΚ ζηηο 

αλεπηπγκέλεο ρώξεο, αθνινπζνύλ δηαθνξεηηθέο ηερληθέο θαη πνηθίινπο αιγόξηζκνπο γηα ηε 

δηάγλσζε ηεο αζζέλεηαο. Σε ρώξεο κε ρακειό εηζόδεκα, πνιύ πηζαλό λα ππάξρεη πιήξεο 

έιιεηςε εηδηθώλ δηαγλσζηηθώλ κέζσλ. Τα απνηειέζκαηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο 

εηζεγνύληαη όηη ε δηαγλσζηηθή αθξίβεηα ησλ κεηξήζεσλ nΝΟ θαη κε ηνπο δύν δπλαηνύο 

αλαπλεπζηηθνύο ειηγκνύο (θιεηζηή/αλνηθηή γισηηίδα) είλαη πςειή θαη κπνξεί λα πηνζεηεζεί 

απνηειεζκαηηθά ζηελ δηαδηθαζία θιηληθνύ εληνπηζκνύ ηεο ΠΔΚ αθόκα θαη ζε παηδηά, κε 

ζηόρν ηελ πξώηκε δηάγλσζε. Αληίζεηα, έλα ζεκαληηθό πνζνζηό αζζελώλ, ηνπιάρηζηνλ ηεο 

ηάμεο ηνπ 26% δελ κπνξεί λα δηαγλσζηεί κε ΤΕΜ θαη απηόο ν πεξηνξηζκόο ζα πξέπεη λα 

απνηειέζεη βάζε γηα ηελ αλάπηπμε απνηειεζκαηηθώλ δηαγλσζηηθώλ αιγόξηζκσλ γηα ΠΔΚ. 

Τα απνηειέζκαηα απηήο ηεο κειέηεο εηζεγνύληαη επίζεο πσο ν δηαγλσζηηθόο αιγόξηζκνο ν 

νπνίνο πεξηιακβάλεη ην nΝΟ κε VC σο πξώην βήκα αθνινπζνύκελν από HSVM  γηα 

επηβεβαίσζε, αληρλεύεη πεξίπνπ ην 86% ησλ αζζελώλ κε ΠΔΚ  κε κέζε ηηκή ιόγνπ θόζηνπο-

απνηειεζκαηηθόηαηαο (CER) 140€ γηα θάζε δηαγλσζκέλν αζζελή κε ΠΔΚ. Ο αιγόξηζκνο 

πνπ κεγηζηνπνηεί ηνλ αξηζκό ησλ αζζελώλ κε ΠΔΚ πεξηιακβάλεη παξάιιειε εμέηαζε κε 

nΝΟ θαη HSVM σο πξώην βήκα, αθνινπζνύκελν από ΤΕΜ σο επηβεβαησηηθό δηαγλσζηηθό 

ηεζη γηα ηηο ιίγεο πεξηπηώζεηο όπνπ ην nΝΟ θαη ην HSVM παξνπζηάδνπλ αληηθξνπόκελα 

απνηειέζκαηα, κε αληίζηνηρo ιόγν απμαλόκελνπ θόζηνπο-απνηειεζκαηηθόηεηαο (ICER) ίζν 

κε 1620€ γηα θάζε επηπιένλ αζζελή δηαγλσζκέλν κε ΠΔΚ. Τα επξήκαηα απηά επηζεκάλνπλ 

ηελ αλάγθε γηα αλάπηπμε νδεγηώλ γηα ηνλ δηαγλσζηηθό έιεγρν ησλ αζζελώλ κε ΠΔΚ 

βαζηζκέλεο ζε επηζηεκνληθά ηεθκήξηα θαη παξέρνπλ λέεο πιεξνθνξίεο ζηνλ ελ εμειίμεη 
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δηάινγν γηα ην πσο νη νδεγίεο απηέο κπνξνύλ λα  εθηειεζηνύλ από ηα δηάθνξα ζπζηήκαηα 

πγείαο. 
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Chapter 1: Introduction 

Motivation 

Primary Ciliary Dyskinesia (PCD) is a rare, genetically heterogeneous disorder that affects 

one in approximately 15 000 live births [1] and results from the dysfunction of small hair-like 

organelles, called motile cilia. Motile cilia can be found in a number of human tissues 

including the upper and lower airways epithelium (respiratory cilia), the lining of brain 

ventricles (brain ependymal cilia), the lining of fallopian tubes and uterus (oviduct cilia) and 

the sperm tail (single flagellum) [2]. The active and coordinated beating of respiratory cilia is 

the driving factor behind the process of mucociliary clearance, a critical mechanical defense 

mechanism of the respiratory system responsible for the removal of inhaled pathogens and 

other hazardous substances as well as cell debris from the upper and lower airways [2]. 

PCD patients usually suffer from recurrent respiratory infections which lead to chronic 

destructive airway disease characterized by progressive loss of lung function and structural 

damage of the airways (bronchiectasis), lifetime rhinorrhea and recurrent acute sinus and ear 

infections [3]. Furthermore, PCD patients may also present with situs abnormalities, as the 

motile cilium in the embryonic node, which determines the organization of organ placement 

in the body during embryogenesis, could also be affected, thus resulting to a random organ 

placement and laterality [4].  In fact, part of PCD clinical spectrum is known as Kartagener 

Syndrome, defined as the presence of the clinical triad: Sinusitis, Bronchiectasis and Situs 

Inversus (mirror image in the placement of visceral organs). However this definition fails to 

cover the whole spectrum of PCD patients since about half of PCD patients do not present 

with Situs Inversus [5]. A small fraction of PCD patients may present with heterotaxy (situs 

ambiguous) accompanied with congenital cardiovascular abnormalities [6]. Other clinical 

manifestations that may lead to the consideration of PCD are a history of unexplained 
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neonatal respiratory distress syndrome, nasal polyps, family history of PCD, male infertility 

and chronic productive cough in the absence of more common causes of chronic lung disease 

[7]. A recent systematic review and meta-analysis summarized the published evidence of 

clinical manifestations of PCD and reported the pooled prevalence of each symptom. 

Although considerable heterogeneity was found between the assessed studies, chronic cough 

and sputum production was found to be the most prevalent symptoms with a mean prevalence 

of 88% and 89% respectively. Chronic rhinorrhea and otitis media (with or without effusion) 

were the most frequent upper respiratory symptoms with a reported mean prevalence of 75% 

and 74% respectively. The mean prevalence of other upper respiratory manifestations such as 

sinusitis was found to be 69%, while for nasal polyps the mean prevalence was 19%. The 

mean prevalence of a history of lower respiratory infections, including pneumonia, was 72% 

and mean prevalence of development of bronchiectasis was 56%. The prevalence of situs 

abnormalities was 49% while the mean prevalence of congenital cardiovascular abnormalities 

was 5%. In studies that evaluated infertility in adults, 100% of males were found to be 

infertile as well as 58% of females [8]. However, older studies reported infertility in 

approximately only 50% of male patients [9, 10]. 

Despite the fact that many of the manifestations of PCD present early in life, diagnosis is 

often delayed or missed completely, primarily due to the low specificity of some symptoms 

(e.g. cough, rhinorrhea) and lack of awareness for PCD among clinicians [5]. In Europe, as 

indicated by a recent survey of 223 centers from 26 countries, the median age at PCD 

diagnosis was 5.3 years. However in patients with situs inversus, the median age of diagnosis 

was 3.8 years compared with a median age of 5.8 years in patients with situs solitus [5]. In 

addition to lack of awareness, difficulties in establishing PCD diagnosis, both due to lack of 

equipment and or lack of expertise, might further contribute towards missing the diagnosis or 

diagnosing patients at an older age [11]. 
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Diagnostic testing for PCD usually involves at least three laboratory techniques/procedures: 

(a) nasal Nitric Oxide measurement, (b) assessment of ciliary motility and (c) examination of 

cilia ultrastructure in ciliated epithelial cells obtained via a biopsy of the epithelium of the 

nasal passages or the bronchi [12]. More recently, additional diagnostics tests have been 

developed for PCD such as the targeted genetic screening [13] and immunofluorescence 

analysis [14] but to date only a small number of specialized centers have incorporated them 

as part of the routine diagnostic procedures for PCD [13]. A recent survey undertaken by the 

European Respiratory Society (ERS) in 2012 confirmed that most European countries were 

not offering a centralized service for PCD diagnosis and revealed that substantial variability 

existed in the availability of the diagnostic tests at each center [15]. Diagnostic testing for 

PCD is laborious and time consuming and many centers may lack access to necessary 

equipment or expertise to perform all required tests. As a result, different diagnostic 

algorithms for PCD diagnosis may be followed by different centers [16]. This variability is 

further influenced by the lack of knowledge regarding the diagnostic effectiveness and 

average cost of each test. Characteristically, the Standardized Operational Procedures (SOPs) 

for PCD diagnostic testing developed recently by the FP7 project BESTCILIA [17] and the 

recent ERS guidelines for PCD diagnosis [18] are primarily based on the experience of PCD 

specialists rather than evidence-based estimates regarding the diagnostic efficacy of each test 

and do not account for the cost-effectiveness of implementing different diagnostic algorithms 

in clinical practice. 

Aims 

Towards further illuminating the decision making process for the establishment of the most 

efficacious diagnostic algorithm for PCD, we aimed first to characterize the diagnostic 

properties of the three main tests for PCD (nNO, TEM and HSVM) and second to evaluate 
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different diagnostic algorithms in terms of overall health benefits for PCD patients and 

overall costs to the healthcare systems. The first part of the study involved the systematic 

review of the literature and development of summary estimates of diagnostic efficacy for the 

three tests with the use of meta-analytic approaches while the second part included the 

comparison of the different diagnostic algorithms through a probabilistic decision tree model. 

In summary, this PhD thesis focused on the: 

i. Description of PCD through an extensive literature review. 

ii. Systematic review and meta-analysis of the prevalence of PCD in consecutive 

referrals of suspect cases. 

iii. Systematic review and diagnostic accuracy meta-analysis of nNO for establishing 

PCD diagnosis. 

iv. Systematic review and meta-analysis of the TEM detection rate in patients 

suspected for PCD. 

v. Cost effectiveness analysis of different diagnostic algorithms for Primary Ciliary 

Dyskinesia. 

 

Thesis Overview 

This study was performed in Cyprus International Institute for Environmental and Public 

Health, Cyprus University of Technology during the period September 2013 – May 2017. 

Main advisor of this work was Dr Stefania Papatheodorou (Cyprus University of 

Technology) and co-advisors were Professor Panayiotis Yiallouros (University of Cyprus) 

and Professor John S. Evans (Harvard School of Public Health). Members of the Advisory 
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Committee were also Dr Nicos Middleton (Cyprus University of Technology) and Professor 

Kyriacos Kyriacou (Cyprus Institute of Neurology and Genetics).   

Chapter 1 describes the motivation for this work and presents the main aims of this study 

while Chapter 2 presents an extensive literature review of PCD. The literature review covers 

all major aspects of PCD including the pathophysiology, genetic background, epidemiology, 

diagnostic testing, clinical picture, clinical management and disease burden in PCD.   

Chapter 3 describes the basic concepts of key methodologies used throughout this study, namely the 

performance of a systematic review and meta-analysis towards summarizing the published evidence 

about a scientific question. Particular focus is given in describing the theoretical background of 

specific meta-analytic approaches such as meta-analysis of proportions and diagnostic accuracy meta-

analysis as well as development of Hierarchical Summary Receiver Operating Curves (HSROC) 

Chapter 4 provides a brief overview regarding the use of decision trees and economic evaluation 

towards informing evidence-based decision making in healthcare. A more detailed description of the 

methodology underlying the performance of Cost Effectiveness Analysis, the most widely used 

method for economic evaluation in healthcare, is provided and includes sections on how to value costs 

and health effects and how to handle uncertainty in this type of analysis. 

Chapter 5 presents the systematic review and meta-analysis regarding the diagnostic accuracy of nNO 

measurements towards establishing diagnosis PCD. The meta-analysis methodology is presented in 

detail and the different breathing manoeuvres that can be used during the measurement of nNO are 

discussed and a separate analysis for each manoeuvre used was performed. The work presented in 

Chapter 4 has been published in BMC Pulmonary Medicine as a research manuscript titled 

“Diagnostic accuracy of nasal nitric oxide for establishing diagnosis of primary ciliary dyskinesia: a 

meta-analysis” [19]. 

Chapter 6 presents the systematic review and meta-analysis for both the prevalence of PCD in cohorts 

of consecutive patients referred for specialized testing and the detection rate of TEM. This chapter 
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reports an evidence-based estimate of PCD prevalence in patients with relevant symptoms and 

discusses the limitations of ciliary ultrastructural assessment using TEM for PCD diagnosis. The work 

presented in Chapter 5 has been published in Pediatric Research as a research manuscript titled 

“Prevalence of primary ciliary dyskinesia in consecutive referrals of suspect cases and the 

transmission electron microscopy detection rate: a systematic review and meta-analysis” [20]. 

Chapter 7 describes the probabilistic decision tree model developed during this work and presents the 

methodology and results of the cost-effectiveness analysis for three different diagnostic algorithms for 

PCD.  

Finally, in Chapter 8, the main conclusions and limitations of this body of work in light of previous 

research findings and the implications for future research are discussed. 
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Chapter 2: Literature Review 

Cilia  

Cilia, as well as the structurally and functionally similar flagella, are evolutionary conserved 

organelles and were first developed to provide motility in unicellular organisms [21]. Several 

model organisms such as the Paramecium and Chlamydomonas reinhardtii were employed to 

understand the basic structure of these organelles [22] while previous studies have provided 

additional insight into the genome and proteome of human cilia [23]. Although historically 

thought to primarily serve motility in water or transport of fluids above a mucosal surface, 

cilia are now known to also serve as sensory organelles [24]. This functional distinction 

formed the basis for the characteristic terms used for human cilia, “motile cilia” and “primary 

cilia”. Motile cilia can be found on the apical side of several human epithelial tissues 

including the upper and lower airways epithelium (respiratory cilia), the lining of brain 

ventricles (brain ependymal cilia), the lining of fallopian tubes and uterus (oviduct cilia) and 

the sperm tail (single flagellum) while primary cilia are known to exist in kidney cells (renal 

cilia), in photoreceptor cells of the eye (photoreceptor cilia) and in almost all human tissues 

[21, 25].  Primary cilia are borne as solitary attachments (monocilia) are immotile and project 

from the basal body, which is a specialized centriole attached on the cell surface. Similarly, 

motile cilia project from basal bodies but are found in numerous ciliary bundles [24]. A 

highly organized array of microtubules composed of tubulin monomers organized in 

protofilaments makes up the organelle‟s cytoskeleton but the pattern of this microtubule 

arrangement differs between primary and motile cilia.  

A “9+2” arrangement characterizes motile cilia with 9 pairs of outer microtubules, often 

called peripheral doublets, where several dynein arms (DA) are docked, and a single pair of 

microtubules in the center of the cilium. The central pair is linked with the outer doublets via 
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multiprotein complexes called radial spokes, while the outer doublets are linked between 

them through other multiprotein complexes termed nexin links [21, 24] (Figure1B). These 

protein complexes facilitate stability and movement while other proteins involved in 

intraflagellar transport are essential in ciliogenesis and the maintenance of the cilium, as no 

protein synthesis is present within the cilium axonemal shaft [25].  

Primary cilia are characterized by a “9+0” arrangement of microtubules with the same pattern 

at the periphery as the motile cilia but with absence of the central pair (Figure 1A). DA are 

also absent in primary cilia, although present in motile cilia, as DA with their adenine 

triphosphatase (ATPase) activity act as molecular motors and are essential for ciliary 

movement. A third category of cilia are called nodal cilia or embryonic cilia. They are 

solitary but although they have a “9+0” arrangement, they do contain DA and are motile [24].  

 

 

 

 

 

Figure 2.1: The axonemal ultrastructure of primary (A) and motile cilia (B).  Both types express 9 peripheral 

microtubule doubles (a) and a central pair of microtubules (b) while primary cilia lack the central pair.  On the 

peripheral doublets of motile cilia inner (c) and outer (d) dynein arms are docked. Adapted from Takeda S 2012 

 

Cilia in health and disease 

Primary, “9+0” cilia are equipped with a number of receptors and ion channels and are 

thought to primarily act as sensory organelles (antennae) with important roles in both 
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development and homeostasis [26]. Examples of receptors that are present on primary cilia 

include the polykystin 1 receptor, the serotonin receptor 5, the melanin-concentrating 

hormone receptor 1 and important components of the Hedgehog and non-canonical 

Wnt/planar cell polarity signaling pathways [27]. The importance of cilia in homeostasis is 

highlighted by the fact that composition and flow rate of urine in nephrons is monitored by 

primary cilia that are present on the epithelium of renal cilia and act as mechanosensors. By 

bending upon fluid shear stress, a signaling cascade which involves conformational changes 

to integral membrane proteins such as polykystin 1, activates Ca
2+

 channels (such as 

polykystin 2) and the resulting influx of extracellular Ca
2+

 influx in the cilium eventually 

modifies gene expression, growth, differentiation and other important cellular functions. 

Mutations in polykystin 1 and polykystin 2 are known to cause Polycystic Kidney Disease, an 

autosomal dominant disorder characterized by formation of fluid-filled cysts in the kidneys, 

which eventually leads to renal failure [28]. Furthermore the primary cilium appears to be 

involved in cell cycle control as its disassembly acts as prerequisite for mitosis probably 

through the interaction with mitotic kinases such as Aurora and NIMA-related kinases [29, 

30] and defective primary cilia have been associated with tumor formation as a result of 

abnormal mitogenic signaling [31]. 

Many developmental signaling pathways include components located on the cytoplasm or 

membrane of the primary cilium such as proteins Smo, Sufu and Gli that are part of the 

Hedgehog signaling network [32].  The Hedgehog network is involved in embryonic 

development and plays a crucial role in left-right asymmetry and limb and heart development 

as well as cell proliferation and differentiation of neural tissues [33, 34]. Similarly, the non-

canonical Wnt/planar cell polarity pathway operates through the primary cilium localized 

membrane protein Van Gogh-like 2 (Vangl2) to control cytoskeletal changes, cell adhesion, 

cell migration, planar polarity and apical–basal polarity in epithelial tissues [32]. Genetic 
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defects that affect components of specific signaling cascades that are localized on primary 

cilia or basal bodies result in a class of serious genetic disorders termed ciliopathies. 

Ciliopathies are further distinguished in a number of syndromic diseases such as Polycystic 

Kidney Disease, Bardet-Biedl syndrome, Joubert syndrome, Meckel syndrome, Senior-Løken 

syndrome, Jeune syndrome, Nephrophthisis, Ellis van Creveld syndrome and Alstrom 

Syndrome [35]. These syndromes are characterized by broad phenotypic manifestations 

demonstrating the primary cilium extensive tissue and cellular distribution. However, given 

that all syndromes result from primary cilia specific abnormalities, there is considerable 

genetic and clinical overlap [36]. The major overlapping clinical characteristics are renal 

and/or hepatobiliary disease, laterality defects, polydactyly, agenesis of corpus callosum, 

cognitive impairment, degeneration of the retina, skeletal defects and encephalocoele [37]. 

Motile, “9+2” cilia primarily serve as fluid propulsion organelles located on the apical side of 

epithelial tissues in the human body but it is possible to maintain a sensory role as well. It has 

been shown that respiratory cilia motility parameters such as ciliary beat frequency (CBF) 

and waveform are controlled through Ca
2+

, cyclic adenosine monophosphate (cAMP) and 

cyclic guanine monophosphate (cGMP) [38]. Similarly, recent evidence from oviduct cilia 

demonstrated that polykystin 1 and polycystin 2 as well as progesterone receptors are present 

on ciliary membrane and their regulation is fine-tuned by the menstrual cycle, demonstrating 

that signaling through motile cilia receptors facilitates the ciliary motility and transport of the 

ovulated oocyte [32]. Furthermore an increasing number of other signal receptors have been 

found to localize on motile cilia although their effects appear not to be related to CBF and the 

beating waveform thus indicating a signaling role of motile cilia independent of the 

regulation of ciliary motility. Among these receptors are angiopoietin receptors that localize 

on oviduct cilia [39], Vangl2 receptors and fibroblast growth factor receptors that have been 

found to localize on respiratory cilia [40, 41].  
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Interestingly motile monocilia (nodal cilia) do have an essential role in the development of 

the human fetus by rotating in a clockwise fashion and thus producing a leftward nodal flow 

which results in normal situs anatomy, termed Situs Solitus. Malfunction of nodal cilia has 

been found to cause left-right patterning asymmetry in organ placement and orientation 

(Figure 2). This malfunction and resulting asymmetry could lead to complete (Situs Inversus 

Totalis) or partial reversal (Partial Situs Inversus) of the major visceral organs or even to an 

erratic distribution of organs which is termed Situs Ambiguous [42]. There are two prevailing 

hypotheses regarding the role of nodal cilia in left-right asymmetry. The first one proposes 

that nodal cilia transport an extracellular morphogen (such as Hedgehog lipoproteins, [33] 

towards the left side thus triggering an asymmetrical laterality signaling cascade of 

morphogenesis. The second hypothesis proposes that the motile nodal cilia located at the 

center of the embryonic node, generate a leftward motion of extracellular fluid, which is 

picked up by sensory cilia at the periphery and thus initiate the signaling cascade of 

morphogenesis [21, 43].  

 

 

 

 

Figure 2.2: Organ placement in Situs Solitus (A) and Situs Inversus (B). RL: Right Lung, LL: Left Lung, RA: 

Right heart Atrium, LA: Left heart Atrium. Adapted from Wilhem A 2015 

http://emedicine.medscape.com/article/413679-overview 

 

Mucociliary Clearance 

Humans inhale approximately 1000-21000 liters of air per day depending on age, body size 

and physical activity with the average lung ventilation rate for an adult in resting state being 

 



32 
 

approximately 10000 liters per day [44]. As a result the extensive respiratory epithelium 

which lines the conductive airways (nose, pharynx, trachea, bronchi and bronchioles) and the 

alveoli is constantly exposed to a large burden of organic and inorganic pollutants, airborne 

pathogens and viral agents. Towards removing these potentially dangerous materials, the 

respiratory system relies on an extensive array of innate defense mechanisms. Firstly, through 

filtration large particles with a diameter greater than 1κm deposit in the nasopharynx and 

tonsilar regions but smaller particles and bacteria do reach the tracheobronchial and alveolar 

region of the lung [45, 46]. The first line of defense against such pollutants, bacteria and 

viruses is Mucociliary Clearance (MCC) while other innate defense mechanisms of the lung 

include cough and soluble immunity components such as the complement proteins and 

pulmonary surfactant and alveolar macrophages in the terminal bronchioles that phagocytose 

small particles and bacteria and transport them to the local lung associated lymph nodes [46, 

47]. MCC serves a threefold purpose; a) it acts as a mechanical barrier by trapping any 

inhaled material (as well as endogenous cell debris) in the mucus liquid which covers the 

airway epithelium and eventually clearing it from the respiratory tract through the constant 

beating of respiratory cilia (mucociliary escalator), b) the airway mucus itself has antioxidant 

properties and provides a biological barrier for microorganisms as macrophages and 

neutrophils, as well as c) other substances (e.g. lysozyme) with antimicrobial properties are 

present in the mucous [48]. In cases where MCC is not adequate or fails completely, 

coughing serves as a back-up system to shift mucus towards the pharynx [48].  

Ciliated cells in the respiratory tract have approximately 200 cilia per cell, each with an 

axonemal diameter of 250 nm and an axonemal length of approximately 6 κm. There are 

about 10
9
 cilia per cm

2
 of ciliated airway epithelium [49]. Respiratory cilia lie within the so-

called periciliary liquid which lies below the mucus blanket and is considerably less viscous 

than the upper layer thus allowing cilia to beat rapidly. Average (CBF), when measurements 
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are made ex-vivo in 37°C, ranges between 10 and 18 Hz [50]. In order to propel mucus (and 

trapped material), cilia need to beat in a specific asymmetric beating pattern which includes 

both an effective and a recovery stroke. During the effective stroke the cilia beat in a plane 

perpendicular to the cell surface thus generating a mucus flow in the same direction as its 

motion. On the contrary, during the recovery stroke the cilia bend sideways (parallel to the 

cell surface) thus generating a weaker backward flow as it returns to its original configuration 

[51] (Figure 3). During the effective stroke the cilia tips may also engage the mucus layer 

above the periciliary liquid, further enhancing the flow of mucus towards the beating 

direction [48].  

 

 

 

 

 

    

Figure 2.3: Schematic representation of respiratory cilia beat pattern. Adapted from Hoodmeyers et al [48] 

The beating of cilia is powered by ATP-dependent reactions that allow the sliding movement 

of microtubular doublets through the active binding of the DA of the first doublet in 

successive binding sites along its neighboring doublet [2]. In health, the anchoring of basal 

bodies is oriented as in neighboring cilia resulting in beating strokes that have the same 

direction [52] and enhances effective mucus transport. Interestingly, although collective 

beating of cilia is highly coordinated, it is not entirely synchronous but is rather organized in 

propagating metachronal waves. Metachronal waves result from cilia performing similar 
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beating patterns but with a small phase difference in respect to cilia from neighboring 

segments of the epithelium [51]. 

Primary Ciliary Dyskinesia  

The importance of MCC in lung defense is highlighted by pathologic conditions that are 

characterized by disruption of the mucociliary escalator. Such conditions are Cystic Fibrosis 

(CF) and PCD. Cystic Fibrosis, the more well-known of the two, is an autosomal recessive 

disease resulting from mutations located in the Cystic Fibrosis Transmembrane conductance 

Regulator (CFTR) gene and is characterized by abnormal transport of chloride ions across 

epithelial surfaces. Abnormal ion transport across the lung epithelium in CF is followed by 

dehydration of the mucus layer, depletion of the periciliary layer and abnormal epithelial 

fluid transport in the lung. The mucus in CF patients is characterized by increased viscosity 

and is usually described as thick or sticky and although respiratory cilia are functioning, 

mucociliary clearance is significantly impaired, as well as the effectiveness of coughing to 

clear up material from the airways [53, 54]. PCD is a rare, genetically heterogeneous motile 

ciliopathy that affects one in approximately 15 000 live births [1]. It is caused by 

dysfunctional motile cilia that are characterized by either complete immotility or reduced 

cilia beat frequency (CBF) and/or abnormal ciliary beat pattern (CBP). Abnormal cilia 

motility results in disrupted mucociliary clearance. The removal of inhaled pathogens and 

other hazardous substances from the upper and lower airways of the lungs fails and patients 

suffer from recurrent respiratory infections [3].  In addition other organ systems such as the 

cardiovascular (congenital heart defects) and the reproductive system (infertility) can be 

affected while almost half of the PCD patients are diagnosed with situs abnormalities (Situs 

Inversus, partial Situs Inversus or Situs Ambiguous) [1].  
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A patient with the characteristic triad of PCD symptoms (bronchiectasis, chronic sinusitis and 

Situs Inversus) was first described by Siewert in 1904 [55] but the condition was 

subsequently classified as a distinct congenital disorder by Manes Kartagener, a Polish/Swiss 

pulmonologist, in 1933 [56] and was thereafter referred as Kartagener‟s Syndrome for many 

years. The link between Kartagener‟s syndrome and cilia abnormalities was discovered by 

the Swedish physician Bjorn Afzelius in 1975, who reported absence of dynein arms in 

electron micrographs of immotile cilia and sperm flagella [57, 58] and for many years the 

condition was also termed as „immotile cilia syndrome‟. However, following reports of a 

subset of Kartagener‟s syndrome patients with dyskinetic or asynchronous cilia, rather than 

completely immotile and patients with immotile cilia but no Situs Inversus [59], favored the 

adoption of the more inclusive term Primary Ciliary Dyskinesia (PCD).  PCD patients with 

Situs Inversus may still be referred as Kartagener‟s syndrome patients but it is now accepted 

that Kartagener‟s Syndrome is a subset of PCD.  

 

Clinical Features of Primary Ciliary Dyskinesia 

PCD patients usually suffer from recurrent respiratory infections which lead to chronic 

destructive airway disease characterized by progressive loss of lung function and structural 

damage of the airways (bronchiectasis), lifetime rhinorrhea and recurrent acute sinus and ear 

infections [3]. About half of PCD patients also present with Situs Inversus as a result of a 

dysfunctional cilium in the embryonic node, which determines the organization of organ 

placement in the body during embryogenesis [4, 60]. A small fraction of PCD patients may 

present with heterotaxy (situs ambiguous) accompanied with congenital cardiovascular 

abnormalities [6]. Other clinical manifestations that may lead to the consideration of PCD are 

a history of unexplained neonatal respiratory distress syndrome, nasal polyps, family history 
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of PCD, male infertility and chronic productive cough in the absence of more common causes 

of chronic lung disease [7]. A recent systematic review and meta-analysis summarized the 

published evidence of clinical manifestations of PCD and reported the pooled prevalence of 

each symptom. Although considerable heterogeneity was found between the assessed studies, 

chronic cough and sputum production was found to be the most prevalent symptoms with a 

mean prevalence of 88% and 89% respectively. Chronic rhinorrhea and otitis media (with or 

without effusion) were the most frequent upper respiratory symptoms with a reported mean 

prevalence of 75% and 74% respectively. The mean prevalence of other upper respiratory 

manifestations such as sinusitis was found to be 69%, while for nasal polyps the mean 

prevalence was 19%. The mean prevalence of a history of lower respiratory infections, 

including pneumonia, was 72% and mean prevalence of development of bronchiectasis was 

56%. The prevalence of situs abnormalities was 49% while the mean prevalence of 

congenital cardiovascular abnormalities was 5%. For studies that evaluated infertility in 

adults, 100% of males were found to be infertile as well as 58% of females [8] although older 

studies reported infertility in approximately only 50% of male patients [9, 10].  

PCD has been shown to greatly affect lung function. Decline in spirometric lung function 

parameters such as Forced Vital Capacity (FVC) and Forced Expiratory Volume during the 

first second (FEV1) has been found to correlate with age [61] but also with gender [62]. 

Earlier diagnosis is known to be associated with better FVC and FEV1 and this was evident 

from small scale studies comparing PCD patients diagnosed before vs during adulthood [63, 

64]. A large study that assessed the relationship between age of diagnosis and lung function 

expressed as percentage (%) of predicted, reported a mean annual decline of lung function 

across a cohort of 74 PCD patients equal to 0.8% per year [61]. Recently, female patients 

were found to have lower baseline lung function as well as a greater decline in FEV1 

compared to male patients [62]. Sexual differences in disease severity is understudied and not 
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well understood in PCD but is a well-known feature of CF patients. Female CF patients do 

worse than males possibly due to the interaction between levels of female hormones 

(estrogens) and infection susceptibility [65]. Estradiol has been associated with the presence 

of more aggressive strains of colonizing bacteria in the lung [66] while progesterone is 

known to have cilioinhibitory effects [67]. Similar mechanisms may explain the possible 

presence of sexual differences in disease outcomes (including lung function) among PCD 

patients.  

 

Genetics of Primary Ciliary Dyskinesia 

Primary Ciliary Dyskinesia is the result of dysfunctional proteins that either make up the 

axonemal structure of motile cilia or are involved in particle trafficking across the cilium 

[24]. Proteomic analysis of isolated human motile cilia from respiratory epithelial revealed 

that they are made up by >250 proteins [23]. Consequently, it is not surprising that PCD is a 

genetically heterogeneous disease with 37 genes reported to date to cause PCD.  

The cilia are evolutionary conserved structures. Most studies regarding the composition and 

structure of motile cilia and dynein arms in particular has been mostly studied in 

Chlamydomonas reinhardtii. Chalmydomonas is a unicellular biflagellate aquatic organism 

(alga) which allowed the easy generation and detection of immotile mutants and subsequent 

morphological and biochemical analysis [22]. The first gene that was found to cause PCD, 

DNAI1, was first described in 1999 and was discovered through a candidate gene approach 

which relied on the presence of human orthologs in Chlamydomonas (specifically 

intermediate chain 78) that caused a flagellar dynein arm defect. DNAI1 in humans, and its 

ortholog IC78 in Chlamydomonas, code for a dynein axonemal intermediate chain [68] which 

is part of the outer dynein arm. The dynein arms are multiprotein complexes that are formed 
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by polypeptides of different size and that are characteristically called heavy, intermediate and 

light (polypeptide) chains. Based on Chlamydomonas studies, the structure of dynein arms is 

largely understood and it is now known that outer arms are made up from three heavy chains, 

two intermediate chains and eight light chains while the more variable inner dynein arm is 

comprised of at least seven isoforms of eight heavy chains and three intermediate and three 

light chains [21].  The most commonly mutated gene in PCD, DNAH5, was first described in 

2005 by Olbrich et al using homozygosity mapping. DNAH5 (OMIM: 603335) mutations 

result in mislocalization of DNAH5 protein (a heavy chain protein), abnormal outer dynein 

arms and immotile cilia beat pattern [69]. DNAH5 mutations are considered the most 

common in PCD following large scale studies that demonstrated that mutations in DNAH5 

were found in 28% of a total of 134 patients with PCD from 109 unrelated families [70].  

Another gene that is commonly mutated in PCD is DNAH11 (OMIM: 603339) gene which 

also codes for a heavy chain protein in outer dynein arms and is the most frequently mutated 

gene in PCD patients in which dynein arms appear normal in TEM micrographs [24]. 

DNAH11 protein localizes only on the proximal region of respiratory cilia and its absence or 

truncation results in hyperkinetic but characteristically stiff cilia beating. This phenotype 

demonstrates the importance of DNAH11 protein driven bending of the proximal axonemal 

region during both effective and recovery strokes [71, 72]. 

However, causative mutations for PCD are not restricted to genes coding for dynein arm 

components but also expand to genes coding for radial spokes, nexin links, proteins that make 

up the central pair apparatus and cytoplasmic dynein arm pre-assembly or scaffold proteins. 

A characteristic example of a genetic defects resulting in radial spoke abnormalities are 

biallelic mutations in genes RSPH9 (OMIM: 612648) and RSPH4a (OMIM: 612647). Radial 

spokes are T-shaped structures spaced along the ciliary axoneme in regular intervals and are 

composed of a multiprotein “stalk” and “head” component (Figure 4). The “stalk” component 
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of radial spoke anchors on the outer microtubular doublets while the “head” component is 

attached to the central pair apparatus and evidence from Chlamydomonas indicate that they 

provide a mechanosignaling link between the central pair apparatus and inner dynein arm 

activity to fine tune beating velocity and beating waveform of the cilium [73, 74]. RSPH9 

and RSPH4a are radial spoke “head” proteins that when defective, cause the cilia to exhibit 

an abnormal rotational beating pattern that resembles the beating pattern of “9+0” nodal cilia. 

This finding confirmed the previous observations from Chlamydomonas that radial spoke 

“head” and central pair apparatus interaction is essential for the establishment of the 

characteristic waveform of “9+2” motile cilia [75]. 

 

 

 

 

 

 

 

Figure 2.4: Localization of RSPH9 and RSPH4a.  Adapted from Castleman et al 2010 [75] 

Another category of known genetic defects regard to nexin link defects were firstly described 

as causative for PCD in 2015. Biallelic mutations in GAS8 (OMIM: 616726) gene which 

codes for a protein that spans across the whole nexin-dynein regulatory complex (for 

simplicity, usually termed as nexin link) have been found to be associated with absence of 

observable nexin links in TEM micrographs [76]. Nexin links, through binding CCDC39 and 
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CCDC40 heterodimers, attach to the A-tubule of the outer doublet and extend towards the B-

tubule of the adjacent outer doublet [77]. It is believed that nexin links are involved in signal 

transduction but also that nexin links have an important role in regulating the microtubular 

doublet sliding which drives the cilia bending through either possible elastic properties of the 

subunits that make up the nexin link or a “release and re-attach” mechanism following the 

sliding movement of the microtubules [77]. Mutations in one of the largest genes found to be 

causative for PCD, 86 exons wide HYDIN (OMIM: 610812), are characteristic of genetic 

defects that involve directly the central pair apparatus. HYDIN protein is part of the C2b 

projection of the apparatus, and when defective, results in very subtle beating defects and 

considerable less frequency of situs abnormalities in a similar fashion as radial spokes defects 

[78] (Figure 5). 

 

 

 

 

 

 

Figure 2.5: A: TEM micrograph of a PCD patient with HYDIN mutations, B: Electron tomogram identified lack 

of C2b projection, C: Schematic diagram of central pair apparatus in PCD patient with HYDIN mutations. 

D,E,F correspond to TEM microgram, electron tomogram and scematic diagram of a healthy control.  Adapted 

from Olbrich et al 2012[78]. 

Genetic defects involving genes such as LRRC6 (OMIM: 614930), DNAAF1 (OMIM: 

613190) and others that take part in the cytoplasmic pre-assembly and transport of ciliary 

axonemal proteins (i.e. DNAI1 or DNAH5) usually result in absence of these proteins from 
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the whole ciliary axoneme and frequently mislocalized staining of the axonemal proteins 

(i.e.DNAI1 or DNAH5) in the cytoplasm instead of the axoneme during immunofluorescence 

analysis [79, 80] (Figure 6).  

 

Figure 2.6: Immunofluorescent staining in ciliated cells from healthy control (A,B,C) and PCD patients with 

biallelic mutations in LRRC6 (D,E,F). A: Staining overlay in healthy control, B: Tubulin staining in healthy 

control, C: DNAI1 staining in healthy control. D: Staining overlay in PCD, E: Tubulin staining in PCD, F: 

DNAI1 staining in PCD, DNAI1 stays trapped in the cytoplasm due to defective pre-assembly factor LRRC6. 

Adapted from Horani et al 2013[80]. 

Interestingly, two additional genes, CCNO and MCIDAS also described as PCD related 

genes, have been shown not to cause immotility or dyskinesia of motile cilia but rather 

complete absence of these organelles from the airway epithelium. Mutations in these genes 

result in defective multiciliated cell differentiation and eventually reduced generation of 

multiple motile cilia. In patients with CCNO (OMIM: 607752) or MCIDAS (OMIM:614086) 

pathogenic mutations, severely reduced numbers of both motile cilia and basal bodies were 

observed in TEM studies indicating defective centriole formation which is an essential 

organelle for generation of multiple motile cilia. MCIDAS codes for Multicilin protein 

whereas CCNO codes for Cyclin O protein, both of which are part of the same pathway that 
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regulates assembly and maturation of centrioles. Multicilin acts upstream of Cyclin O but 

also regulates the expression of FOXJ1 (OMIM 602291) which is known to be a prerequisite 

for centriole docking on the apical membrane of cells and expression of motile cilia proteins 

(e.g. DNAH5) [81, 82]. A comprehensive list of all genes that have been found to be 

causative for PCD (including CCNO and MCIDAS) until April 2017 is provided in Table 1. 

Although many genes have been found to be causative for PCD, it is considered a monogenic 

disease that is usually passed down from one generation to the next through autosomal 

recessive mode of inheritance (two copies of one single defective gene are required to cause 

the disease). However there are few reports that highlight the probability of alternative modes 

of inheritance in PCD. More specifically an X-linked mode of inheritance was demonstrated 

in males carrying PIH1D3 mutations [83] as well as in syndromic forms of PCD in males 

carrying RPGR and OFD1 mutations. On the contrary, there is no unequivocal evidence of a 

digenic mode of inheritance in PCD (heterozygous mutations in two different PCD genes) as 

only one study reported ciliary abnormalities in patients with heterozygous mutations in 

candidate PCD gene DNAH6 and known PCD gene DNAH5 [84]. In addition there is no 

additional evidence of oligogenic or polygenic inheritance in PCD. In general, it is 

considered unknown what is the effect of multiple heterozygous mutations or single 

nucleotide polymorphisms (SNPs) in known PCD genes or in genes with unknown 

penetrance. Up to date, an important fraction of PCD patients lack a genetic diagnosis and the 

possibility of a polygenic effect of SNPs across multiple genes cannot be ruled out.  

Nevertheless, the introduction of whole exome sequencing and developments in 

understanding of disease pathophysiology has allowed clinicians to characterize a very high 

percentage of PCD subtypes [85]. Taking into account the early development of gene therapy 

approaches for PCD [86-88] along with the characterization of the causative genetic defect in 

each PCD patient, it is possible that in the future, PCD patients or at least a subset of them 



43 
 

with specific genetic defects could be the recipient of novel personalized medicine treatments 

based on genetic editing or gene silencing techniques [89]. Gene editing techniques may 

include zinc finger nucleases, TALENs or CRISPR-Cas9 [90] while gene silencing 

techniques may additionally include antisense oligonucleotides, siRNAs or miRNAs [91]. 

Furthermore, the greater characterization of the genetic defects as well as the improved 

description of the phenotypic expression of the disease may allow for the classification of 

patients in terms of risk of a more severe disease progression as early as with the completion 

of diagnostic tests. This knowledge on genotype-phenotype correlation will allow clinicians 

to more closely monitor and more aggressively treat the most susceptible PCD patients thus 

reducing complications in later life as it has been shown in CF [92] and as it has been 

suggested in PCD [93, 94]. 

Table 2.1: A summary of PCD-related genes 

# Gene 
Chromosomal 

Location 
Protein localisation/function 

Ultrastructural 

defect 
OMIM References 

1 

 

DNAH5 

 

5p15.2 

 

ODA - Heavy Chain 

 

ODA defect 

 

603335 
[69] 

2 

 

DNAI1 

 

9p13.3 

 

ODA - Intermediate Chain 

 

ODA defect 

 

604366 
[68] 

3 

 

DNAI2 

 

17q25.1 

 

ODA - Intermediate Chain 

 

ODA defect 

 

605483 
[95] 

4 

 

DNAL1 

 

14q24.3 

 

ODA - Light Chain 

 

ODA defect 

 

610062 
[96] 

5 

 

TXNDC3 

 

7p14.1 

 

ODA - Light Chain 

 

ODA defect 

 

607421 
[97] 

6 

 

ARMC4 

 

10p12.1 

 

ODA – Docking Complex 

 

ODA defect 

 

615408 
[98] 

7 

 

DNAAF1 

 

16q24.1 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

613190 
[99] 

https://omim.org/geneMap/5/53?start=-3&limit=10&highlight=53
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8 

 

DNAAF2 

 

14q21.3 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

612517 
[100] 

9 

 

DNAAF3 

 

19q13.42 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

614566 
[101] 

10 

 

HEATR2 

 

7p22.3 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

614864 
[102] 

11 

 

LRRC6 

 

8q24.22 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

614930 
[79] 

12 

 

DYX1C1 

 

15q21.3 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

608706 
[103] 

13 

 

ZMYND10 

 

3p21.31 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

607070 
[104] 

14 

 

SPAG1 

 

8q22.2 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

603395 
[105] 

15 

 

C21orf59 

 

21q22.11 

 

Cytoplasmic, axonemal 

assembly 

 

ODA+IDA defect 

 

615494 
[106] 

16 

 

CCDC39 

 

3q26.33 

 

Nexin Dynein Regulatory 

Complex 

 

AD + IDA defect 

 

613798 
[107] 

17 

 

CCDC40 

 

17q25.3 

 

Nexin Dynein Regulatory 

Complex 

 

AD + IDA defect 

 

613799 
[108] 

18 

 

CCDC114 

 

19q13.33 

 

ODA – Docking Complex 

 

ODA defect 

 

615038 
[109] 

19 

 

 

CCDC164 

 

 

2p23.3 

 

 

Nexin Dynein Regulatory 

Complex 

 

 

Nexin link defect 

 

615288 
[110] 

20 

 

CCDC65 

 

12q13.12 

 

Nexin Dynein Regulatory 

 

Nexin link defect 

 

611088 
[106] 
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Complex 

21 GAS8 16q24.3 
Nexin Dynein Regulatory 

Complex 
Nexin link defect 616726 [76] 

22 

 

CCDC151 

 

19p13.2 

 

ODA – Docking complex 

 

ODA defect 

 

615956 
[111] 

23 

 

 

CCDC103 

 

 

17q21.31 

 

 

Cytoplasmic, axonemal 

assembly 

 

 

ODA + IDA defect 

 

 

614677 
[112] 

24 

 

HYDIN 

 

16q22.2 

 

Central Pair 

 

CP defect 

 

610812 
[78] 

25 

 

DNAH11 

 

7p15.3 
ODA – Heavy Chain 

Normal 

Ultrastructure 
603339 [72] 

26 

 

RSPH1 

 

21q22.3 

 

Radial Spokes 

 

CP + RS + AD 

defect 

 

609314 
[113] 

27 

 

RSPH4A 

 

6q22.1 

 

Radial Spokes 

 

CP + RS + AD 

defect 

 

612647 
[75] 

28 

 

RSPH9 

 

6p21.1 

 

Radial Spokes 

 

CP + RS + AD 

defect 

612648 [114] 

29 

 

RPGR 

 

Xp11.4 
Cytoplasmic 

 

PCD accompanied 
by 

X-linked Retinitis 

Pigmentosa 

 

312610 
[115] 

30 

 

OFD1 

 

Xp22.2 

 

Cytoplasmic 

 

PCD accompanied 
by 

X-linked mental 

retardation 

 

300170 
[116] 

31 

 

CCNO 

 

5q11.2 

 

Cytoplasmic, basal body 

migration 

 

Absence/reduced 

cilia 

 

607752 
[81] 

32   

 

Cytoplasmic, basal body 

 

Absence/reduced 
 [82] 
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OMIM: Online Mendelian Inheritance in Man Database, ODA: Outer Dynein Arm defect, IDA: Inner Dynein 

Arm Defect, AD: Axonemal Disorganization, CP: Central Pair, RS: Radial Spokes,  

 

Animal Studies in Primary Ciliary Dyskinesia 

A number of different animal models have been used in previous decades for the study of 

ciliary development, ciliary function and ciliary abnormalities. Given that the ciliary 

axonemal structure has been highly conserved throughout evolution [121] employed animal 

models ranged from unicellular eukaryotes like Chlamydomonas reinhardtii [122] and 

Tetrahymena Thermophila [123] to amphibian species like the embryos of Xenopus laevis 

[124], fish species like Medaka [125] and Zebrafish [126] to mammals like mice [127], and 

rats [128]. Several developments in the understanding of ciliary structure and function as well 

discoveries in PCD genetics and PCD pathophysiology is the result of studies performed in 

different animal models [121].  In the past, comparative genomic approach that compared the 

proteins found in non-flagellar and non-ciliated organisms like Arabidopsis, Saccharomyces 

and C. elegans with the proteome of ciliated organisms such as Chlamydomonas, zebrafish 

and humans led to the identification of 200 genes that constitute primary targets for genes 

involved in PCD [129]. Furthermore, a great amount of information regarding the waveform 

of ciliary beating as well as regulation ciliary and flagellar activity has been generated 

MCIDAS 5q11.2 migration cilia 614086 

33 

 

DNAJB13 

 

11q13.4 

 

Radial spokes 

 

CP defect 

 

610263 
[117] 

34 RSPH3 6q25.3 Radial spokes 
CP + RS + AD 

defect 
616481 [118] 

35 

 

TTC25 

 

17q21.2 

 

ODA – Docking complex 

 

ODA defect 

 

617095 
[119] 

36 

 

DYNC2H1 

 

11q22.3 
Ciliary intraflagellar transport Unknown 603297 [120] 

37 

 

PIH1D3 

 

Xq22.3  

 

Cytoplasmic,axonemal assembly 

 

ODA+IDA defect 

 

300933 
[83] 

https://www.omim.org/geneMap/17/501?start=-3&limit=10&highlight=501
https://www.omim.org/geneMap/X/512?start=-3&limit=10&highlight=512


47 
 

through studies performed in Chlamydomonas [130-132] while several studies have studied 

the regulation of ciliary beat frequency in mammals [133-135]. Lastly, studies performed in 

Xenopus embryos have provided crucial insights in the development of planar cell polarity 

and directional ciliary beating [136] as well as determination of left-right axis during 

embryogenesis [137]. In summary, up to date, most animal studies have provided evidence 

regarding the biology of cilium development and function and pathophysiology of 

ciliopathies. However, with reducing gaps in knowledge about cilium biology and 

pathophysiology of disease, focus is expected to turn towards employing animal models in 

the quest for effective treatment approaches in PCD and other ciliopathies. In recent years a 

number of animal studies have been published demonstrating the effect of novel treatment 

approaches on ciliary structure and function [87, 138-140]. More specifically, the study by 

Ostrowski et al demonstrated that gene transfer to undifferentiated cultures of mutant Dnaic1-

/- mouse cell through a lentiviral vector restored Dnaic1 expression and ciliary motility. The 

same study however, demonstrated low levels of efficient gene transfer to the nasal 

epithelium due to the presence of severe rhinitis in mutant mice [87].  

In general, animal models will remain a precious tool in the understanding of PCD and other 

ciliopathies and it is expected that animal models will play a key role in the development of 

novel treatments for this class of diseases. Nevertheless animal models are just a proxy of 

human disease and several limitations in their applicability or difficulties in their use may 

apply. Ciliary abnormalities may primarily affect different organ systems in different animal 

models and in humans (e.g. in adult zebrafish the primary site of motile cilia involvement is 

the nephron, in Xenopus laevis is the skin while in mice and animals is the respiratory system 

[121]. Furthermore, although abnormal ciliary motility can be reliably  reproduced in animal 

models, additional manifestations may be observed compared to humans such as increased 

frequency of hydrocephalus (likely attributed to anatomical differences of brain ventricles 
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between mice and humans) and increased frequency of cardiac abnormalities in mice and rats 

[141, 142]. These additional manifestations may significantly impede the long-term 

observation of disease progression or treatment results in adult mice and rats in future whole 

animal testing of candidate compounds [127]. 

 

Diagnosting Testing for Primary Ciliary Dyskinesia 

The high genetic heterogeneity and phenotypic variability observed in PCD along with the 

presence of non-specific respiratory symptoms (e.g rhinorrhea, cough) make the 

establishment of PCD diagnosis a challenging task [11]. Although a number of different 

diagnostic tests have been developed to date and are in use in PCD referral centers across the 

world, no single test is considered as the gold standard for diagnosis, as none has been found 

to be 100% sensitive and 100% specific [16]. The tests developed for PCD diagnosis include 

the indirect in vivo assessment of mucociliary clearance in the nose (saccharine test), the 

measurement of nasal Nitric Oxide (nNO), the assessment of ciliary motility using simple 

Light Microscopy or High Speed Video Microscopy (HSVM), the assessment of ciliary 

ultrastructure using transmission electron microscopy (TEM), immunofluorescence analysis, 

electron tomography of ciliary ultrastructure, radiolabeled mucociliary clearance and genetic 

testing [1, 18]. Among these, the measurement of nNO, the examination of cilia ultrastructure 

with TEM and the evaluation of ciliary motility with HSVM are the more established, better 

validated and more frequently used for PCD diagnosis [15, 143]. A detailed description of 

nNO, HSVM and TEM is provided in the next sections.  

The saccharine test involves the placement of a small (1mm wide) saccharine tube 

approximately 1 cm from the nasal inferior turbinate and the time period required for the 

patient to detect sweet taste is reported. A saccharine test with a mean transport time greater 
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than 60 min is considered abnormal and indicative of a mucociliary disorder [144, 145]. 

Although saccharine test is cheap and easy to perform it suffers from many limitations and its 

use as a diagnostic test has now been abandoned. The main limitations were the inability to 

use the test in non-cooperative patients such as young children and the requirement from the 

subjects, not to sneeze, sniff or cough during the performance of the test, a requirement that 

patients suffering from respiratory symptoms couldn‟t easily adhere to [146].  

Immunofluorescence analysis allows the visualization of the presence and localization of 

different proteins across the ciliary axoneme with the use of protein specific antibodies. The 

antibodies that also carry fluorescent tags can be visualized using fluorescent (or confocal) 

microscopy. Absence of mislocalization of staining signifies absence, truncation or 

mislocalization of the specific ciliary protein and thus can be used as a diagnostic test [14]. 

However, given that it is a new diagnostic technique for PCD (first described in 2005) and for 

many years it was used only for research purposes such as gene discovery and understanding 

of the effects of mutations at the protein level [147], still only few centers possess the 

expertise to carry out and interpret the findings of this technique which is generally 

considered as an auxiliary test when results from other tests are contradictory or equivocal 

[146].  

Lastly, the discovery of the underlying genetic defect in many PCD variants has allowed the 

use of genetic testing as a reliable diagnostic tool with the use of either Sanger sequencing or 

novel Next Generation Sequencing (NGS) technologies. Through the option of whole exome 

sequencing or through the development of PCD specific gene panels (kits) for targeted 

genetic screening, NGS can be used as a stand-alone diagnostic test [13]. In contrast, genetic 

testing using Sanger sequencing is considerably ineffective due to the high number of PCD-

related genes and the large size of these genes and as a result, a priori performance of HSVM 

and TEM, along with the underlying information on genotype-phenotype correlations, is 
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usually used to inform about the most likely causative gene to be sequenced.  Genetics are 

only utilized as a diagnostic test in few centers in Europe and the current ERS guidelines 

suggest that genetic testing can be used as an additional method to further characterize the 

underlying defect, following abnormal results of other tests such as HSVM and TEM or as a 

diagnostic method when there is no availability of other diagnostic tests [148].  

In general, most PCD referral centers rely on diagnostic algorithms that mainly include a 

combination of HSVM, TEM and nNO. Slightly different diagnostics algorithms for PCD 

have been suggested in recent years by the ERS [18] (Figure 7) and the FP7 BESTCILIA 

project (Figure 8) [17]. Both require the parallel performance of nNO and HSVM as a first 

step and performance of TEM as a second step if nNO and HSVM results are equivocal or 

even normal but the referred patient has a clinical history that is strongly suggestive of PCD 

[18]. 

 

 

 

Figure 2.7: Diagnostic algorithm for PCD as suggested by ERS guidelines. Adapted from Lucas J 2016 [101]. 

The BESTCILIA algorithm suggests that PCD can be confirmed following abnormal HSVM 

and abnormal nNO and that repeat testing of HSVM is required to be abnormal on 3 

occasions for a positive diagnosis only in the case that HSVM is the only abnormal test. The 

main differences between the two algorithms lie in the requirement in the ERS guidelines for 

The BESTCILIA algorithm suggests that PCD can be confirmed following abnormal HSVM 

and abnormal nNO and that repeat testing of HSVM is required to be abnormal on 3 

occasions for a positive diagnosis only in the case that HSVM is the only abnormal test. The 
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main differences between the two algorithms lie in the requirement in the ERS guidelines for 

confirmation of PCD using genetic testing following abnormal nNO and abnormal HSVM 

and the requirement of 3 separate abnormal HSVM test results at the first step together with 

an abnormal nNO result.  

 

Figure 2.8: Diagnostic algorithm for PCD as suggested by the BESTCILIA project. 

High Speed Video Microscopy (HSVM) – Cilia Beat Frequency and Cilia Beat Pattern  

The functional analysis of respiratory cilia motility is performed as soon as the sample of 

nasal brushing or bronchial biopsy is obtained and while the cells are kept alive in a cell 

culture medium.  The beat frequency and beat pattern of cilia are usually evaluated in a 

quantitative and qualitative manner respectively but additional, composite metrics like the 

immotility index and the percentage of dyskinetic edges have been suggested as well [149]. 

Overall a CBF>11 Hz (beats per second) is considered normal although a subset of patients 

(carriers of biallelic mutations at DNAH11 gene) present with a hyperkinetic but also 
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dyskinetic beat pattern [11]. Normal cilia beat in a characteristic wavelike motion with a 

forward power stroke followed by a backward recovery stroke that does not sweep to the 

side, as opposed to dyskinetic or completely immotile cilia that have been described in PCD 

[50]. Dyskinetic cilia could be characterized by circular or stiff beating with reduced bending. 

Evaluation of CBF and CBP is possible with the use of an HSVM system which includes the 

light microscope, a high speed camera and relevant image analysis software. The system 

allows cilia movement to be recorded and played back at a slower rate thus decreasing the 

possibility of errors. During the playback, the user identifies healthy looking ciliated strips 

(continuous ciliated epithelium sections without large projections and absence of mucous and 

debris) and carefully evaluates the CBP. This evaluation involves the assessment of beat 

amplitude, beat direction and synchronization among cilia. Usually the user, observes and 

records the cilia from the side (Figure 9, A) and from above (Figure 9, B) in order to correctly 

assess these parameters. 

 

 

 

 

 

 

 

Figure 2.9: Video recording snapshot during HSVM (SAVA system). A: Planar (side) view, B: Overview  
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As opposed to CBP evaluation, newer applications have almost completely automated the 

measurement of ciliary beat frequency and usually also provide an array of additional metrics 

such as mean values and variance estimates. Several automated HSVM systems have been 

developed by academic centers and most of them use a combination of digital image 

processing techniques such as waveform analysis [150] and Fast Fourier Transformation 

[150-152]. The Sisson-Ammons Video Analysis (SAVA) system [150] is commercially 

available and is used by a large number of PCD diagnostic centers. The majority of HSVM 

systems require the user to observe the moving microscope image and select a region of 

beating cilia, followed by the automatic calculation of CBF for that specific region (often 

called Region of Interest-ROI). The SAVA system,  provides in addition to the user the 

ability to just record the CBF from the whole field of the moving image (Whole Field 

Analysis-WFA) thus removing any potential bias that could result from the selection by the 

user of the ROI‟s [150]. Overall the measurement of CBF is now considered a 

straightforward and automated procedure with little room for subjectivity, while the 

evaluation of CBP still remains a challenge and is largely dependent to the observer‟s 

experience and subjectivity [153]. 

 

Transmission Electron Microscopy 

As soon as an adequate sample of respiratory epithelial cells is obtained either by nasal or 

bronchial brushing, analysis of cilia ultrastructure is possible with the use of Transmission 

Electron Microscopy (TEM). The normal characteristic, 9+2 configuration (9 pairs of 

microtubules at the periphery and a central pair in the middle) of healthy cilia, can be 

visualized in cross-sections of the cilia axoneme [24].  Analysis of cilia ultrastructure in PCD 

suspect patients includes not only the assessment of the 9+2 configuration but also the careful 



54 
 

examination of dynein arms (protein complexes that consist of light, intermediate and heavy 

chains) that are attached on the peripheral tubules. Defective (absent or short) dynein arms 

are a common structural abnormality that is recovered in PCD patients. Central pair and or 

peripheral tubules abnormalities can also be detected in PCD patients, as well as microtubular 

disorganization and problems with the orientation of the cilia [154]. Usually ultrastructural 

defects of the axoneme are categorized as outer dynein arm (ODA) defect (short/absent), 

inner dynein arm (IDA) defect (short/absent) combined ODA and IDA (ODA/IDA) defect, 

central pair (CP) defect (degradation, absence), microtubular disorganization (MTD) defect 

and orientation defect [50]. For many years in the past, cilia ultrastructural analysis with 

TEM was considered as the gold standard for the diagnosis of PCD but recent advances in the 

genetics of PCD have demonstrated that an important subset of patients may be missed by 

this technique primarily due to the limitations of the existing technology of electron 

microscopy [11]. Characteristic examples of ultrastructural defects that have been implicated 

in PCD are presented in Figure 10.  

 

 

 

 

 

 

Figure 2.10: TEM micrographs of ciliary axonemal cross-sections. A: Normal Ultrastructure, B: Absent ODA, 

C: Absent ODA+IDA, D: Central pair defect, E: Orientation defect 
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Nasal Nitric Oxide 

Low levels of nasal nitric oxide (nNO) in PCD patients were first described by Lundberd 

[155] more than 20 years ago, a finding that has been verified by several researchers both in 

case control and prospective cohort studies [156]. NO, a small free radical molecule, is well 

known as a hazardous environmental pollutant in environmental sciences but also as a very 

important signaling molecule in human physiology. Better studied for its role in control of 

blood flow and neurotransmission [157], NO is also present in the airways with the primary 

site of production being the paranasal sinuses [158]. In the respiratory system directly or 

through its metabolites, NO exerts a variety of biological roles including assisting 

bronchodilation and restriction of airway hyperresponsiveness, facilitation of pulmonary 

blood circulation and modulation of airway secretions [157]. In addition, NO has a 

bacteriostatic, anti-biofilm action and a role in modulation of CBF [159]. Measurement of 

NO, either of nasal origin (from the nares) or exhaled from the lower airways (from the 

mouth) can be achieved in the clinical setting by equipment using the chemiluminescence or 

the electrochemical methods [159]. A recent review, which synthesized the available 

published evidence until 2014, reported a mean difference of 231nl/min between PCD 

patients versus healthy controls and a mean difference of 114 nl/min between PCD patients 

versus Cystic Fibrosis patients [156]. While ciliary ultrastructural and functional assessments 

require significant investment in terms of equipment, time and expertise, measurement of 

nNO is fast and easy to perform and could serve as a first line screening test in PCD. A 

screening test could be potentially useful in clinical practice as the main PCD manifestations 

from the upper and lower airways are quite common in the pediatric population and only a 

small fraction are caused by PCD [159]. As a result measurement of NO could allow for the 

earlier identification of PCD patients and reduce the burden of unnecessary nasal brushings 

and sophisticated diagnostic testing in non-PCD subjects that present with PCD-like 
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symptoms. On the other hand, patients missed by nNO screening will not undergo additional 

diagnostic testing and could potentially be missed completely by such a diagnostic algorithm.  

Regardless of the value of nNO measurement as a screening test, neither the etiology of its 

low levels in PCD nor the biological mechanism relating NO to ciliary function has been 

fully elucidated. The prevailing hypotheses suggest that the low nNO levels in PCD could be 

explained by either increased breakdown of NO, decreased synthesis of NO or entrapment of 

NO in, blocked by mucus, paranasal sinuses [159]. The hypothesis of increased NO 

breakdown is mainly supported by data showing increased levels of oxidative stress markers 

in PCD patients versus controls in combination with findings that suggest that these oxidative 

markers are coupled with the presence of peroxynitrite and nitrogen dioxide that are known 

derivatives of NO breakdown [158]. However these results were not replicated in an 

independent case-control study [160]. The second hypothesis supports that mucus leads to 

entrapment of NO in the paranasal sinuses or that the paranasal sinuses are not adequately 

developed in PCD patients. A recent study has shown that there is a significant correlation 

between the level of sinus aplasia and nNO values in an Italian cohort of PCD patients [161], 

giving some support to this hypothesis as opposed to the entrapment of NO in the paranasal 

sinuses which is quite unlikely as methods that increase sinuses ventilation did not have 

significant effect on nNO in PCD patients [162]. The last hypothesis suggests that there is 

reduced biosynthesis of NO due to either decreased expression of NO synthetase (NOS) 

isoenzymes, mechanochemical uncoupling or lack of NOS substrate L-Arginine. One recent 

study provided evidence of reduced expression of NOS in PCD [163] but more studies are 

needed whereas the possibility of genetic linkage with NOS genes‟ polymorphisms is low, 

given that PCD is a polygenic disease [159]. On the other hand, the reduced biosynthesis of 

NO could be the result of defective mechanochemical coupling of cilia with NOS in PCD in a 

similar fashion as dystrophin gene mutations lead to uncoupling on neuronal NOS from the 



57 
 

contractile apparatus and this also results in lower NO levels in serum [164]. With regards to 

the availability of L-Arginine, currently there are no data comparing levels of L-Arginine in 

PCD patients and healthy controls. However, some studies have demonstrated that 

intravenous and nebulized administration of L-Arginine resulted in an increase in CBF and 

nasal NO values [165, 166]. 

 

Epidemiology of Primary Ciliary Dyskinesia 

The lacks of awareness for PCD among practicing clinicians as well as the genetic 

heterogeneity characterizing this disease and the difficulties in performing and interpreting 

the diagnostic tests for PCD, result in under-diagnosis and misclassification of PCD patients 

[5]. The true prevalence of the disease among live births is not known and only few studies 

have attempted to calculate measures of PCD frequency and describe its epidemiology. Based 

on radiological findings (Situs Inversus combined with Bronchiectasis) from plain chest X-

rays (CXR‟s) in a large Norwegian population, Torghensen reported the prevalence of 

Kartagener‟s Syndrome to be close to 1:40000 [167]. This number is considered to be a 

significant underestimation as bronchiectasis may not be evident in plain CXR‟s, may have 

not yet developed in young patients whereas Kartagener‟s syndrome is present in about half 

of PCD affected individuals [5]. More recent studies have reported a prevalence of 1:10000 

in Sweden [168] and approximately 1:4000 among atomic bomb survivors in Japan [169]. An 

estimate of 1:15000 is usually used in published reports although it is believed to still be an 

underrepresentation of the real burden of PCD [24, 145]. Furthermore, the most recent 

European survey involving 223 PCD centers from 26 countries reported that small countries 

with centralized national reference centers for PCD exhibited the highest prevalence of PCD 

among the pediatric population (5-14 years old) in the continent. With a frequency of 
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1:11000 Cyprus had the highest prevalence of PCD among children followed by Denmark 

and Switzerland with a prevalence of 1:20000. The same survey however identified large 

differences among participating European centers in terms of diagnostic approach and patient 

reporting, indicating the difficulty of pinpointing the actual true incidence and prevalence of 

PCD across Europe [5]. Discrepancies in availability, performance and interpretation of 

diagnostic tests will continue to contribute to the large differences in the prevalence estimates 

among different countries and will continue to play an important part in discrepancies 

regarding the age of diagnosis among different countries or regions. Per capita national health 

expenditure and the presence of a centralized PCD diagnostic center supported by a referral 

network involving pediatricians, pulmonologists, otorhinolaryngologists and cardiologists 

have been reported to influence prevalence of diagnosed PCD cases [15]. 

 

Management and Treatment of Primary Ciliary Dyskinesia 

Currently there are no evidence-based management guidelines for PCD.As an orphan disease 

very few short-term and no long-term randomized clinical trials have been performed in PCD 

patients. As a result most treatment protocols for PCD are largely extrapolated from the CF 

literature and empirical evidence [143]. The current approaches focus on facilitating the 

removal of secretions from the lung using physiotherapy and airway clearance techniques and 

on infection control by prescribing antibiotics to treat breakthrough infections or long term 

antibiotics as a prophylactic measure for incident respiratory infections.  

Given that the pathophysiological mechanism that results in recurrent respiratory infections 

in PCD is the impairment of mucociliary clearance, airway clearance techniques to facilitate 

secretions removal from the lung have a central role in PCD management [170]. Airway 

clearance techniques involve forced cough and several breathing control and assisted 
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expulsion techniques that can be used alone or in combination to each other in order to clear 

mucus from the lung. Such physiotherapy techniques are Chest Percussion, Vibrations, 

Postural Drainage, Forced Exhalation Techniques and Autogenic Drainage. Other breathing 

techniques that require use of accessory mechanical equipment are Positive Expiratory 

Pressure, Oscillating Positive Expiratory Pressure and High Frequency Chest Wall 

Compression [171]. In addition, all forms of exercise which induce increase in ventilation 

rate and increased bronchodilation are considered to have a beneficial effect in mucus 

clearance and may be used in addition to standard airway clearance techniques. Notably, 

performance of exercise prior physiotherapy may further increase mucus clearance during the 

airway clearance techniques [172]. An array of mucolytic agents such as recombinant human 

deoxyribonuclease I (rhDNase) and N-acetylcysteine and hyposmolar agents such as 

hypertonic saline, mannitol and Uridine 50 Triphosphate are commonly used in CF 

management to facilitate mucus clearance but their effectiveness in PCD still remains unclear 

[170]. The results of the first clinical trial that evaluated the use of hypertonic saline in PCD 

patients were published in 2017 and results were mostly negative as no statistically 

significant differences in health-related quality of life parameters (main outcome) were 

demonstrated [173]. 

Antibiotic administration is used aggressively to treat or prevent recurrence of respiratory 

tract infections and should be combined with routine microbial surveillance through sputum 

cultures or oropharyngeal cultures for very young patients. Commonly cultured pathogens are 

Haemophilus Influenzae, Staphylococcus Aureus and Streptococcus pneumonia but 

Pseudomonas Aeruginosa species have also been reported but mostly in adults [143]. 

Administration of oral antibiotics in high doses is suggested as a first response to worsening 

respiratory symptoms, deterioration in lung function or positive sputum culture. In case of no 

response to oral antibiotics, intravenous antibiotics can be administered. Patients with 
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Pseudomonas Aeruginosa positive cultures are treated with three-month eradication protocols 

(as in CF) which usually include oral and inhaled antibiotics [146].   

Other prescribed medications for PCD patients may include inhaled or systemic 

corticosteroids but evidence regarding the efficacy of these approaches is still lacking. 

Similarly, evidence regarding the performance of surgical procedures in PCD is still quite 

poor. Surgical resection of lung segments (lobectomy) should only be considered with 

caution, in selected cases of localized bronchiectasis and when other approaches were not 

efficient [143]. Nevertheless, this approach remains controversial and to date there are only 

two reports in the literature describing the clinical course in PCD patients after lobectomy 

with conflicting results [63, 174]. The first study by Smit et al compared lobectomised adult 

PCD patients (n=13, age range: 32-61 years) to non-lobectomised adult PCD patients (n=8, 

age range: 24-66 years) and did not find any significant differences in the prevalence of 

respiratory symptoms between the two groups. Despite this, 85% of the lobectomised patients 

subjectively experienced the operation as beneficial [174]. In a more recent study, Yiallouros 

et al. compared 5 lobectomised PCD patients (lobectomy performed prior to PCD diagnosis, 

age range: 37 -49 years) with 7 non-lobectomised PCD patients (age range: 30-64 years) and 

reported that patients with lobectomy had a more severe clinical picture at time of diagnosis 

and consistently lower lung function across time compared to the non-lobectomised PCD 

patients [63].  Both reports were single-center studies including small number of patients and 

generalizability of their results should be avoided.  An international multi-center study is 

currently under way with the aim to recruit a larger number of PCD patients and synthesize 

information from several PCD specialized centers across the world in order to provide data 

on the prevalence of lobectomy in PCD patients, describe the course of the disease after 

lobectomy and determine factors associated with poorer outcomes in lobectomised PCD 

patients [175]. Patients with end stage lung disease could be referred for lung transplantation, 
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although there are no specific transplantation referral criteria. A number of case reports or 

case series have described successful lung transplantations [176, 177] or living donor lobar 

transplantations [178] in PCD but long term survival of these patients remains unknown. 

 

Quality of Life in Primary Ciliary Dyskinesia 

Patients affected by PCD are considered to have a “near normal” life expectancy [179], 

although no data regarding average life expectancy have been published to date [180]. 

However, progression of bronchiectasis with ascending age could be associated with a 

significant reduction in lung function and possible complications such as respiratory failure. 

In reality, evidence from many longitudinal studies and registries indicates that PCD patients 

may exhibit a wide spectrum of lung disease severity that could be associated with normal 

lifespan or could result in early death or need for lung transplantation in early adulthood 

[180]. During their lifetime, PCD patients do suffer from progressive deterioration of lung 

function compared to their healthy peers, as longitudinal lung function studies have 

highlighted [61, 64, 181]. Reduction of lung function has been strongly associated with 

earlier death in large population cohorts [182, 183] and poorer Health Related Quality of Life 

(HRQoL) in Cystic Fibrosis (CF) [184, 185], a disease which is characterized by similar but 

more profound disease manifestations than PCD. This relationship of lung function with 

HRQoL has also been demonstrated in Chronic Obstructive Pulmonary Disease (COPD) 

([186, 187]. 

Symptoms affecting the upper and lower airways also contribute to the morbidity burden of 

PCD as chronic rhinosinusitis, nasal polyps and chronic wet cough are hallmarks of the 

disease. All of these have been found to affect various aspects of the patients‟ life and mainly 

the psychosocial component of HRQoL [188, 189]. In a similar fashion mucus plugging of 
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the middle ear results in frequent ear infections and subsequently insertion of ventilation 

tubes or use of hearing aids, both with important social implications for the individual [190]. 

A systematic review summarized all available studies on the effect of PCD in HRQoL. In 

general, patients reported that it was difficult to keep up with their peers, they were feeling 

easily tired while in terms of social impact, patients reported feeling embarrassed, isolated 

and very frequently tried to conceal diagnosis or symptoms. PCD patients also reported 

feelings of anxiety about getting sick or about their future health [191]. A common 

conclusion of all studies was that PCD has a severe impact on quality of life and that earlier 

diagnosis and hence earlier treatment significantly improves the impact of the condition [191-

193]. However, most of these studies relied on HRQoL questionnaires for other respiratory 

diseases such as the St George's Respiratory or generic health related quality of life 

questionnaires such as the Medical Outcomes Study Short Form-36 questionnaire. Since 

2016, a PCD-specific HRQoL questionnaire has been developed for all age groups [194, 195] 

and has already been translated in different languages and is currently in use in a number of 

centers. Although HRQoL in PCD has been studied to some extent and a PCD-specific 

HRQoL questionnaire has been developed recently, the health utility (or health preferences) 

of PCD patients has not yet been described. As a result the number of Quality Adjusted Life 

Years (QALYs) lost in PCD cannot be estimated. Health preferences‟ studies aim to describe 

not the actual symptoms (or feelings) that patients may experience (as in traditional HRQoL) 

but rather aim to describe the values that patients attach to their overall health status. Usually 

health utility scores are combined in a single value between zero and one. One representing 

perfect health and zero representing death [196]. Although health utility estimates for PCD 

are lacking, evidence from other diseases that share common symptoms with PCD do provide 

an estimation of what the expected health utility could be in PCD. Characteristically, in a 

random sample of adults, participating in the Beaver Dam Health Outcomes Study on 
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Chronic Bronchitis and Chronic Sinusitis, conditions that share common respiratory 

symptomatology with PCD, exhibited an age adjusted Quality of Wellbeing Index score of 

67% and 72% respectively and an age adjusted health utility score (measured by Time Trade 

off Index) score of 72.4% and 87.4% respectively. Estimates of health utilities for CF using 

the EQ-5D questionnaire [197] have been reported to be 0.85 (95% CI: 0.80-0.89), 0.79 

(95%CI: 0.67-0.91) and 0.60 (95%CI: 0.44-0.76) depending on the presence of no, mild or 

severe pulmonary exacerbations [198]. 
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Chapter 3: Methodology - Systematic Review and Meta-analysis 

Systematic Review 

During the last three decades, the rise in the universal requirement for evidence based 

practice in healthcare has led to the development of several methods in order to inform 

healthcare practitioners about the most current evidence that is available from scientific 

literature towards supporting decision making [199]. The most well-known and more 

frequently used method to summarize available evidence for a particular topic is the 

performance of a systematic literature review. Unlike other type of reviews such as standard 

literature or state-of the art reviews, a systematic review aims to systematically search for, 

appraise and synthesize all available research evidence usually through adhering to specific 

guidelines [200]. In more detail, a systematic review uses predefined eligibility (or inclusion 

and exclusion) criteria to identify relevant studies that provide evidence to answer a specific 

scientific question while using systematic methods to minimize different types of potential 

biases [201]. Such methods include the detailed description of the methodology (search 

strategy) used towards allowing reproducibility by other researchers, systematic search across 

several databases to identify studies that meet the predefined eligibility criteria, an 

assessment of the validity of the findings and the systematic synthesis and presentation of the 

characteristics and findings of the included studies [202]. A systematic review may or may 

not be accompanied by a meta-analysis. Meta-analysis refers to the statistical approach that 

allows the integration of results from several (two or more) independent studies to one 

summary estimate [203]. Meta-analyses allow for increased power and precision as a result of 

greater sample size compared to individual studies and provide the opportunity to assess the 

consistency or differences of findings across studies. In addition, meta-analyses allow 

researchers to answer additional questions and develop new hypotheses to explain differences 

between the included studies [202].  
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Eligibility criteria and search strategy 

The eligibility criteria for studies included in a systematic review are usually specific 

characteristics of the individual studies and their careful selection constitute one of the most 

important factors towards integrating published evidence on a specific topic. These criteria 

should be broad enough to allow the review to include studies with some diversity but narrow 

enough to ensure that the review is within scope of the research question and able to provide 

a meaningful answer [202]. Despite the fact the each systematic review is trying to answer a 

different scientific question and eligibility criteria are expected to be unique, these typically 

fall within one or more of the following categories: (i) Study participants, (ii) intervention 

evaluated, (iii) outcome(s) reported (iv) time period and (v) methodological quality [204]. 

Some examples of factors that a reviewer usually considers during the development of 

eligibility criteria are described in Table 3.1 [202].   

Table 3.1: Factors to consider towards developing eligibility criteria for included studies 

Category Examples of factors to consider 

Study participants 

What was the definition of disease (e.g. diagnostic criteria)? Are 

there any relevant demographic factors (e.g. age or gender)? What 

was the setting (e.g. hospital or community based)? 

Intervention Evaluated 

What are the experimental and comparator interventions of 

interest? Are there variations in the intervention implementation 

regarding e.g. equipment, dosage or mode of delivery? 

Outcome Reported 
Primary or secondary outcomes? Quantitative or qualitative 

outcomes? What is the type and timing of outcome measurements? 

Methodological Quality  
Was the study a double blind RCT? Were the 

participants/interventions/outcomes described clearly?  

Time Period 

Only contemporary studies should be included (e.g. last 10 years)? 

May limit the number of eligible studies however it may be 

appropriate on the basis of a time point that a new intervention was 

introduced.  

Source: [202] 
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Furthermore, the reviewer may apply another eligibility criterion, that of linguistic range (e.g. 

excluding studies that have not been published in the English language) although it is known 

to limit the scope of the review and additionally introduce publication bias in the results. 

Nevertheless, it is not an uncommon phenomenon to limit included studies to those published 

in English for practical reasons as the vast majority of scientific literature is published in the 

English language, but in fields with a lot of non-English literature this restriction should be 

avoided [204]. 

The bibliographic search for a systematic review should rely primarily on MEDLINE 

(PubMed) and Cochrane Central Register of Controlled Trials (where applicable) but also in 

other electronic databases such as EMBASE, Scopus, Google Scholar or Web of Science 

[205]. PubMed utilizes Medical Subject Heading (MeSH) terms which constitute a 

comprehensive vocabulary that facilitate indexing of journal articles and books across 

MEDLINE. Search strategies may utilize MeSH terms to focus the search to only 

appropriately indexed articles or can make use of keywords. Keywords can be searched in 

titles, abstracts or article text, depending on the electronic database and settings. Keywords or 

MeSH terms can be combined with Boolean operators such as AND, OR and NOT to create 

search algorithms that allow for efficient article retrieval [206]. Bibliographic search is 

completed with the identification of several electronic records that the reviewer will examine 

carefully towards deciding which of the identified records should be part of the systematic 

review [202, 207].  Apart from the applicability of eligibility criteria, the overall quality of 

the included studies should be evaluated and taken into account during the performance of a 

systematic review. Several individual studies of healthcare interventions as well as several 

individual observational studies may be characterized by significant weaknesses in study 

design and/or study resulting in significant risk of bias in their results. The underlying 

weaknesses in the included studies may lead to bias (overestimation or underestimation) in 
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the results of the systematic review and meta-analysis [208]. Table 3.2 summarizes common 

sources of bias in systematic reviews of observational studies or clinical trials.  

Table 3.2: Different sources of bias in RCT and observational studies 

Source of 

Bias 

Application in clinical trial 

studies 

Application in 

observational studies 
How to avoid it 

Selection bias 

Differences in baseline 

characteristics of compared 

groups in clinical trials 

Study population is not a 

random selection from the 

target population for which 

results are supposed to apply 

Randomization* 

Performance 

bias 

Differences between groups 

in the care provided, or in 

exposure to factors other 

than the interventions of 

interest 

n/a Blinding** 

Detection bias 
Differences in how 

outcomes are determined 

Differences in how 

outcomes are determined 
Blinding 

Attrition bias 

Differences between groups 

in withdrawals from a study 

(loss to follow up) 

Loss to follow up in cohort 

studies 

Motivating, case 

management, 

incentives 

Reporting 

bias 

Differences between 

reported and unreported 

findings in published reports 

Differences between reported 

and unreported findings in 

published reports 

Predefined set of 

outcomes reported 

in study protocol 

Publication 

bias 

The publication or non-

publication of research 

findings, depending on 

results‟ nature and direction 

The publication or non-

publication of research 

findings, depending on 

results‟ nature and direction 

Avoid outcome 

related search 

terms, search trial 

registries, updating 

systematic reviews 

Recall bias n/a 
Imprecise answers to 

questions about past events 

Verify information 

given with a 

reliable third party 

or medical record 

Measurement 

bias 

Measurement errors arise 

from imprecision of the 

instruments, measurement 

procedure, or human 

investigator. 

Measurement errors arise 

from imprecision of the 

instruments, measurement 

procedure, or human 

investigator. 

Precise 

measurements 

performed in 

validation study in 

a subset of study 

participants 

Confounding 

Effects of exposure under 

study on a given outcome 

are mixed with the effects of 

additional factors. 

Effects of exposure under 

study on a given outcome are 

mixed with the effects of 

additional factors. 

Inclusion restricted 

by confounding 

variables(e.g. age), 

stratification, 

multivariate 

analysis 
*Randomization: Randomly allocate interventions (or placebo) to participants **Blinding: Clinician is unaware 

of who received intervention or placebo Sources: [209-213] 
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Assessment of Methodological Quality 

Assessment of methodological quality of included studies for the evaluation of the risk of 

bias is considered a necessary component of any systematic review and several tools have 

developed to facilitate reviewers to assess quality and bias for different types of studies 

(randomized, non-randomized, clinical trials, observational epidemiological studies) [214]. 

Depending on the type of systematic review and the type of included studies several tools in 

the form of simple checklists, summary judgment checklists and scales, have been suggested 

to assess methodological quality of included studies [215]. Randomized control trials (RCT) 

are usually evaluated using the Cochrane Collaboration's tool [207], non-randomized 

intervention studies are evaluated using the Methodological Index for Non-Randomized 

Studies (MINORS) [216], observational case-control and cohort studies are evaluated using 

the Newcastle Ottawa Scale [217], diagnostic accuracy studies are usually evaluated with the 

Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool [218, 219] and 

animal studies are evaluated using the  SYstematic Review Centre for Laboratory animal 

Experimentation (SYRCLE) risk of bias tool [220]. 

Reporting in Systematic Reviews 

An important distinction exists between the quality assessment of the actual design conduct 

and analysis of the primary studies and quality of reporting in the primary studies. The first 

may refers to the propensity of the presence of biases in the primary studies and the second 

refers to whether a primary studies report their results properly and in a proper order. 

Accurate and extensive reporting is encouraged by a number of consensus statements such as 

the STROBE statement for observational studies [221], the CONSORT statement for non-

randomized control trials [222], the STARD statement for diagnostic accuracy studies [223] 

and the QUOROM statement for systematic reviews [224]. The improved reporting resulting 
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from such statements/guidelines can ensure studies make available all necessary information 

to the reader and facilitate the quality assessment of the study contents. In the case of a 

systematic review that is accompanied by a meta-analysis the use of the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement is required by many 

scientific journals. The PRISMA statement provides a well-defined framework for reporting 

and presentation of systematic review search results and it consists of a 27-item checklist, 

which includes instructions to reviewers regarding several aspects of the systematic review 

manuscript. The PRISMA statement also includes a flow diagram template that allows the 

author to demonstrate the review process and how the identified records have been screened 

and how the eligibility criteria were applied [225]. The PRISMA diagram is displayed in 

figure 3.1.  

 

Figure 3.1: PRISMA statement flow diagram Adapted from Moher D et al [225]. 
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Meta-analysis 

Given that the numerical pooling of the results of the individual studies is merited, statistical 

methods they have been used widely in the last two decades following the increase in 

research findings and the requirement for evidence based decision making in healthcare 

[203]. In general a meta-analysis can be described as a sequence of two steps which involve, 

as a first step, the extraction of appropriate data from the individual studies that have 

addressed the specific research question in the past and that have been identified through 

systematic review and in a second step, the pooling of the effect estimates from each study 

into one single measure (e.g. Odds ratios, Relative Risks or Hazard Ratio for dichotomous 

data or mean differences for continuous data) taking into account the precision in the study 

estimate and weight of each study [226]. The weights are chosen to reflect the amount of 

information that can be found within a study and the resulting averaging estimate is 

considered a weighted average of the individual studies effects. The Confidence Intervals 

(CI) around this weighted average represents the precision (or alternatively the uncertainty) in 

the meta-analysis estimate and the p value that accompanies the effect and CI represents the 

statistical significance of the hypothesis that there is an effect versus the alternative 

hypothesis that there is no effect (null hypothesis) [202].  

Meta-analyses can be represented graphically with the use of forest plots. These plots are 

useful in providing the reader with an overview of data that were used for the meta-analysis, 

the heterogeneity that exists between included studies and an estimate of the synthesized 

results. Forest plots are usually accompanied by the name of the first author and year of 

publication or other reference type of each included study but may also be accompanied by a 

table that presents the data that are synthesized. Different forest plots can be created 

depending of the type of studies synthesized in the meta-analysis. A typical forest plot in 

meta-analysis of observational studies is presented in Figure 3.2 which is adopted from a 
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meta-analysis of observational studies about the association of 25-hydroxyvitamin D with 

different types of cancers, namely colorectal, breast and prostate cancer [227]. 

 

Figure 3.2: Forest plot presenting the relative risk for colorectal cancer associated with 1 ng/ml increase in 

serum level of 25-hydroxyvitamin D. PY refers to publication year, RR refers to Relative Risk, Co refers to 

cohort study and NCC refers to case-control study nested within a cohort study. Adapted from Gandini et al 

[227] 

The vertical line in the center indicates the point of no effect while the effect of each study is 

presented by a square. The null value in the case of relative measures of association such as 

Relative Risk (RR) or Odds Ratio (OR) or Hazard Ratio (HR), is 1 meaning that there is no 

difference in the proportion of events between the two groups. The size of the square is 

proportional to each individual study weight and the vertical lines represent the CI of the 

effect of each individual study. The diamond at the bottom of the forest plot provides the 

pooled estimate of the RR. The horizontal extent of the diamond represents the CI of the 

pooled RR.  

A slightly different kind of forest plot is presented in figure 3.3. This forest plot resulted from 

a meta-analysis performed in order to assess whether lithium, a known mood stabilizer 

medication has a specific preventive effect for suicide and self-harm in people with unipolar 

and bipolar mood disorders. This forest plot displays information of different comparisons, 
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namely the meta-analysis of RCT for the effect of lithium versus amitriptyline, versus 

carbamazepine, versus lamotrigine, versus olanzapine and versus placebo [228].  

 

Figure 3.3: Forest plot showing meta-analysis of suicides in randomized trials comparing lithium with placebo 

or with active comparators. Adapted from Cipriani A et al 2013 [228] 

This forest plot shares many similarities with the forest plot of Figure 3.2 such as the vertical 

line, alternative size of squares but it differs in that it presents additional information in 

addition to author name and publication year. It features a table with individual studies 

outcomes which are either events of suicide or self-harm and it also features information 

about the heterogeneity between the summarized studies. As a dichotomous outcome 

“events” are presented numerically as number of events/total participants with a resulting 

OR.  

Figure 3.4 presents a forest plot from a meta-analysis of RCTs of rhythmic cueing to improve 

walking speed in people with Parkinson‟s disease [229]. In this case, the outcome of RCTs 
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was not a relative difference in the proportion of events between the two groups but rather the 

absolute difference between the two groups in the outcome of interest (walking speed) which 

is a continuous outcome measure. The vertical line represent the point of no effect with the 

null hypothesis tested is that there is no difference in absolute value of the outcome between 

the group receiving the intervention and the control group (null=0).  

 

Figure 3.4: Forest plot of a meta-analysis of trials of the effect of cueing versus no cueing on gait speed (cm/s) 

in people with Parkinson’s disease. A negative mean gait speed means a slower overall gait speed. Adapted 

from Tomlinson et al [229]  

Figure 3.5 presents a forest plot from a meta-analysis summarising studies assessing the 

prevalence of depression in chronic obstructive pulmonary disease (COPD) [230]. In this 

example, the individual estimates of prevalence are only accompanied by the study reference 

and no numerical information is displayed about the number of COPD patients with 

depression in each study as well as no numerical information of sample size of each study. In 

forest plots of prevalence meta-analyses, estimates are plotted over the x axis which extends 

from zero (0) to one (1) with 0 demonstrating no member of the study population having the 

condition and 1 demonstrating that all members of the study population having the condition 

[231]. A vertical line is not used in this kind of forest plot as there is no point that can be 

considered of “no effect”. 
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Figure 3.5: Forest plot of eight studies of the prevalence of depression among people with chronic obstructive 

pulmonary disease. Adapted from Zwang MWB et al [230] 

Limitations of Meta-analysis 

Although meta-analysis remains a valuable tool in the hands of clinicians, researchers and 

regulators, it is not without flaws. As a separate study design, meta-analyses may also be 

characterized by several disadvantages, most of which originate from the methodological  

quality of the included studies and as a result special care is required prior relying on the 

generated output of the meta-analysis. 

The high risk of introducing publication bias in the meta-analysis output is one of the primary 

disadvantages of this study design. Publication bias refers to the phenomenon that negative or 

statistically non-significant results may remain unpublished and since a meta-analysis study 

is usually restricted to the published literature, inevitably, the validity of the results may be 

compromised [232]. However, several statistical methods have been developed to detect and 

adjust for the presence of publication bias in a meta-analysis [233]. Furthermore the 

conclusions generated by a meta-analysis are heavily influenced by the quality of the studies 

selected for the estimation of the pooled effect [234]. For this reason, the quality assessment 

of the included studies during the systematic review process is an important step that should 
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precede the statistical analysis [235]. Another source of bias in the meta-analysis study design 

is the “small study effect” which refers to the phenomenon that included studies with small 

sample size report systematically different effect estimates from included studies with larger 

sample size [236]. It has been reported that small sample studies tend to usually demonstrate 

larger effect estimates than larger studies and this has been attributed to the fact that smaller 

studies are more easily affected by publication bias or by lower methodological quality [237]. 

It is of note however, that heterogeneity in the effect estimates of small and large studies may 

refer to actual clinical heterogeneity originating from the more detailed selection process and 

experimental design that smaller studies may employ in contrast to the less rigorous process 

that may characterize larger studies [235]. Towards identifying the “small study effect”, the 

effect estimates between fixed and random effects can be compared and in the absence of 

substantial differences, the “small study effect” can be considered minimal [235].  

Statistical methods in Meta-analysis 

In general, all statistical methods commonly used in meta-analysis first calculate the observed 

intervention effect for each included study followed by the calculation of a weighted average 

of these effects. A weighted average is calculated as follows: 

                 
                   

              
 

The Effect could be the mean differences for continuous outcomes, HR for survival data or 

RR and OR for dichotomous outcomes. The weights are selected to reflect the amount of 

information contained in each study and the bigger the weight of a specific study, the more it 

will influence the resulting weighted average [202, 238].   

Nevertheless, a number of different methods have been developed to analyze data in meta-

analyses depending on whether dichotomous or continuous data are used and depending on 
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how weights are assigned to each study. The broad classification of meta-analysis methods is 

whether they rely on fixed or random effects models. Fixed effects methods assume that the 

true effect size that individual studies have investigated is the same across all studies. Under 

this assumption, it is expected that the only source of error in the estimate of the pooled effect 

is chance, which is reflected in the random (standard) error in the estimates of the individual 

studies (within study error). Consequently, in studies with large sample size, standard error 

becomes smaller as well as the error around the pooled estimate in meta-analyses of such 

studies [239]. The most common and simpler fixed effect method to pool both dichotomous 

and continuous data is the inverse variance method. The pooled inverse variance effect size 

(denoted θIV) is calculated by the general formula: 

    
∑    

∑  
 

Where ζi is the effect estimate from the ith individual study and wi is the weight of the ith 

individual study. The weight of each individual study is calculated as the reciprocal of the 

squared standard errors (SE) [240]: 

   
 

        
 

With the inverse variance method, studies with smaller SE are assigned greater weight 

compared to studies with greater SE. Another group of fixed effects methods that are 

commonly used to calculate pooled estimates in meta-analyses of dichotomous data are the 

Mantel-Haenszel methods [241]. Mantel Haenszel methods use different approaches to assign 

weights to individual studies depending on the type of dichotomous outcome that is evaluated 

(e.g. risk ratio, odds ratio, risk difference) and are more robust compared to the inverse 

variance method when data (such as event rates) are small [240].  
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On the contrary to fixed effects methods, random effects methods assume that there is no one 

true effect size but rather a distribution of true effect sizes and therefore the pooled meta-

analysis estimates not a common true effect but rather the mean of the distribution of pooled 

effects. The error in the pooled estimate incorporates the between studies‟ variance (between 

study error) and the within study error. The DerSimonian and Laird method is the most 

commonly used random effects method and is also based in the inverse variance method 

[242] and always results in more conservative estimates (i.e. wider confidence intervals) 

compared with the fixed effects methods [240] (except when between study variance is equal 

to zero).  The difference between fixed and random effects is presented graphically in Figures 

3.6 and 3.7. 

 

Figure 3.6: Fixed effects schematic. T1 represents the individual study effect which is determined by the true 

effect (μ) and the within study error (ε1). Adapted from Borenstein M et al [239]. 
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Figure 3.7: Random effects schematic. T1 represents the observed effect from the individual study which is 

determined by the true effect and (θ1) and the within study error (ε1). Τhe true effect (θ1) is determined by the 

mean of all true effects (μ) and the between study error (ζ1). Adapted from Borenstein M et al [239]. 

Statistical methods in assessing Heterogeneity 

Effect estimates are expected to vary between synthesized individual studies to, either due to 

random sampling error or due to between study differences such as variations in study design, 

statistical analysis, differences in study population and more. Any types of differences 

between the different included studies in a meta-analysis are described with the term 

“Heterogeneity” and could be clinical, methodological or statistical in origin [243]. Clinical 

heterogeneity refers to differences in the characteristics of the studied population, the 

evaluated interventions or the outcomes reported while methodological heterogeneity refers 

to differences in study design and risk of bias. Both methodological and clinical 

heterogeneity, give rise to statistical heterogeneity which refers to large differences in the 

effect estimate of individual studies that cannot be explained by chance alone [202].  

The heterogeneity in meta-analysis studies is usually assessed with the Cohran Q test or the I
2
 

statistic. The Q test, has been originally developed by Cohran in 1954 [244], has been used 
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extensively to assess the presence or absence of statistically significant heterogeneity in meta-

analysis studies is calculated by the following formula: 

  ∑          
 

   

 

 Where k is the number of included studies, wi is the weight of each study calculated as the 

reciprocal of the squared standard error, xi is the effect estimate of study i and    is the 

weighted average of the effect estimate. The Q test is assumed to follow a ρ
2
 distribution with 

k-1 degrees of freedom and rejection of null hypothesis is interpreted as presence of 

heterogeneity [245]. On the contrary, the I
2
 statistic measures the extent of heterogeneity by 

estimating the proportion of total variation across the included studies that is not attributable 

to chance. It is based on the Q statistic and is calculated by the formula:  

       
    

 
 

Where Q is the Cohran Q test and df are the degrees of freedom [246]. Using the estimate of 

I
2
, a rough categorization of heterogeneity is possible with I

2
 upper limits of 25%, 50%, 75% 

and 100% reflecting low, moderate, substantial and considerable heterogeneity respectively 

[247]. In the presence of substantial heterogeneity, random effects models should be used to 

synthesize results as this method will account for the heterogeneity and result in wider and 

more conservative confidence intervals [248]. High heterogeneity may also lead the reviewer 

to consider a number of options prior interpreting the meta-analysis results. It is possible that 

meta-analysis should not have been performed along with the systematic review as the 

individual studies may be so heterogeneous that meta-analysis may not be a suitable option to 

address the scientific question in hand especially in the presence of conflicting results. 

Another option for the reviewer is to explore this heterogeneity and understand its sources 

through the performance of subgroup analyses. Subgroup analyses usually regard to separate 
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analyses for a subset of studies and can be useful in understanding the source of the 

heterogeneity in the original estimate, in answering specific questions about particular 

subgroups (i.e. particular patient groups, particular intervention settings) [202]. 

 

Statistical methods in meta-analysis of proportions 

For the meta-analysis of studies with data that follow a binomial distribution (YES/NO 

responses, success/failure) a number of different statistical methods have been proposed. The 

most common method to model binomial data such as probabilities (proportions), is to use 

the normal approximation to the binomial distribution which applies when n is large enough 

and probability is not close to either margins (either 0 or 1). The metan command in STATA 

software allows for the implementation of many meta-analytic procedures and includes 

procedures for meta-analysis of binomial data using either fixed or random effects models. 

However it is designed and mostly used to pool estimates from studies that compare a 

dichotomous outcome such as the OR, the RR or the difference of two proportions (risk 

difference, RD) across two groups using the formulas presented here [249].  

    

   

     
   

     

 

    
   

   
 

            

Where pTi is the proportion of “success” in the treatment group and pCi is the proportion of 

success in the control group of study i. In the case of pooling proportion estimates (such as 



82 
 

prevalence estimates for a specific disease) across one group without a comparator group the 

following formula provides the pooled estimate [250]. 

   
  
  

 

Where ri is the number of successes and ni is the total number of observations.  

In this case, the metan command is not applicable as it is limited by the fact that it does not 

have the ability to pool studies at the two extremes, in other words with proportions at either 

0% (e.g. no-one has the disease) or 100% (everyone has the disease). Consequently, the 

metan command excludes these studies and results in a biased pooled estimate [250].  A 

recently developed metaprop command builds upon the metan command and provides the 

framework to pool proportions along with 95% confidence interval for the pooled estimate. 

Meta-analysis of proportions performed with metaprop allows the calculation of a pooled 

estimate (weighted average) of the prevalence of a disease across studies containing binomial 

data and estimates 95% confidence intervals. The weighted summary proportion (in this case 

prevalence) is calculated as a fraction with the numerator defined as the number of patients 

identified with the condition and the denominator as the total number of patients with or 

without the disease. A continuity correction allows for studies with a proportion at the 

extremes (0% or a 100%) not to be excluded thus providing a more robust estimate of the 

pooled proportion. Two types of confidence intervals (exact and transformed) for the 

weighted summary proportion can be calculated. Exact confidence intervals provide more 

conservative estimates [250] but result in confidence intervals that are problematic when pi is 

close to the extremes [251]. The lowest exact confidence interval (CI) is calculated as the  
 

 
 

quintile of Beta distribution (xi, ni - xi + 1) and the upper exact CI as the 1-  
 

 
 quantile of the 

Beta distribution (xi + 1, ni - xi) [252]. To make the distribution of data even more similar to 
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the Normal distribution the Freeman-Tukey double arcsine transformation is frequently used 

using the formula below [253] and calculation of the weighted summary proportion under 

and the calculation of confidence intervals under the fixed and random effects model [242]. 

        √
  

    
      √

    

    
 

 

Where ri is the number of successes and ni is the total number of observations. To transform 

the values back to proportions the inverse of Freeman-Tukey double arcsine transformation is 

used [254]. 
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Where t refers to the transformed value and n refers to sample size.  

 

Systematic review and meta-analysis of diagnostic accuracy studies 

Diagnostic accuracy studies are performed in order to understand how good a diagnostic test 

is, in distinguishing subjects with a specific disease and subjects without it. This type of 

studies is usually performed when a new diagnostic test has been developed and the accuracy 

of the test has not yet been examined in the clinical setting. The main motivation behind the 

development of new diagnostic tests in the era of constrained healthcare resources is the 
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requirement for cheaper, better and faster to perform tests [255]. In addition, it some cases 

current gold standard tests may be not feasible or unethical to perform such as biopsies in 

some cases of brain tumors and in the case of Alzheimer disease [256] and thus new tests in 

the form of better imaging (e.g. Magnetic Resonance Imaging, High Resolution Computed 

Tomography or Positron Emission Tomography) or novel biomarkers are sought.  

Diagnostic accuracy studies primarily focus on the two statistical measures of diagnostic 

accuracy: (a) the sensitivity of the test and (b) the specificity of the test. Sensitivity refers to 

the proportion of subjects with the disease that have an abnormal (positive) test result while 

specificity refers to the proportion of subjects without the disease that have a normal 

(negative) test result [257].  Another set of test characteristics that are also usually reported in 

diagnostic accuracy studies is Positive Predictive Value (PPV) and Negative Predictive Value 

(NPV). PPV refers to the likelihood that a subject has the disease given that the test result 

was positive and NPV refers to the likelihood that a subject does not have the disease given a 

negative test. For each test, a 2x2 table can be constructed to demonstrate the cross tabulation 

of diagnostic test result and disease status. Table 3.3 demonstrates one such cross-tabulation 

for a specific index test versus disease status as obtained by a “gold standard” test. Gold 

standard test is the term used for a test that serves as the unqualifiedly the most accurate 

diagnostic procedure which reveals the absolute truth about disease status although in reality 

it such level of accuracy is difficult to achieve with for any biological test. Thus, a gold 

standard test just represents the best currently available tool to classify disease status [258, 

259].  
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Table 3.3: Cross-tabulation of test result and disease status 

Index Test 

 result 
Diseased (D+) Non-diseased (D-) Total 

Test Positive (T+) True Positives (TP) False Positives (FP) 
Test Positives 

(TP+FP) 

Test Negative (T-) False Negatives (FN) True Negatives (TN) 
Test Negatives 

(FN+TN) 

Total 
Disease Positives  

(TP+FN) 

Disease Negatives  

(FP+TN) 
N (TP+FN+FP+TN) 

 

For the calculation of Sensitivity, Specificity, PPV and NPV, the number of True Positives 

(TP), False Positives (FP), True Negatives (TN) and False Negatives (FN) needs to be 

estimated. TP refer to patients with the disease and an abnormal (positive) test result, FP refer 

to patients without the disease and an abnormal (positive) test result, TN refer to patients 

without the disease and a normal (negative) test result and FN refer to patients with the 

disease and a normal (negative) test result. The following formulas demonstrate how TP, FP, 

TN, FN give rise to Sensitivity, Specificity, PPV and NPV [260]. 

            
  

     
 

            
  

     
 

     
  

     
 

    
  

     
 

The measures of sensitivity and specificity can be combined in the terms positive Likelihood 

Ratio (LR) and negative LR, which provide another estimate of the test accuracy Positive LR 

describes how much more likely it is for a patient who tests positive to have the disease 
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compared with a patient who tests negative. Negative LR describes how much less likely it is 

for a patient who tests negative to have the disease compared with a patient who tests 

positive. Positive LR is a number >1 and negative LRs is a number <1 and are calculated as 

follows [260]: 

             
           

             
 

            
             

           
 

Nevertheless all measures of the above mentioned diagnostic accuracy measures correspond 

to a specific but many times arbitrarily selected threshold (cut-off point) for each diagnostic 

test. The threshold refers to the cut-off point above or below which the test is considered 

abnormal (positive) and its selection affects the numbers of TP, FP, TN and FN and 

consequently the sensitivity and specificity of the test. For example, as in the case of a 

diagnostic test results where results below a specific threshold are abnormal, increasing and 

lowering the threshold would differentially affect sensitivity and specificity. When the 

threshold is increased, fewer FP and more FN are expected and thus the test is considered 

highly specific but less sensitive. On the contrary, when the threshold is lowered fewer FP 

and more FN are expected and thus the test becomes highly sensitive but less specific [261]. 

Sometimes there is no biologically relevant threshold to be considered as the primary 

diagnostic cut-off and many diagnostic accuracy studies use different values to define normal 

and abnormal test results and present their results in the form of Receiver Operator 

Characteristic (ROC) curves. ROC curves are plots of sensitivity on the y-axis and 1-

specificity on the x-axis for all possible thresholds. Figure 3.8 demonstrates an array of ROC 

curves. The use of ROC curves to compare diagnostic tests allows comparisons taking into 

account the test accuracy across a range of thresholds. The area under each ROC curve 
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(AUC) is a combined measure of sensitivity and specificity and represents the overall 

accuracy of each diagnostic test, and values close to an AUC equal to 1.0 (closer to the upper 

left-hand corner in an ROC graph) indicate high sensitivity and specificity. The point across 

an ROC curve that is closer to the upper left-hand corner represents the best combination of 

Sensitivity and Specificity [262] 

 

Figure 3.8: ROC curves from four different tests. A perfect test (a) has an AUC equal to 1. The diagonal ROC 

(d) has an AUC equal to 0.5 and corresponds to a test that has no discriminant ability. The remaining ROC 

curves (b) and (c) refer to tests with some discriminant ability (0.5<AUC<1). ROC curve (b) has a higher AUC 

compared to (c) demonstrating that the corresponding test b has an overall better diagnostic performance 

compared to test (c). Adopted from Park SH et al [263].  

Systematic review and meta-analysis of diagnostic accuracy studies primarily aim to describe 

how well the test classifies subjects (TP, FP, TN, FN), provide summary estimates of 

sensitivity and specificity based on the results of the individual included studies, describe the 

uncertainty of around these estimates and describe how test accuracy varies depending on the 

test threshold. Similarly with meta-analysis of intervention effects, the increased sample size 

resulting from pooling individual studies together allows results in increased statistical power 

and for more precise estimates of sensitivity and specificity [264]. However, systematic 

reviews and meta-analyses of studies of diagnostic accuracy are different compared to other 

kinds of systematic reviews and meta-analyses both in the method of addressing study quality 
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as well as in the statistical approaches required to combine results from individual studies 

[238].  

 

Quality assessment in systematic reviews of diagnostic accuracy studies 

Diagnostic accuracy studies frequently suffer from methodological weaknesses. Such 

weaknesses may include the use of an inappropriate “gold standard” test, selection bias 

(diagnostic test evaluated in a subset of subjects that may not be characteristic of the 

population the test is supposed to apply), lack of diagnostic test user blinding (the user is 

familiar with the disease status of the subjects prior the performance of the diagnostic test), 

and insufficient definition of what is a positive or negative test result (cut-off value not 

defined, or definition may be disputed) [265]. Furthermore, diagnostic accuracy studies may 

not describe the “gold standard” and index test in detail, may not have performed or may not 

have reported information for all evaluated patients may have “gold standard” and index test 

performed after the initiation of treatment and may or may not have reported “inconclusive” 

findings of the test procedures [34]. 

To address all the above weaknesses that may lead to different types of biases and allow the 

reviewer to describe the quality of the included studies in terms of reporting or risk of 

different biases, the Standards for Reporting of Diagnostic Accuracy (STARD) and the 

Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tools have been developed 

[218, 223]. Since 2011 the QUADAS-2 quality assessment tool has been developed from the 

original QUADAS and is currently the most widely applied quality assessment tool in 

systematic reviews of diagnostic accuracy[218]. It is made up of four key domains that cover 

patient selection (domain 1), index test (domain 2), “gold standard” test (domain 3) and flow 

of patients through the study and timing of the “gold standard” and index test (domain 4). 
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Each domain, with the help of signaling questions, is rated in terms of risk of bias and 

regarding the applicability to the research question at hand. Table 3.4 summarizes the 

components of QUADAS-2 assessment tool [219]. 

Table 3.4: Components of QUADAS-2 assessment tool 

Domain Category Signaling Questions Quality Assessment 

Patient 

Selection 

Risk of Bias 

Was a consecutive/random sample of 

patients enrolled? 

Was a case-control design avoided? 

Did the study avoid inappropriate 

exclusions? 

Could the selection of patients have 

introduced bias? 

RISK: Low/High/Unclear 

Applicability 
Prior testing, Presentation, intended 

use of index test and setting 

Is there concern that the included 

patients do not match the review 

question? 

CONCERN: Low/High/Unclear 

Index Test(s) 

Risk of Bias 

Were the index test results 

interpreted without knowledge of the 

results of the reference standard? 

If a threshold was used, was it pre-

specified? 

Could the conduct or interpretation of 

the index test have introduced bias? 

RISK: Low/High/Unclear 

Applicability n/a 

Is there concern that the index test, its 

conduct, or interpretation differ from 

the review question? 

CONCERN: Low/High/Unclear 

Reference 

Standard 

(―Gold 

Standard‖) 

Risk of Bias 

Is “gold standard” likely to correctly 

classify the target condition? 

Were the reference standard results 

interpreted without knowledge of the 

results of the index test? 

Could the reference standard, its 

conduct, or its interpretation have 

introduced bias? 

RISK: Low/High/Unclear 

Applicability n/a 

Is there concern that the target 

condition as defined by the reference 

standard does not match the review 

question? 

CONCERN: Low/High/Unclear 

Flow and 

Timing 
Risk of Bias 

Was there an appropriate interval 

between index test(s) and reference 

standard? 

Did all patients receive a reference 

standard? 

Did all patients receive the same 

reference standard? 

Were all patients included in the 

analysis? 

Could the patient flow have 

introduced bias? 

RISK: Low/High/Unclear 

Source: [219] 
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Statistical Methods in meta-analysis of Diagnostic accuracy studies 

Diagnostic accuracy meta-analyses primarily aim to calculate pooled estimates of sensitivity 

and sensitivity, taking into account the variability across studies. Sensitivity and specificity 

can be calculated for a specific common threshold (referred to as the average operating point) 

or an ROC curve can be computed across m thresholds. However, in the case that included 

studies are characterized by mix thresholds, estimating only a summary sensitivity and 

specificity threshold will relate to an unspecified average of the thresholds used in the 

included studies which is unhelpful and must be avoided [264].  

A number of statistical methods have been suggested perform diagnostic accuracy meta-

analysis. Among them are simple pooling (fixed-effects) of sensitivity and specificity, 

random-effects meta-analysis separately for Sensitivity and separately for Specificity, 

separate meta-analysis of positive and negative likelihood ratios, the Littenberg-Moses 

summary ROC curve, bivariate random effects meta-analysis and calculation of Hierarchical 

Summary ROC curves (HSROC) [266]. Simple pooling requires the reviewer to construct a 

2x2 table as the one presented in Table 3.3 by summing up the numbers of TP,FP,TN,FN 

from the individual studies and subsequently calculate Sensitivity and Specificity as though 

all the data originated from an individual study. This method basically ignores any between 

study heterogeneity but also ignores any correlation between the two measures of diagnostic 

accuracy. Sensitivity is inversely correlated with Specificity due to the trade-off between 

these measures as the test threshold varies. More importantly, when Sensitivity and 

Specificity are reported at different thresholds in the included studies, ignoring this 

correlation may bias the pooled estimates significantly.  The same limitation applies for 

separately pooling Sensitivity and Specificity using a random effects model which although 

accounts for the between study heterogeneity, it does not account for the correlation between 

the two measures [238]. The Moses and Littenberg summary ROC curve (Moses-Littenberg 
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SROC) is based on logit trasformations of TP and FP [267], makes use of simple linear 

regression to generate a SROC curve. This method assumes that observed differences across 

studies result from the different thresholds used but it is considered an approximation as the 

assumptions of simple linear regression are not met [268, 269].  

Bivariate random effects meta-analysis for diagnostic accuracy studies, provides average 

sensitivity and specificity estimates across studies and has been first described by Reitsma et 

al in 2005 [270]. It allows for pairs of sensitivity and specificity from each included study to 

be jointly analyzed using a random effects approach and as a result it incorporates both the 

between study heterogeneity and the correlation between the two measures. Furthermore, it 

provides a confidence and prediction region for Sensitivity and Specificity. The confidence 

region provides a measure of the uncertainty in the pooled estimates and the prediction region 

informs about the region within which it is expected for the Sensitivity and Specificity of a 

future study to lie [271]. The Bivariate model involves statistical considerations in two levels. 

At the first level, the cell counts obtained from the 2x2 tables of each included study are 

extracted using binomial distributions and logistic transformations of proportions while in the 

second level, the random effects model accounts for the heterogeneity between the studies 

beyond the sampling variability accounted at the first level [264]. The Bivariate model is 

specified as follows [272]: 

(
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Where μΑi refers to log-transformed sensitivity and μBi refers to log-transformed specificity 

for an included study i. Variables σ
2

Α and σ
2

Β refer to the between study variability in log-
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transformed sensitivity and specificity while σΑΒ refers to the covariance between log-

transformed sensitivity and specificity.  

The fitting of Hierarchical Summary ROC curves (HSROC) as a mean to summarize results 

from individual studies of diagnostic accuracy has been first described by Rutner and 

Gatsonis in 2001 [268]. This method extends the Moses-Littenberg SROC but is more 

flexible and performs better in incorporating both within and between study variability. The 

resulting HSROC describes the relationship between sensitivity and specificity derived from 

the individual ROC of each included study. The HSROC model is specified as a two-level 

mixed logistic regression model conditional on the sensitivity and the specificity of each 

study (within-study model) and a bivariate normal model for the sensitivity and specificity 

between studies (between study model). The within-study model is specified as follows. 

      (   )  (        )            

Where πij is the probability that a patient with disease status j in study i will test positive. 

Disease status is categorised as diseased (j=1) or non-diseased (j=0) thus for study I πi0 equals 

the FP rate and πi1 is the TP rate and accounts for within study variability at first level. 

Variables θi and ai are the cut-off points and accuracy parameters that are allowed to vary 

between studies (accounting for between study variability). Variable Xij serves as the true 

disease status of a patient in study i with disease status j and variable β is a scale parameter 

that allows the modelling of the asymmetry in the ROC curve. Similarly to the bivariate 

model, HSROC analysis can be used to derive summary estimates of Sensitivity and 

Specificity as well as confidence and prediction regions along with summary ROC curves 

[272]. 

Given that both of bivariate model and HSROC analysis are statistically rigorous procedures, 

specialised statistical software is required to run them. The metandi command (along with the 

metandiplot command that produces accompanying graphs), runs the hierarchical logistic 
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models and presents the results in both bivariate and HSROC parameterization and has been 

developed for STATA software by Harbord and Whiting in 2009 [273] and is now used 

widely in meta-analysis of diagnostic accuracy meta-analyses. The output of the two 

commands includes summary estimates and confidence intervals for Sensitivity and 

Specificity as well as estimates of LR+ and LR- at the summary point. The metandi 

command also provides the diagnostic Odd Ratio (DOR) which is ratio of the odds of a 

positive test given that the patient has a disease relative to the odds of a positive test given 

that the patient does not have the disease and is considered a single measure of the 

effectiveness of the test. The metandiplot command produces the graph of the model fit by 

metandi. Figure 3.9 demonstrates the output of metandiplot command. 

 

Figure 3.9: Command metandiplot output in STATA. Circles correspond to Sensitivity and (1-Specificity) 

results from the individual studies. The size of the circle corresponds to the weight that each study is assigned in 

the model. Output includes the summary estimate of Sensitivity and Specificity along with 95% Confidence and 

95% prediction regions and the HSROC. Adapted from Harbord and Whiting [273]. 
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Chapter 4: Methodology - Cost-Effectiveness Analysis in Healthcare 

Decision making in health and medicine  

In the past, decision making in medicine was largely driven by the experience (and 

sometimes the paternalism) of individual medical practitioners who were aware of a narrow 

range of possible diseases, were equipped with a limited number of diagnostic tests and had 

access to few possible treatments to choose from. However, during the last decades, 

following the advancements of medical knowledge and technology, medical practitioners 

have access to an ever expanding spectrum of diagnostic tests and treatments for all kind of 

diseases, complex or monogenic, common or rare. This combination of wide range of 

diseases and availability of different but frequently not perfect tools to diagnose and treat 

them results in more complex and difficult decisions for the medical practitioner, the hospital 

manager or the healthcare policy decision maker to make. 

Decision making in healthcare is difficult not only due to the wide range of the possible 

options that are now available but because of the important consequences that these decisions 

have and the significant uncertainties and trade-offs they involve. Uncertainties may arise 

from limitations in the accuracy of diagnostic tests, from the ambiguity in data collection or 

from the uncertainty in the effectiveness of different treatments. The treatment effectiveness 

can be described as the number of patients achieving a clinical improvement target (such as 

10 mmHg fall in blood pressure), the number of patients experiencing exacerbations of their 

disease, the number of deaths averted or the number life years saved.  Trade-offs in medical 

decisions may refer to the contrast between the health benefits and side-effects of a specific 

treatments (e.g. chemotherapy) or may refer to the trade-offs between Sensitivity and 

Specificity of a test that need to be considered during the introduction of new diagnostic 

guidelines for a specific disease. Furthermore, the trade-off may refer to the choice between 
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treatments that may have different health benefits but also may be accompanied by 

significantly different economic cost for the patient or the healthcare system [255]. The 

physician, in order to make the best possible decision needs to have access to the best 

evidence available that inform about the many parameters of the problem in question and 

illuminate all relevant uncertainties and trade-offs. The best sources of evidence are 

systematic reviews of individual studies that addressed a specific issue or parts of it. If 

accompanied by a meta-analysis, a quantitative summary along with an estimate of its 

uncertainty will be available and can be used in informed decision making. In the absence of 

meta-analytic estimates, single studies of good quality are appropriate sources of evidence 

and finally, in the case of absence of good single studies, subjective estimates about specific 

parameters of the problem based on personal experiences can be used [255]. However, even 

if evidence of good quality is available, a logical and structured method to combine these data 

and reach to conclusions is still required. Formal decision analysis, uses this method as a 

quantitative technique to systematically integrate all available evidence that relate to 

particular decision and aims to facilitate decision making by identifying the course of action 

that is expected to maximize the desired outcome [274]. Decision analysis can be comprised 

by the following four distinct steps [260]:  

a. Development of a decision tree (includes formulating the decision problem, assigning 

probabilities and measuring outcomes). 

b. Calculation of the expected value of each decision alternative. 

c. Select the decision alternative with the highest expected value. 

d. Perform sensitivity analysis to test the decision analysis conclusions. 

In more detail, a decision tree is a graphic representation of the decision problem which 

displays all outcomes of each decision. It consists of a set of decision (box symbol) and 

chance nodes (circle symbol) along with connecting branches. Decision nodes represent the 
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points in the tree at which several alternative decisions can be made and chance nodes 

represent points in the tree at which chance (probabilities) determine which outcome will 

occur. Some examples of different decision alternatives could be whether to start a new 

screening program for breast cancer or not, whether to fund an alternative clinical 

intervention for cardiovascular disease management at the expense of another intervention or 

whether purchase a new diagnostic modality to replace an already acquired equipment. 

Terminal nodes are represented by triangles and signify the end of a specific decision branch 

where the expected value of the decision outcome is calculated. Different examples of 

outcomes could be the number of cases detected, the number of lives saved, the number of 

life-years saved or the number of Quality Adjusted Life Years (QALYs) saved. Decision 

trees are usually written from left to right starting from the initial decision node at the far left 

and terminal nodes at the far right. An illustrative example of a decision tree is presented in 

Figure 4.1. 

 

Figure 4.1: An example of a decision tree (developed by TreeAge PRO software). Numbers below outcomes 

represent the probability that the outcome will occur.  

The basic decision tree framework described here can describe well the sequence of events 

and outcomes but only if there are no recursions. In case of recurring events (including 

recurring decisions and outcomes) such as in the case of cancer patients which may face 
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cancer recurrence after treatment, decision trees become increasingly complex and hard to 

calculate [255]. Relatively simple methods such as Markov models [275] as well as more 

advanced methods (discrete event simulation, dynamic transmission model) have been 

developed to account for decision problems with recurring events [276, 277]. 

The term expected value is defined as the sum of the values of all the outcomes resulting 

from a specific decision alternative with each value weighted by the probability that the 

consequence will occur. It is a term that closely relates to the term weighted average and is 

calculated by the following formula:  

                         

Where E(X) is the expected value of decision alternative X with possible outcomes A and B. 

P(A) and P(B) refer to the probability that outcome A or B will occur respectively and U(A) 

and U(B) refer to the value of the outcome occurring. The decision alternative with the 

highest expected value represents the best choice [260]. Finally sensitivity analysis can be 

employed if there is considerable uncertainty regarding the assumptions that were made and 

there are doubts whether the conclusions made by the analysis are valid and generalizable. 

Towards evaluating whether the same conclusions would apply under different assumptions, 

sensitivity analysis is performed, that is the analysis is repeated after substituting a range of 

parameter values and assess whether the final conclusion of the analysis is altered. An 

unaltered conclusion provides reassurance that the original conclusions are valid while 

conclusions that are sensitive to small alterations in some of the parameters values may 

prompt for additional refinements in the original analysis [255].  
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Economic evaluation in healthcare 

Given that healthcare costs take up a significant part of national expenditures and the 

healthcare industry is growing in a planet with an increasingly aging population, it has been 

increasingly recognized that the effectiveness of an intervention should not be the only 

component of health care decision making. As a result, instead of just comparing health 

benefits and harms of the different interventions and selecting the decision that leads to the 

greatest health benefit, the economic cost of the intervention has to be taken into account and 

decision could be based in other criteria apart from the health benefit. The economic cost of 

the intervention refers to any economic resource (such as medical or non-medical equipment, 

consumables, human labor and the use of buildings/energy) that is consumed for the 

implementation of the intervention [255]. A number of different economic evaluation 

approaches have been developed and are used in health care decision making. The four main 

approaches are (a) cost minimization analysis (CMA), (b) cost benefit analysis (CBA), (c) 

cost-effectiveness analysis (CEA) [278]. 

CMA focuses on comparing the recourse cost of alternative interventions and usually applies 

when the two (or more) alternative interventions are assumed to have the same effectiveness 

and safety or tolerability in regards to adverse effects.  Although CMA is easier from all other 

types of economic evaluations as it does not require the quantification of health benefits 

which frequently is difficult to perform, it is now rarely used mainly due to concerns about 

the applicability of assuming that alternative interventions result in equivalent health 

outcomes [279]. CBA does not rely on any prior assumption regarding the health benefit of 

each alternative intervention and can be used to compare interventions with different 

effectiveness and safety outcomes. In order to do so, CBA requires for monetary values to be 

placed on health benefits by taking into account how much society is willing to pay for the 

particular benefits. Interventions are then compared based on their net monetary benefit 
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(monetary value of the cost of intervention plus the monetary value of the health effect of the 

intervention). An intervention with negative net monetary benefit (costs outweigh the 

benefits) should not be implemented and an intervention with positive net monetary benefit 

(benefits outweigh costs) should be implemented. Similarly an intervention with a higher 

positive net benefit should be preferred instead of an intervention with a lower positive net 

benefit [280]. CBA is a useful tool for decision makers as it is the most comprehensive form 

of economical evaluation compared to CMA or CEA and by using a single measurement, it 

provides a clear answer to the question “Is this intervention worth doing?” [280, 281]. In 

addition, it allows the comparison of health care interventions that may also span out of the 

healthcare sector into the education, transport or any other non-healthcare economic sector 

[281]. However, the use of CBA is limited by several ethical and practical considerations. 

The primary factor that deters decision makers to make use of CBA is the requirement to 

assign monetary values to health effects such as human lives or the quality of human life. 

Methods such as the human capital approach as well as the observed and stated preferences 

approach have been used to facilitate monetary valuation of health outcomes but not without 

significant criticism. The human capital approach considers human beings as capital 

equipment (similar to machinery in manufacturing industry) that are expected to produce a 

flow of productive activity in the future (mirrored in the individual‟s annual compensation) 

and the health benefit can be valued in terms of future income that would have been lost if the 

healthcare intervention was not applied [282]. The criticism about the human capital 

approach, focuses on the facts that rates of compensation are used as a measure of 

productivity in the human capital approach while rates of compensation reflect productivity 

only when certain market conditions apply and that valuing health effects in terms of rate of 

compensation downplays the value of health effects in individuals that are not employed or 

are retired [280]. The observe preferences approach relies on observing how much money are 
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individuals paid to undertake a job that entrails a significant amount of risk (e.g. deep sea 

divers) or how much money do individuals pay different safety measures (e.g. safety features 

in cars) and the resulting relationships between amount of money and risk can provide a 

value to value health benefits of interventions. Finally the stated preferences approach 

requires individuals to choose among specified choices in monetary terms, a method that is 

also described with the term “willingness-to-pay approach”. This approach associates 

monetary values to health outcomes by asking individuals how much they would be willing 

to pay to avoid a negative health outcome or obtain a positive health outcome [280]. The 

main criticism in the observed preferences approach is that it can be evaluated in only a very 

limited number of situations and thus it is difficult to generalize the results obtained while for 

the willingness to pay approach criticism focuses to its reduced sensitivity to the magnitude 

of the benefit, the differences in the responses when individuals are asked about a health 

outcome in isolation compared when individuals are asked about multiple health outcomes 

[283] and to the fact that (absolute) willingness to pay is affected by the individual‟s ability to 

pay thus resulting in equity issues [282]. In addition to the above practical reasons, the 

widespread reluctance of healthcare policy makers to rely on monetary valuation of health 

outcomes resulted in a limited use of CBA as opposed to CEA analysis which is the most 

frequently used method of economic evaluation in the field of healthcare [284]. 

 

Cost Effectiveness Analysis  

In CEA, both costs and health outcomes are assessed separately and interventions are 

compared based on their differences in net cost and net effectiveness and the result is 

presented as a ratio (cost per unit of health outcome) [285]. When the intervention is 

compared against a “do nothing” the ratio is usually called Average Cost Effectiveness Ratio 
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(ACER) or plainly Cost Effectiveness Ratio. However it is more common to compare a new 

intervention compared to an intervention that is currently being in used and very frequently 

more than two interventions are compared. Given that the comparisons are also mutually 

exclusive the incremental differences are of interest and thus the terminology typically used 

includes the terms incremental costs, incremental health effects and incremental cost-

effectiveness ratio (ICER). The ICER can be calculated as the difference in costs divided by 

the difference in effects of two interventions (intervention (a) and intervention (b)): 

                                        
           

               
  

     

       
   

When results of cost effectiveness analysis are presented graphically the series of calculated 

ICERs that connect the mutually exclusive interventions, the characteristic cost-effectiveness 

frontier (CEF) is formed. All interventions that are placed along the CEF are cost-effective 

options at different ceiling ratios. Ceiling ratios are limits on the cost that a decision maker 

sets per unit of outcome, frequently also called the maximum acceptable value of an ICER. 

Interventions that lie to the left of the CE frontier are considered dominated. Dominance 

exists when an intervention is both more costly and less expensive compared to an alternative 

intervention. It is possible that an intervention will be more costly and less effective than a 

combination of two other interventions. This case is called extended dominance and 

practically means that any combination of the other two interventions (that are along the 

CEF) is always more cost-effective compared to the dominated intervention. Figure 4.2 

presents a characteristic scatter plot of costs vs total Life Years saved for four different 

interventions and the CEF. Based on the amount that the decision maker wants to spend 

(ceiling ratio), both interventions B and D are cost-effective options and the ICER for 

intervention D is the slope of the line that connects interventions B and D. Intervention A is 

dominated and intervention C is characterized by extended dominance. 
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Figure 4.2: The continuous black line that connects the origin, point B and point D is called the CEF. All 

interventions that are placed along the CEF are cost-effective at different ceiling ratios. Intervention A is 

dominated by intervention B and intervention C is dominated by the combination of interventions B and D. 

 

Estimation of Costs in CEA 

The calculation of intervention costs that make up the numerator of the ICER ratio usually 

includes health related but also non-health related costs of care and is influenced by the 

decision-making perspective that is adopted by the CEA. The different perspectives that are 

usually used are the payer (patient) perspective, the provider (hospital or health-system) and 

the societal perspective and depending on the perspective used, different set of costs are 

included in the analysis. The payer and the provider perspectives are considered narrower in 

scope as only costs incurred upon the patient (e.g. per-visit charge or co-payment) or only 

costs incurred upon the health care provider (e.g. cost of patient visit or cost of surgery) are 

included respectively. On the contrary the societal perspective in considered wider in scope 

and includes all health (e.g. cost of surgery) and non-health related costs (e.g. the time of 

unpaid caregivers) and effects resulting from the intervention and are borne by any 

individuals in the society [286]. Direct health related direct costs usually include the costs of 

resources used to implement a health care intervention such as the costs of medical personnel, 
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the cost of diagnostic tests, the cost of equipment and consumables, the cost of medication or 

the cost of inpatient admission while direct non-health related costs (sometimes called 

indirect costs) may refer to the child-care cost borne by a parent undergoing treatment or cost 

of time a family member spend to care for a diseased relative [287]. Many non-health care 

costs may also refer to productivity costs (or opportunity costs) that can be translated as costs 

that occur because time is not used productively such as in the case of the time “lost” by the 

caregiver to care for a diseased relative. While impaired productivity is monetized in CBA, 

CEA treats impaired productivity as effect and is measured in terms of improvement in 

patient‟s quality of life and life extension [255].   

Practically, the cost calculation in CEA is a three step process which includes the 

identification of the different categories of resources that are required for the intervention, the 

measurement of the extent of recourse use and the valuation of the resource use through the 

estimation of the resource unit cost [288]. Which resources will be identified for the cost 

calculation is influenced by whether a gross-costing or a micro-costing approach is chosen. 

The gross-costing approach views the different resources as bundles (e.g total surgery cost or 

total diagnostic test cost) while the micro-costing approach requires the recognition of all the 

underlying activities that make up a specific intervention or specific procedure. Data 

availability usually dictates which of the two approaches will be used and it is not unlikely 

that both approaches are combined in the same CEA [289, 290]. Following the identification 

of the resource use (e.g hospital admission), the calculation of intervention costs requires the 

estimation of the unit cost (cost per inpatient day) and the estimation of recourse use (e.g. 

number of days in hospital). The product of resource use and unit cost provides the total cost 

estimate for the particular resource [290]. Information about resource use could be routinely 

collected by the hospital administration, could be extracted from medical notes or could be 

gathered directly from patients through the use of specific questionnaires such as the SMILE 
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resource use questionnaire. Resource use questionnaires are made up of a series of questions 

that may regard to the frequency and duration of hospital and community care visits, 

medication use but also the loss of earnings and the occurrence of other out of pocket 

expenses for the individual. [291]. Information about unit cost can be obtained from current 

market prices in the form of drug prices, salaries for staff or list prices for in-hospital 

procedures. 

Nevertheless, two significant concerns about the calculation of costs resulting from the 

implementation of a specific health intervention need to be addressed. The first regards to 

decisions that involve the purchase of equipment such as a Computed Tomography (CT) 

scanner or Magnetic Resonance Imaging equipment that are considered to have a life-span of 

many years. In this case the cost of the equipment is considered to spread over the lifetime of 

the equipment and reflects the often real-life scenario of buying equipment through obtaining 

a loan and repaying the loan through annual mortgage payments. The amount that has to be 

paid every year during the lifespan of the equipment in order to repay the equipment and the 

interest on a loan is given by the amortized annual cost formula [255]: 

 

      
        

        
 

Where M is the amortized annual cost of payment incurred at the beginning of the year, P is 

the purchase price, N is the equipment lifespan and i is the annual interest rate. The second 

concern regards to the different manipulation that is required for costs that are incurred in the 

present and costs that are expected to be incurred in the future as it is known that there is a 

preference to incur costs later in the future instead of now [292]. The underlying reason 

behind this preference is the opportunity cost of money which can demonstrated by the fact 

that an amount of money that is not spent in the present can be invested to produce a larger 
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amount of money in the future. In order to account for this preference, future costs are 

required to be converted to their present values. The process of discounting allows the 

calculation of the present value of an amount of money that is spend in the future by taking 

into account a discount rate and the how far into the future the costs are incurred. The 

discount rate corresponds to the rate at which an amount of money is discounted per year and 

usually is equal to the annual interest rate that the same amount of money would yield if 

invested. Although discount rates used in economic evaluations has varied considerably, as 

low as 1% and as high as 10%, the most frequently used rates was 5% in the past 3% in more 

recent economic evaluations [255]. The present value of an amount of money spent in the 

future is calculated as follows [260]: 

   
 

      
 

Where S is the amount of a future expense, PV is the present value of the future expense, r is 

the discount rate (per year) and N is the number of years until the expense is incurred.  

  

Estimation of Health Effects in CEA 

The health effectiveness measure can be any kind of effectiveness measure depending on the 

interventions that are being tested such as cases detected when comparing different diagnostic 

procedures, number of cases prevented when comparing vaccination programs or years of life 

saved when comparing clinical interventions. However since decision makers are usually 

interested in allocation of constrained resources across different healthcare areas, a common 

effectiveness measure based on expected utility theory, the Quality Adjusted Life Year 

(QALY), has gained widespread use in CEA analysis [293].  When the primary health effect 
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outcome in CEA is measured in QALYS, these analyses are often called Cost Utility 

Analysis (CUA).  

The main benefit of using QALYs as the main effectiveness measure is its ability to capture 

not only the intervention‟s impact on length of life (as it happens with measure “years of life 

saved”) but also the intervention‟s impact on quality of life In principle, QALYs are a 

measure of health effectiveness which assigns to particular lifetime periods a weight (health 

utility), ranging from 0 to 1. The assigned health utility ideally corresponds to the health 

related quality of life (HRQoL) during that particular lifetime period. A health utility equal to 

1 corresponds to full health while a health utility of 0 corresponds to a health state equivalent 

to death. For health states that may be considered worse than death a health utility with a 

value less than 0 can be used. Additionally, any change along the interval scale between 0 

and 1 should be considered equivalent to any other change of the same magnitude regardless 

of the point along the scale that relates to (e.g a change between 0.3 to 0.4 is equivalent to a 

change between 0.7 to 0.8) [294]. QALYs are calculated by summing the products of the time 

spend in a particular time period with the specific health utility of that particular time period 

across a lifetime. Similarly the Quality Adjusted Life Expectancy (QALE) for an individual 

at age x can be calculated as follows [295]: 

     ∑  

   

   

 

Where L is the life expectancy of the individual at age x and t corresponds to single years 

within that life expectancy range and Q is the health utility for each year t. A graphical 

representation of how QALYs are calculated is presented in Figure 4.3.  
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Figure 4.3: A diagram that represents how QALYs are calculated. The area under each curve (AuC) calculated 

as health utility x Time represent the total QALYs lived by the individual. The difference between the two AuC 

corresponds to the total QALYs gained by the individual due to the intervention. Adapted from Whitehead et al 

[294] 

The health utilities that are part of the QALY are calculated in differently compared to the 

more widely used descriptive HRQoL measures that are derived from more widespread tools 

such as the Short Form 36-item questionnaire (SF-36) [296] or disease specific HRQoL 

questionnaires [194, 195].  Descriptive HRQoL tools usually provide a summary of scores for 

several quality of life domains (such as self-functioning, physical activity and social activity). 

On the contrary health utilities do not just describe the characteristics of the health state as 

such or how it affects the ability of the individual to function but instead reflect how an 

individual values (or feels about) a specific health state, in other words describe what is the 

individual‟s health preference about that specific health state [255]. Health utilities can be 

estimated with a number of methods. These can be distinguished in methods that direct elicit 

utilities such as the Time-Trade-Off (TTO) approach, the Visual Analog Scale (VAS) and the 

Standard Gamble (SG) approach [297] and multi-attribute utility scales such as the Euro Qol-

5D (EQ-5D) that can indirectly obtain utility estimates.     
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The simplest of the direct elicitation methods is the VAS which consists of a rating scale as 

the one presented in figure 4.4 and  the question “On a scale where 0 represents the worst 

imaginable health state and 100 represents the best imaginable health state, what number best 

describes your current health status?”.  

 

Figure 4.4: An example of a Visual Analog Scale. Adapted from  the EuroQol group EQ-5D questionnaire 

[298].  

Responders are asked to place an X on the VAS for the value of death and an X for the value 

which best describes the health state. Utility Weights for the specific disease health state are 

them given by the formula [299]: 

   
   

     
  

Where HU refers to Health Utility, x refers to the placement on the VAS for the health state 

and d refers to the placement on the VAS for death.  

The TTO approach includes assessment of the health state utility by asking how much time 

(usually years of life) would the responder trade to improve his current health state to a health 

state of perfect health. . The usefulness of this approach relies on the assumptions that the 

impact of health problems/symptoms can be quantified and that the more life years someone 

is willing to sacrifice (trade off), the worse his/her health status is [300]. The point where the 

responder is indifferent towards living a full life with the disease or a shorter life with perfect 

health is the point of indifference and indicates the preference of the health state. As opposed 

to VAS and TTO approach, the SG relies directly on utility theory and is the original method 
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of measuring utilities [301]. Utility theory considers a utility scale (or utility function) as an 

assignment of numerical values to a set of outcomes, given that if the expected value of the 

utilities assigned to the outcomes in one branch of the decision tree in greater than the 

expected value of the utilities assigned to outcomes in another branch of the decision tree, 

then the first branch (alternative decision) is preferred over the second one [255]. The 

principle that underlies SG application in health preferences elicitation is that it assesses the 

utility by asking a respondent to choose between living in a specific health state and a gamble 

between perfect health and death. Subsequently the worse the health state assessed is, the 

higher risk of immediate death one will be willing to accept in order to avoid it. The decision 

tree presented in Figure 4.5 demonstrates the alternative choices.  

 

Figure 4.5: A decision tree diagram demonstrating the alternative choices under Standard Gamble with a 50% 

of immediate death. Developed with TreeAge PRO software. 

The point of indifference, which is the probability value of immediate death at which the 

responder cannot choose between the two alternative decisions, is considered the responder‟s 

utility for the particular health state [301].  

Indirect elicitation of health utilities is possible using multi-attribute utility scales such as the 

Euro Qol-5D-5L (EQ-5D-5L). Multi-attribute scales are frequently also called Health Indexes 

(HI) and constitute a classification instrument that resembles hybrid between traditional 

measurement of HRQoL with questionnaires such as the SF-36 and direct elicitation of health 
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utilities using the TTO approach.  HI categorizes health status in different categories and the 

patient is asked to respond to each specific category. For example the EQ-5D-5L categorizes 

health status into the following five domains: (a) Mobility, (b) Self-care, (c) Usual activities, 

(d) Pain/discomfort, (e) Anxiety depression and for each domain, the responder chooses 

among five levels: (a) No problem, (b) Some or limited problems, (c) Moderate problems, (d) 

Severe problems, (e) Unable or extreme problems [298]. The patients respond to the HI 

questionnaire but the different health states described by the HI are assigned preferences by 

polling the reference population (e.g. the general public) using a direct elicitation method 

such as the TTO. All direct elicitation approaches and the HI method involve relevant but not 

identical concepts so their results may vary and caution is required during interpretation. The 

main distinction that needs to be considered is that direct elicitation of health utilities using 

the VAS, TTO or SG assessed the preference of the affected individual for the specific health 

state while HI assesses the societal preference for the specific health state. Between the direct 

elicitation methods, VAS is the easiest to perform while SG and TTO may often confuse 

responders so interviewers usually rely on visual props or use questioning techniques to train 

the responder and avoid the introduction of bias [297].   

 

Uncertainty in Cost-Effectiveness Analysis 

All information that has been collected is combined and with the use of mathematical 

modeling the final ICER is reported. However, given that the model structure itself, as well as 

the model parameters, is the result of various choices, assumptions and simplifications made 

by the analyst towards completing the CEA, it is expected that the final result of the CEA will 

be characterized by uncertainty. The main two approaches that are commonly used to address 

the issue of uncertainty are sensitivity analysis in deterministic modeling and uncertainty 

propagation using probabilistic sampling. In deterministic modeling, all parameters are 
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defined by discrete values while in probabilistic modeling; parameters are defined by a 

probability distribution of values rather than discrete values. 

In principle, sensitivity analysis involves the systematic evaluation of how the uncertainty 

about the deterministic estimates of several parameters and assumptions influences the final 

model results. In its simplest form, called one –way sensitivity analysis, the analyst varies the 

estimate of one parameter across a range of values while in the meantime all other variables 

remain at their “best estimate” value. The range of values over which the parameter is varied 

could be from minimum to maximum, across the 95% CI or across any other range the 

analyst considers meaningful [302]. Although one-way sensitivity analysis is useful tool that 

allows an improved insight into the factors that influence the results and provides a validity 

check to address the effect of parameters taking on their extreme values, it faces important 

limitations as it is known to grossly underestimate overall uncertainty and provide a 

somewhat misleading picture by not taking into account the interaction between multiple 

parameters in the model [290]. An example of one way sensitivity analysis and the resulting 

Tornado graph that is used to present its results is presented in Figure 4.6. 

 

Figure 4.6: A characteristic example of a Tornado diagram resulting from one way Sensitivity Analysis 

performed in regards to a cost effectiveness analysis for the treatment of type II diabetes with saxagliptin in 

Argentina. The Tornado graph presents the examined parameters and how these were varied on the left hand 

side of the graph while on the other side it presents the variation of the ICER. The parameters are ranked 

relative to the magnitude of their impact on the ICER. Adapted from Elgart JF et al [303].  
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Other forms of sensitivity analysis such as the two-way and multi-way sensitivity analysis 

can also be used. Two-way sensitivity analysis is a useful alternative when the analyst 

already knows of specific two key parameters that are correlated and wants to avoid the 

misleading view of one-way sensitivity analysis. Examples of such correlated parameters in 

the case of CEA for cancer treatment interventions could be the hazard ratio for survival 

without disease progression and overall survival, or health utility estimates for moderate and 

severe disease states [304]. Multi-way sensitivity analysis (also called scenario analysis or 

extreme scenario analysis) involves simultaneously setting each parameter to take the most 

extreme values as if model parameters were perfectly correlated. This approach allows the 

analyst to both assess the best case and worst case scenarios. However, in real life, 

parameters neither vary in isolation nor are perfectly correlated and as one-way sensitivity 

analysis underestimates the overall uncertainty, multi-way sensitivity analysis overestimates 

it [302]. In general, all deterministic sensitivity analysis approaches cannot provide the 

analyst with an indication of the likelihood of the result but rather provide an array of 

different results associated with varying one or more estimates (a process which is strongly 

dependent on additional arbitrary choices by the analyst) [290]. Furthermore, it relies to the 

analyst to decide what a noteworthy difference in the sensitivity analysis results is, while the 

potentially extensive array of results poses additional difficulties in terms of presentation and 

interpretation [255].  

On the contrary, uncertainty propagation using probabilistic sampling (also called 

Probabilistic Sensitivity Analysis (PSA)) allows the simultaneous assessment of all 

uncertainties in the model and provides the analyst with an estimate of the uncertainty in the 

model output which resulted from the uncertainties in the model inputs. In order to do so, the 

analyst needs to provide model parameter inputs in the form of probability distributions 

instead of discrete values and these probability distributions should reflect the uncertainty 
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around the best estimate (i.e. mean and standard error). PSA usually relies on a robust 

sampling technique such as Monte Carlo simulations to propagate uncertainty through the 

model. The principle underlying the Monte Carlo technique is that uncertainty is propagated 

by randomly selecting values from the probability distributions for each uncertain parameter 

and this is repeated for sufficiently large number of iteration (>1000) and the results are 

represented as distribution of incremental effects, incremental costs and eventually as a 

distribution of ICERs [290]. Figure xx presents a representation of the principle that underlies 

Monte Carlo simulation. 

 

 

Figure 4.7: Representation of PSA in CEA using Monte Carlo. Model Output could be incremental effect or 

incremental costs. Adapted from Hunnick et al 2014 [255] 

Following PSA, the results are usually presented as ICERs with a corresponding 95% CI 

and/or as cost-effectiveness acceptability curve (CEAC). CEACs provide a graphical 

representation of the probability that the intervention is cost effective (y-axis) across a range 

of ceiling ratios. Following PSA the incremental costs and effects distributions are combined 

into a series of net benefit distributions and the probability that the specific intervention is 
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cost-effective is plotted across a series of ceiling ratios [305]. A characteristic example of a 

CEAC is presented in Figure 4.8 [306]. It regards to a study about the cost-effectiveness of 

the use of adjunctive cognitive therapy for relapse prevention in chronic depression (versus 

clinical management and medication alone). The curve indicates the probability that cognitive 

therapy is more cost effective compared to the alternative for a range of ceiling ratios 

(maximum acceptable value for ICER). It can be deducted from the CEAC that if the decision 

maker wants to spend ₤6000 per additional relapse avoided the adjunctive cognitive therapy 

has a probability of being more cost efficient of 60% while if the decision maker is willing to 

spend ₤8500, the probability rises to 80% [37]. 

 

Figure 4.8: A characteristic example CEAC which regards a study about the cost-effectiveness of the use of 

adjunctive cognitive therapy for relapse prevention in chronic depression (versus clinical management and 

medication alone). The X axis displays the ICER ceiling values and the Y axis the probability of the intervention 

being cost-effective. The curve indicates the probability that cognitive therapy is more cost effective compared 

to the alternative for a range of ceiling ratios (maximum acceptable value for ICER). Adapted from Scott J et al 

2013 [306]. 
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Chapter 5: Diagnostic accuracy of nasal nitric oxide for establishing diagnosis of 

primary ciliary dyskinesia: A meta-analysis. 

Abstract 

Background: To date, diagnosis of Primary Ciliary Dyskinesia (PCD) remains difficult and 

challenging. We systematically evaluated the diagnostic performance of nasal Nitric Oxide 

(nNO) measurement for the detection of PCD, using either velum-closure (VC) or non-

velum-closure (non-VC) techniques. 

Methods: All major electronic databases were searched from inception until March 2015 

using appropriate terms. The sensitivity and specificity of nNO measurement was calculated 

in PCD patients diagnosed by transmission electron microscopy, high speed video-

microscopy or genetic testing. Summary receiver operating characteristic (HSROC) curves 

were drawn using the parameters of the fitted models. 

Results: Twelve studies provided data for thirteen different populations, including nine case-

control (n=793) and four prospective cohorts (n=392). The overall sensitivity of nNO 

measured by VC techniques was 0.95 (95% CI 0.91-0.97), while specificity was 0.94 (95% 

CI 0.88-0.97). The positive likelihood ratio (LR+) of the test was 15.8 (95% CI 8.1-30.6), 

whereas the negative likelihood ratio (LR-) was 0.06 (95% CI 0.04-0.09). For non-VC 

techniques, the overall sensitivity of nNO measurement was 0.93 (95% CI 0.89-0.96) 

whereas specificity was 0.95 (95% CI 0.82-0.99). The LR+ of the test was 18.5 (95% CI 4.6-

73.8) whereas the LR- was 0.07 (95% CI 0.04-0.12). 

Conclusions: Diagnostic accuracy of nNO measurement both with VC and non-VC 

maneuvers is high and can be effectively employed in the clinical setting to detect PCD even 

in young children, thus potentiating early diagnosis. Measurement of nNO merits to be part of 

a revised diagnostic algorithm with the most efficacious combination of tests to achieve PCD 

diagnosis. 
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Introduction  

Primary ciliary dyskinesia (PCD) is a rare, hereditary disorder characterized by impaired 

mucociliary clearance [307].  Apart from situs inversus in ~50% of the cases, the main 

manifestations of the disease are not specific. Nevertheless, the associated recurrent 

sinopulmonary infections eventually lead to severe chronic lung disease and development of 

bronchiectasis [308, 309].   

While some centers began using targeted genetic testing,[310] the diagnosis of PCD in the 

majority of centers currently relies on an array of different sophisticated tests namely the 

High Speed Video Microscopy (HSVM) for ciliary motility assessment,[311] Transmission 

Electron Microscopy (TEM) for the examination of cilia ultrastructure [312] and nasal nitric 

oxide (nNO) measurement [313]. The diversity of the employed diagnostic tests reflects the 

lack of a golden diagnostic standard and the weaknesses and inaccuracies that characterize 

each of these tests. In particular, TEM examination of ciliary axonemes exhibits normal 

ultrastructure in confirmed patients with biallelic mutations in certain disease-causing genes 

such as DNAH11, [314] while the motility patterns observed by HSVM vary widely 

depending on the implicated genetic variant [315, 316].  

Nasal nitric oxide (nNO) is abnormally low in PCD patients [317] and it has been part of the 

diagnostic work-up in many PCD centers.[318] Current American Thoracic Society/European 

Respiratory Society (ATS/ERS) guidelines for nNO measurements recommend air aspiration 

via a nasal probe while the subject exhales through the mouth against resistance in order to 

maintain velum closure. Alternative techniques to maintain velum closure such as breath hold 

or pursed- lip breathing via the mouth are also acceptable [319]. However, velum closure 

requires cooperation and this precludes the performance of these techniques in young 

children. Few reports have investigated the discriminative ability of nNO measurements with 
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the velum open as in the case of tidal breathing [309, 320] with encouraging findings for the 

usefulness of this technique in screening for PCD in younger children and adults unable to 

perform velum closure.  

In view of the above specific restrictions and weaknesses, for the clinicians and the patients it 

remains of key importance to appraise the potential diagnostic value of each of the available 

diagnostic tests for PCD, in order to find its place in the armamentarium for elicitation of the 

diagnosis of the disease. A recent systematic review and meta-analysis summarized the 

published evidence on the measurement of nNO in PCD and reported on the mean difference 

of nNO production values obtained during velum closure techniques in PCD patients versus 

healthy controls (231 nL/min, 95% CI: 193.3-268.9) and cystic fibrosis patients (114.1 

nL/min, 95% CI: 101.5-126.8) [321]. However, that report did not perform a meta-analysis on 

the diagnostic accuracy of nNO measurements in order to provide synthesized data on the 

potential diagnostic value this test may have in future algorithms for PCD diagnosis, which 

would be particularly informative in clinical decision making. The aim of this study was to 

systematically evaluate the diagnostic performance of nNO measurement as obtained either 

with a velum-closure or a non-velum-closure technique in screening for PCD so as to provide 

appropriate summary estimates of diagnostic accuracy with each breathing technique and 

demonstrate the summary trade-off between sensitivity and specificity across the included 

studies. 

Methods 

Search strategy and selection criteria 

The electronic databases PubMed, SCOPUS, Cochrane Database of Systematic Reviews and 

Google Scholar were searched from inception until March  2015 using the keywords: „nasal 

nitric oxide, “nNO”, “nasal NO”, “Primary Ciliary Dyskinesia”, “PCD”, “lung”, 
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“pulmonary”, “pulm*”, “cilia” either in the title or the abstract or using MeSH terms. The 

references of eligible studies were further examined for possible missing articles. We 

included studies which were identified after two reviewers (PK, SIP) independently screened 

the title and abstract of the obtained search results. Final selection was based on full text 

evaluation. Any disagreements were resolved by discussion and in case of discrepancy, by a 

third researcher (PKY). As this study is based on a systematic review of the previously 

published literature, an ethical approval was not obtained, since there is no potential of 

participant identification and ethical approval and consent was already obtained at the 

individual study level. The guidelines of the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) were followed.  

The validity of each primary study was assessed using the Quality Assessment of Diagnostic 

Accuracy Studies -2 (QUADAS-2) tool [322], that evaluates the risk of bias and applicability 

of diagnostic accuracy studies. It consists of four key domains: patient selection, index test, 

reference standard, flow and timing. Each is assessed in terms of risk of bias and the first 

three in terms of issues regarding applicability.  

 Studies were considered eligible if they provided data on the sensitivity and specificity of 

nNO for the diagnosis of PCD in order to construct a 2 x 2 table for each study calculating 

true positives (TP), false negatives (FN), false positives (FP) and true negatives (FN) for the 

presence or not of PCD according to nNO values set as a cut-off in each study. In some 

studies, the numbers were not provided per se but it was possible to extract them from other 

manuscript data sources. In case of incomplete information, we contacted the authors of the 

primary studies. Studies that reported only mean values of nNO were not included in our 

analyses as they did not provide data for computing summary diagnostic accuracy estimates 

(sensitivity, specificity, positive and negative likelihood ratio). Disease status in each selected 

study was required to have been confirmed by TEM and/or HSVM or genetic testing. 
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Additional information on NO analyzer type, flow rate and breathing maneuver was also 

collected and used in data synthesis. Studies that did not report the equipment and flow rate 

used were not considered eligible as well as studies that may have used flow rate outside of 

the ATS/ERS recommended range (0.25-3L/min)[319]. Cut-off values for the nNO test, were 

usually reported in parts per billion (ppb) and were transformed to NO production rate units 

(nl/min), using the conversion formula concentration (ppb) x sampling rate (L/min) as used 

previously [313], in order to account for the used different flow rates. Breathing maneuvers 

such as breath hold (BH) and exhalation against resistance (ER) were categorized as velum 

closure (VC) techniques and in case of both maneuvers performed by the study subjects; only 

results for the ER maneuver were included as the most validated technique according to 

ATS/ERS guidelines [319]. For studies employing the non-velum closure (non-VC) 

technique, only results of nNO measurements that were performed during tidal breathing 

(TB) with mouth open were included in the meta-analysis.   

 

Data extraction 

The name of author, study design, publication year, country of origin, study population 

sample size, age distribution of study population subgroups, nNO cut-off levels, information 

on the measurement method and the test(s) used for the diagnosis of PCD were recorded for 

each study. Data on the values of TP, TN, FP, FN were extracted independently by two 

reviewers (PK, SIP). A third investigator (PKY) settled any discrepancies and consensus was 

reached for all data. 
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Analysis  

A bivariate model was used to calculate estimates of overall sensitivity and overall 

specificity. We fitted a two-level mixed logistic regression model conditional on the 

sensitivity and the specificity of each study and a bivariate normal model for the sensitivity 

and specificity between studies [323].  This method combines information from multiple 

thresholds and the output is expressed as a hierarchical summary receiver operator curve 

(HSROC). The HSROC describes the relationship between sensitivity and specificity derived 

from the individual receiver operator curves (ROC) of each study. Following this method, it 

describes the „average‟ relationship between a continuous cut-off value and discriminatory 

ability in the „average‟ population. This maximizes the amount of information used in the 

evidence synthesis and better represents the available data. The advantage of this method is 

that it allows clinicians to estimate how changing thresholds will alter the diagnostic utility of 

the test under study.  All calculations are performed using STATA (Version 12, StataCorp, 

College Station, Texas) with the commands metandi and metandi plots for analyses of four 

studies and above [324]. 

We also reported the summary likelihood ratios across all studies. These measures also 

combine in their calculation both sensitivity and specificity. Positive likelihood ratio (LR+) is 

the ratio of sensitivity / (1-specificity), whereas negative likelihood ratio (LR-) is defined as 

the ratio of (1-sensitivity)/specificity. When there is absolutely no discriminating ability for a 

diagnostic test, both ratios are equal to 1. The discriminating ability is better with higher LR+ 

and lower LR-. A good diagnostic test has typically LR+ greater than 5.0 and LR- less than 

0.2 [325]. 

VC and non-VC measurements were analyzed separately and this allowed us to arrive at 

estimates on overall sensitivity, specificity and likelihood ratios for nNO depending on VC 
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status. We also performed a sensitivity analysis including only studies in which PCD status 

was defined by TEM and at least one more diagnostic test, with the rationale to examine 

whether the diagnostic accuracy of nNO measurement differs with the inclusion of a more 

representative spectrum of PCD population. Measurements of nNO were compared to PCD 

diagnosis obtained through a combination of tests which included TEM and HSVM or DNA 

testing. 

 

Results 

Eligible Studies 

Of the 1940 items retrieved through online search, 1866 were excluded based on the title and 

abstract and the remaining 74 were downloaded for detailed, full text assessment. Two 

additional studies were identified through references screening and were also evaluated. 

Studies with overlapping populations were cross-checked and final selection was based on 

the largest number of participating PCD patients. In summary, 26 studies did not provide data 

on sensitivity and specificity, 13 items involved overlapping populations, 15 items were 

review papers while the remaining items that were excluded were case reports (2), editorials 

(3) and guidelines papers (2) (Figure 1). Of the total 76 studies assessed in detail, 15 provided 

enough data for the construction of a 2x2 table. Among these, two studies did not report type 

of NO analyzer and flow rate and despite our effort to obtain this information after contacting 

the authors, this was not feasible and they were excluded from the analysis [326, 327]. Finally, 

quantitative synthesis included data on thirteen different populations from twelve studies 

(Marthin et al included data on more than one population) and two separate analyses were 

carried out, based on the employed breathing maneuver. 
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Figure 5.1: PRISMA diagram for the search strategy and selected studies 

Study characteristics 

Descriptive characteristics of the included studies are presented in Table 1. From twelve 

studies, 325 PCD patients and 711 non-PCD subjects were included in the meta-analysis for 

the diagnostic performance of VC nNO testing. In the case of non-VC nNO testing, 210 PCD 

patients and 471 non-PCD subjects from seven studies were included. The majority of the 

studies were performed in Western Europe and only two in North America. Four studies 

evaluated the diagnostic efficacy of nNO in cohorts of referred suspect patients for PCD 

testing [313, 328-330] whereas the rest of the studies had a case-control design. Controls were 

non-PCD subjects, either healthy subjects only [328, 331-334] or healthy subjects and 

patients with other respiratory diseases [320, 335-337].
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Table 5.1: Characteristics of the included studies 

 

 

 

 

 

 

 

 

 

 

 

# Author/Study Country Study Design Study Population a 
Age range (yrs) 

(Mean, range/SD) 
Analyzer 

Flow rate 

(L/min) 

Measureme

nt Method b 

Cut – off 

(nL/min) 

Inclusion criteria/ 

Diagnosis 

1 
Narang I 26 

(2002) 

United 

Kingdom 
Case - Control 

31 PCD 

53 HC 

 

PCD: 11.0 (5.5-17.3) 

HC: 10.7 (5.5-19.0) 
 

LR 2000 0.25 BH 62.5 HSVM and TEM 

2 

 

 Corbeli R 23 

 (2004) 
 

Switzerland 
Prospective 

Cohort 

17 PCD 

17 non PCD (BE,B) 
All: 11.4 (1.2) CLD88sp 1.20 BH 126 TEM 

3 
Piacentini G 25 

 (2008) 
Italy Case - Control 

10 PCD 

27 HC 

 

PCD: 17 (-) 

HC: 7 (-) 
 

NIOX Flex 0.30 BH 21.3 TEM 

4 
Mateos Coral D 31 

(2011) 
Canada 

Case – Control 
(with longitudinal 

follow-up in a 
subsample) 

20 PCD 

65 non PCD (CF,BE,HC) 

 

PCD: 11.4 (3.5) 

HC: 11.0 (3.7) 

CF: 11.0 (3.4) 

BE: 10.9(3.3) 
 

CLD88sp 0.33 ER & TB 
ER: 58.5 

TB: 37.1 
TEM 

5 

 

Marthin JK 22 

 (2011) 

Substudy 3 
 

Denmark 
Prospective 

Cohort 

20 PCD 

97 non PCD 
All: 6.9 (0.0-62.4)c NIOX Flex 0.30 BH & TB 

BH: 52.5 

TB: 47.4 
HSVM and TEM 

6 

Marthin JK 22 

(2011) 

Substudy 2 

Denmark Case - Control 
59 PCD 

57 HC 

 

PCD: 17.4 (3.6-65.8)c 

Non PCD:29.5 (3.1-63.6)c 

 

NIOX Flex 0.30 BH & TB 
BH: 52.5 

TB: 47.4 
HSVM and/or TEM 

7 
Leigh M 7 

(2013) 

United 

States 

Prospective 

Cohort 

71 PCD 

84 non-PCD 

PCD: 23.3(18) 

Non PCD: 31.8 (22.3) 

 

Sievers 280i 

CLD88sp 

NIOX Flex 
 

0.50 

0.33 

0.30 

ER 76.9 TEM and DNA  

8 
Boon M 30 

 (2014) 
Belgium Case - Control 

38 PCD 

188 non PCD 

(HC, CF, Asthma, HID) 

 

PCD: 14.3 (8.8-18.1)c 

HC: 14.9 (10.8-20.4)c 

CF: 14.0 (9.2-17.9)c 

Asthma: 12.1 (9.8-16.5)c 

HID: 10.7 (8.2-15.6)c 
 

CLD88sp 0.30 ER & TB 
ER: 90 

TB: 60 

HSVM and TEM 

(and culture) 

9 
Harris A 14 

(2014) 

United 

Kingdom 
Case - Control 

13 PCD 

37 non PCD 

(HC,CF, CSLD) 

 

PCD: 23 (5-71) 

HC: 31 (8-65) 

CF: 15(6-29) 

CSLD: 36 (8-79) 
 

NIOX Flex 

NIOX MINO 
0.30 BH & TB 

BH: 38 

TB: 30 

HSVM and TEM 

(and culture for some) 

10 
Montella S 27 

 (2012) 
Italy Case - Control 

23 PCD 

23 HC 

 

PCD: 15.8 (4.6-32.8)c 

HC: 15.7 (4.3-32.1)c 
 

NIOX MINO 0.30 TB 17.4 HSVM and TEM 

11 
Santamaria F 28  

(2008) 
Italy Case - Control 

14 PCD 

14 HC 

 

PCD: 15 (7-27) 

HC:16 (7-27) 
 

NIOX Flex 0.28 BH 7.2 TEM 

12  
Moreno Caldo A 29 

(2010) 
Spain 

Case Control 

 

9 PCD 

112 non PCD 

(HC, CF, Asthma ,BE) 

 

PCD: - (7-14) 

HC: - (-) 

CF: - (6-14) 

Asthma: (6-17) 

BE: - (6-14) 
 

LR2000 0.25 BH 28 TEM 

13 
Beydon M 24  

2015 
France 

Prospective 

Cohort 

 

49 PCD 

37 non-PCD 

 

PCD: 11.4 (7,13.9) d 

Non PCD: 7.9 (4.9,11.6) d 

NIOX Flex 

Endono 8000 
0.30 

BH/ER 

TB 

BH/ER: 82.2 

TB: 39.9 

HSVM, TEM and/or 

DNA 

PCD: Primary Ciliary Dyskinesia, HC: Healthy Controls, B: Bronchitis, CF: Cystic Fibrosis, BE: non CF non PCD Bronchiectasis, CSLD: Chronic Suppurative Lung Disease, HID: Humoral 

Immunodeficiency Disorders, TEM: Transmission Electron Microscopy, HSVM: High Speed Video Microscopy, DNA: Genetic testing                                                                                                                                                                                                                                                                                   
a Study population refers to subgroups that comparisons (sensitivity, specificity, PPV, NPV) were reported for in the original articles.                                                                                                                                                                                  
b Measurements methods taken into account for the meta-analysis, BH: Breath Hold, ER: Exhalation against Resistance, TB: Tidal Breathing                                                                                                                                                                           
c Median (range)  
d Median (IQR) 
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The number of PCD patients (range: 9-59) and controls (range: 14-188) per case-control 

study varied widely. All case-control studies confirmed PCD status by TEM findings while in 

55% of them HSVM was also performed.  Of the four prospective studies, Beydon et al used 

a combination of TEM, HSVM and genetic testing to confirm PCD diagnosis [330] while 

Marthin et al used TEM and HSVM in their cohort of consecutive referrals [328]. Leigh et al 

confirmed PCD via a combination of ultrastructure assessment and genetic testing [313] while 

the smallest cohort study confirmed PCD only via ultrastructural assessment [329]. The 

sensitivity and specificity of each included study with VC and non-VC technique are shown 

in Figure 2.  

 

Figure 5.2: Forest plots for sensitivity and specificity. Forest plot of sensitivity and specificity of nNO for 

detecting PCD with the 95% CI for each population of the included studies. A) Forest plot for studies employing 

a VC breathing technique and B) Forest plot for studies employing a non-VC breathing technique 

Quality assessment 

Reporting of the meta-analysis is based on PRISMA guidelines.[338]  Based on the 

QUADAS-2 tool, the quality assessment of the primary studies is shown in Table 2. In 
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general, the analyzed studies had overall reasonably good methodology and this offers 

relative reassurance that results have not been substantially influenced from bias. 

Table  5. 2: QUADAS-2 Quality Assessment results 

Study 

RISK OF BIAS APPLICABILITY CONCERNS 

PATIENT 

SELECTION 

INDEX 

TEST 

           REFERENCE 

             STANDARD 

FLOW 

AND 

TIMING 

PATIENT 

SELECTION 

INDEX 

TEST 

REFERENCE 

STANDARD 

Boon 2014 L U L L L L L 

Mateos Coral 2011 U L L L U L L 

Piacentini 2008 U L L L U L L 

Santamaria 2008 L U L L L L L 

Montela 2012 U L U L L L L 

Corbelli 2004 L U L L L L L 

Narang 2002 L L L L L  L L 

Harris 2014 L U L L L  L L 

Leigh 2013 L L L L L L L 

Marthin 2011 L U L L L L L 

Moreno Galdo 2010 U U L L U L L 

Beydon M 2015 L L L U L L L 

QUADAS 2 consists of  four key domains covering patient selection, index test, reference standard and flow of patients through the study and timing of the index 

test and reference standard (“flow and timing”). Each domain is assessed in terms of the risk of bias and the first three are also assessed in terms of concerns 

regarding applicability  
U: Unknown, L: Low, H:High 

 

Data Synthesis 

The overall sensitivity of abnormal (low) nNO measured by VC techniques for all the 

included studies was 0.95 (95% CI 0.91-0.97), while the specificity was 0.94 (95% CI 0.88-

0.97). The LR+ of the test was 15.8 (95% CI 8.1-30.6), whereas the LR- was 0.06 (95% CI 

0.04-0.09). The HSROC curve is shown in Figure 3. 

For the non-VC techniques the overall sensitivity of nNO to detect PCD was 0.93 (95% CI 

0.89-0.96) whereas the specificity was 0.95 (95% CI 0.82-0.99). The LR+ of the test was 

18.5 (95% CI 4.6-73.8) whereas the LR- was 0.07 (95% CI 0.04-0.12). The HSROC curve is 

shown in Figure 3. 



 

128 
 

 

Figure 5.3: VC and non-VC HSROC curves. HSROC curves for the included studies. A) HSROC curve for 

studies employing a VC breathing technique and B) HSROC curve for studies employing a non-VC breathing 

technique 

 

When we performed a sensitivity analysis, to calculate the nNO diagnostic accuracy in 

studies that only included PCD populations diagnosed by more than one test (combination of 

TEM and HSVM or genetic testing) [313, 320, 328, 330, 332, 333, 336], the results did not 

change significantly. Similarly, after performing a post hoc sensitivity analysis, with the 

exclusion of studies that used the electrochemical devise NIOX MINO [320, 333], the 

resulting estimates of overall sensitivity and overall specificity for the non-VC maneuver do 

not significantly differ from the estimates of the main analysis.  

  

Discussion 

In this meta-analysis we demonstrated that nNO measurement with VC techniques has 

overall sensitivity of 95% and a specificity of 94% whereas nNO measurement with the non-
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VC technique has comparable and very similar sensitivity (93%) and specificity (95%). We 

applied a different approach to the one employed in a previous report [321] and evaluated 

nNO diagnostic performance metrics by using all the available evidence in the literature. 

These summary estimates allow us to make comparisons between the various proposed and 

established diagnostic tests for PCD, which are essential for clinical decision making.  We 

also provide a graphical representation of our results using the hierarchical summary receiver 

operating characteristic (HSROC) curve incorporating the different cut-offs between primary 

studies. The clinical utility of nNO measurement is underlined by the high LR+ (VC: 15.8, 

non-VC: 18.5) and low LR- (VC: 0.06, non-VC: 0.07), meaning that an abnormal (low) nNO 

leads to a steep increase in the post-test probability of PCD, compared to the pretest 

probability, while in the case of a normal nNO measurement the opposite is also true [325]. 

However, since the sensitivity and specificity of the test are not 100%, in the presence of 

strong clinical suspicion for PCD [339], even in the case of a negative nNO test, a more 

detailed diagnostic work-up (HSVM, TEM, genetics) is indicated.  

Current ATS/ERS recommendations for nNO include only VC maneuvers although recent 

evidence [320, 336, 337], that is supported by the results of this meta-analysis, highlights the 

discriminative ability of nNO during TB. TB is the only method available to obtain nNO 

measurements in young children (<5 years), which is particularly important as disease 

manifestations appear very early in life. Of course, the validity of nNO measurements in 

infants (<6 months) has been questioned, as nNO output in infancy is reduced due to the 

partial development of paranasal sinuses[331] where the majority of NO is produced [317] 

whereas the number of patients under 5 years which were evaluated in these studies [320, 

328, 330, 333, 336, 337] is very small . The usefulness of nNO during TB has been 

demonstrated in the Danish cohort of 117 consecutive referrals with median age 6.9 years, 

where 83% were able to perform TB versus 50% for BH and 31% for ER [328]. There is 
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evidence that patients that have earlier diagnosis of this disease might have better clinical and 

functional outcomes [340, 341] and the application of this promising screening method in 

preschool children could not only lead to diagnosis at an earlier age but could also contribute 

towards the reduction of unnecessary cilia biopsies. Nevertheless, our results for the non-VC 

techniques should be interpreted with caution. Their low 95% CI limit for specificity is at 

82% which suggests that a significant number of suspect PCD referrals is possible to give a 

falsely low nNO and prompt further diagnostic testing, thus increasing costs both to the 

healthcare system and the patient. Only seven studies were eligible for inclusion in the meta-

analysis of non-VC maneuver, as opposed to twelve studies for the VC maneuver, and the 

low 95% CI limit of the former may be due to the limited sample size. Furthermore, two of 

the non-VC studies used the NIOX MINO portable device which uses electrochemical 

analysis of NO as opposed to the better validated chemiluminescence method of the 

stationary devices (NIOX FLEX, Ecomedics CLD88). Nevertheless, we performed a post hoc 

analysis with the exclusion of these studies which did not influence the diagnostic accuracy 

of the non-VC maneuver and the quantitative synthesis includes data from all seven non-VC 

studies.  

NIOX MINO is a simpler and cheaper tool for measuring nNO, and validation studies have 

already been published [320, 342, 343]. However, as NIOX MINO was designed for exhaled 

NO measurement in asthmatic individuals, issues relating to its accuracy [343] and 

repeatability [320] have been reported when used for nNO measurement in subjects referred 

for PCD evaluation.  In addition, while the manufacturer recommends measurements of nNO 

with BH for at least 45 seconds, this is usually not possible by many patients and instead 

NIOX MINO is frequently used with the alternative TB maneuver regardless of patient‟s age 

[320, 343]. These limitations question the suitability of NIOX MINO as a stand-alone 

diagnostic test and additional studies on the diagnostic accuracy of NIOX MINO 



 

131 
 

measurements during TB are needed to confirm the validity of this method. However, the low 

cost and simple use potentiate the consideration of NIOX MINO as a promising first line 

screening test in a future diagnostic algorithm for PCD. 

Currently, there is no universally accepted cutoff for abnormally low nNO. The included 

studies in this meta-analysis proposed a variety of cutoffs for nNO production by VC (7.2-

126 nl/min) and non-VC (17.4-60 nl/min) techniques. This variability demonstrates the need 

for standardization of nNO measurements and agreement on cutoffs for the different 

breathing maneuvers. A recent, large, multicenter study has proposed a cutoff equal to 77 

nl/min for VC [313], whereas the meta-analysis by Collins et al reported that a cutoff of 75.2 

nl/min would include 99.85% of PCD patients performing VC maneuvers [321]. Regarding 

the non-VC maneuver however, no cutoff value has been proposed by a large enough study, 

thus additional studies are needed for the establishment of such cutoffs and further 

standardization of the technique. 

Our study has some limitations. The main limitation is the heterogeneity and the weaknesses 

of the diagnostic standard that the published studies are employing for the definition of PCD 

status. As a result, the captured spectrum of the disease might not be totally representative of 

the true PCD population. TEM, which is the most commonly used test for PCD status 

definition in published studies, misses approximately 30% of patients with PCD [344] and 

this should be taken into account in the assessment of the diagnostic efficacy of nNO. 

However, in the sensitivity analysis, when we included the studies that had employed more 

than one (in addition to TEM) diagnostic test to establish PCD diagnosis, our results did not 

change substantially thus providing relative certainty to the accuracy of nNO as a diagnostic 

test. There is considerable variation between individual studies in the number of cases, total 

sample size and cut-off values. However, the bivariate meta-analysis and HSROC curve 

analyses take explicitly this diversity into account and can accommodate studies with 
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populations of different risks and different definition thresholds. Another issue for the 

synthesis of the data is that the majority of the included studies were diagnostic case-control 

studies. Empirical evidence has shown that case-control studies, as opposed to cohort studies, 

may overestimate the diagnostics Odds Ratio (DOR) [345]. Nevertheless, we think that the 

possibility of overestimation is limited, as the case-control studies included here were 

diagnostic studies designed to assess the test accuracy and not to provide evidence on 

associations between a risk factor and the disease.[346] Additionally, given the rarity of PCD, 

it is expected that the majority of studies will have a case-control design. Due to the same 

reason, both case-control and prospective cohort studies included relatively small numbers of 

subjects. However the synthesis of the included studies led to the inclusion of data for several 

hundreds of PCD and non-PCD subjects and allowed the use of the appropriate statistical 

models and provided the estimates we report. It should be underlined of course that these 

estimates apply provided that the ATS/ERS guidelines are followed for the performance of 

the test and the obtained values are compared to the normal values obtained from samples of 

healthy subjects in the respective populations. 

 

Conclusions 

In summary, measurement of nNO, both with VC and non-VC maneuvers, has high overall 

diagnostic accuracy and provides a clinically significant diagnostic tool for large 

uninvestigated populations of suspect cases worldwide where access to TEM and HSVM is 

not easy. Furthermore, the high overall diagnostic accuracy of nNO calls for re-evaluation of 

the diagnostic accuracy of each of the available diagnostic tests for PCD (nNO, TEM and 

HSVM) with the aim to develop an algorithm with the most efficacious combination of tests 

to achieve PCD diagnosis.  
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Chapter 6: Prevalence of Primary Ciliary Dyskinesia in consecutive referrals of suspect 

cases and the Transmission Electron Microscopy detection rate: A systematic review 

and meta-analysis 

Abstract 

Background  

Diagnostic testing for Primary Ciliary Dyskinesia (PCD) usually includes Transmission 

Electron Microscopy (TEM), nasal Nitric Oxide, High Speed Video Microscopy and 

genetics. Diagnostic performance of each test should be assessed towards the development of 

PCD diagnostic algorithms. We systematically reviewed the literature and quantified PCD 

prevalence among referrals and TEM detection rate in confirmed PCD patients.  

Methods 

Major electronic databases were searched until December 2015 using appropriate terms. 

Included studies described cohorts of consecutive PCD referrals in which PCD was 

confirmed by at least TEM and one additional test, in order to compare the index test 

performance with other test(s). Meta-analyses of pooled PCD prevalence and TEM detection 

rate across studies were performed.  

Results  

PCD prevalence among referrals was 32% (95%CI:25%-39%, I
2
=92%). TEM detection rate 

among PCD patients was 83% (95%CI:75%-90%, I
2
=90%). Exclusion of studies reporting 

isolated inner dynein arm defects as PCD, reduced TEM detection rate and explained an 

important fraction of observed heterogeneity (74%, 95%CI:66%-83%, I
2
=66%).  

Conclusion:  

Approximately, one third of referrals, are diagnosed with PCD. Among PCD patients, a 

significant percentage, at least as high as 26%, is missed by TEM, a limitation that should be 

accounted towards the development of an efficacious PCD diagnostic algorithm. 
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Introduction 

Primary Ciliary Dyskinesia (PCD) is caused by dysfunctional motile cilia and it is 

characterized by impaired mucociliary clearance which predisposes patients to recurrent 

respiratory infections. Patients usually suffer from lifelong rhinorrhea, chronic wet cough, 

progressive loss of lung function and eventually develop structural damage of the airways 

and bronchiectasis [347]. The main clinical manifestations that lead to consideration of PCD 

diagnostic testing are situs abnormalities, a history of neonatal respiratory distress syndrome, 

a family history of PCD, male infertility and chronic productive cough in the absence of more 

common causes of chronic lung disease [348].  

Confirmation of a positive PCD diagnosis remains challenging as no single diagnostic test 

has been shown to have 100% sensitivity and specificity, thus a combination of diagnostic 

tests is usually needed for a final decision [349]. Specialized diagnostic testing is currently 

available only in few specialized centers and includes the measurement of nasal Nitric Oxide 

(nNO) [350], assessment of ciliary motility [351] and ciliary ultrastructure [352], while a few 

centers have also introduced genetic testing in clinical practice [353]. Overall, PCD 

diagnostic testing is expensive and time consuming [354, 355], which underlines the need to 

estimate the prevalence of PCD among referrals. This estimate is useful to know for cost-

benefit analyses as higher prevalence of PCD among referrals corresponds to a lower 

proportion of non-PCD patients that are referred for PCD diagnostic testing and lower 

economic burden for the healthcare system and/or the patient family and vice versa. 

Furthermore, different centers follow various diagnostic algorithms for PCD diagnosis [356], 

indicating the need for the development of an evidence-based diagnostic decision tree for 

PCD. Such an approach requires the prior assessment of summary estimates of the diagnostic 

performance of each individual diagnostic test. Application of the Bayes Theorem on 

estimates of diagnostic performance along with information about the prior probability of 
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disease (prevalence of PCD among referrals) will allow the calculation of positive predictive 

values and negative predictive values for different diagnostic tests and algorithms [357].    

In the past, assessment of ciliary ultrastructure abnormalities with Transmission Electron 

Microscopy (TEM) was considered to be the “gold standard” for the diagnosis of PCD [352]. 

However, for several years now, guidelines highlight that TEM cannot be considered as a 

gold-standard test [348] as a substantial subset of PCD patients display normal axonemal 

ultrastructure and cannot be identified through TEM [358]. These patients usually carry 

biallelic mutations in the DNAH11 gene and their ciliary motility is characterized by a 

flickering movement [359]. Furthermore, another subset of PCD patients may also remain 

unidentified by TEM, as specific ultrastructural defects such as nexin link defects, are not be 

easily discernible by standard TEM [360]. Several studies reporting TEM findings in 

different cohorts of PCD patients demonstrate wide variation in the percentage of PCD 

patients missed by TEM ranging from below 10% [361, 362] to over 30% [363, 364]. 

Although some reviews and editorial papers reported that this percentage is equal to 

approximately 30% [349, 365], this estimate is not based on a systematic review of the entire 

published evidence. 

This study systematically reviewed the published evidence aiming to quantify the prevalence 

of PCD diagnosis in cohorts of suspect cases referred for PCD diagnostic testing and to 

estimate the diagnostic detection rate of TEM in PCD patients in whom diagnosis was 

confirmed with a combination of tests. 

Methods 

Search strategy and selection criteria 
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The electronic databases PubMed, SCOPUS and Google Scholar were searched from 

inception until December 2015 using combinations of the keywords „Electron Microscopy‟ 

and „Ciliary Motility Disorders‟ as Medical Subject Headings (MeSH) or individual terms 

and „Primary Ciliary Dyskinesia‟ OR “PCD” and combinations either in the title or  in the 

abstract. The reference lists of the retrieved studies and reviews were further searched for 

additional reports. The included studies were identified after two reviewers (PK, SIP) 

independently screened the title and abstract of the obtained electronic search results and 

final selection was based on full text evaluation. A third researcher (PKY) resolved any 

discrepancies. The guidelines of the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) were followed [366]. 

For the prevalence of PCD among referrals estimate, studies were selected according to the 

following inclusion criteria: Cohorts of consecutive referrals for PCD testing and, in addition 

to TEM, at least one more test such as High Speed Video Microscopy (HSVM), nNO or 

genetic testing for confirmation of PCD diagnosis. 

For the detection rate of TEM among confirmed PCD patients estimate, studies were selected 

according to the following criteria: Cohorts of consecutive PCD patients, reporting of TEM 

findings and confirmation of PCD diagnosis with at least one more test such as High Speed 

Video Microscopy (HSVM), nNO or genetic testing. 

Confirmation of PCD diagnosis was set to rely on TEM and at least one additional test, thus 

potentiating the comparison of the index test against other diagnostic test(s). Studies that 

confirmed PCD with TEM only were excluded. Studies with overlapping patient populations 

were cross-checked and only the study with the largest and most recent population was 

selected.   
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Data Extraction 

The year of publication, name of author, study design, country of origin, study population, 

number of patients referred for PCD testing, number of patients confirmed as PCD and 

number of patients with a reported ultrastructural defect identified by TEM were recorded. 

The distribution of ultrastructural defects among the TEM positive patients and the age range 

of participating patients were recorded additionally where available. The data were extracted 

independently by two reviewers (PK, SIP) and consensus was reached for all data. Reporting 

of the included studies underwent quality assessment based on the Meta-analysis Of 

Observational Studies in Epidemiology (MOOSE) criteria [367]. Not all of the MOOSE 

criteria were examined, as the assessment of reporting quality involved only the specific 

criteria that were relevant to the purposes of this study. Quality characteristics were assessed 

descriptively in order to detect any low quality evidence that could influence the results. 

 

Analysis  

In order to combine the data on PCD prevalence among patients referred for PCD diagnostic 

testing, we performed a meta-analysis of proportions using a random effects model. Meta-

analysis of proportions allows the calculation of the pooled prevalence of PCD across studies 

containing binomial data with the numerator defined as the number of PCD patients 

identified by a combination of diagnostic tests (TEM and nNO or HSVM or genetic testing) 

and the denominator as the total number of consecutive referrals for PCD testing [368]. The 

random effects allow for each study to be assigned a weight which includes the within study 

variance and the between studies variance [369]. Furthermore, when only limited numbers of 

studies were available, and heterogeneity was I
2 

> 0%,  we applied the Hartung, Knapp, Sidik 
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and Jonkman (HKSJ) approach which uses a Student T distribution, instead of a Normal 

distribution for the effects‟ estimates. This method applies an ad-hoc correction and yields 

more conservative results. [370]   

The same method was used for the estimation of the pooled percentage of patients that are 

identified by TEM with the numerator defined as the number of PCD patients identified by 

abnormal TEM and the denominator defined as the number of PCD patients identified by a 

combination of diagnostic tests (TEM and nNO or HSVM or genetic testing). Lastly, the 

fraction of PCD patients with different ultrastructural defects (isolated ODA, combined 

ODA+IDA, MTD) was calculated.   

Heterogeneity was assessed with the I
2
 which describes the proportion of total variation in the 

effect estimate that results from the between-studies heterogeneity and ranges from 0-100% 

[371].  Subgroup analysis was planned a priori based on factors that a) could affect referral or 

diagnostic patterns, b) could lead to a different cohort of referrals or c) could detect a 

different spectrum of the examined disease. Such factors were the region specific referral 

patterns (in series of tests results from a specific country were excluded one at a time), the 

number of tests used to confirm PCD (exclusion of studies that performed only two tests), the 

sample size (exclusion of studies with number of referrals below the median number of 

referrals of all included studies) and  whether an isolated IDA defect was considered 

diagnostic for PCD (exclusion of studies that reported isolated IDA defects as diagnostic). 

Isolated IDA defects as a diagnostic feature for PCD remains to date controversial because 

IDA are usually characterized by low contrast [352, 372]. In addition, none of the reported 32 

genes, which harbor pathogenic mutations for PCD, have been found to affect only IDA 

[373]. All calculations were performed using STATA (Version 12, StataCorp, College 

Station, Texas) with the command metaprop for binomial data [368].  
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Results 

Eligible Studies 

A total of 2253 studies were retrieved through online search and 6 additional studies were 

identified through references‟ screening. Among the retrieved studies, 2097 were excluded 

based on title or abstract. Of the 161 studies that were assessed in full detail, 12 were review 

studies, 3 were guidelines or editorials, 56 were case-control or case-series studies, 33 did not 

include data on TEM results and 5 did not include data on PCD patients. A total of 36 studies 

were included in the qualitative synthesis. Of these, 25 studies were excluded at the last step 

and 11 were eventually included in the quantitative synthesis (Figure 1). 

 

Figure 6.1: PRISMA diagram for the search strategy and selected studies. 
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The 25 studies that were excluded at the last step prior to quantitative synthesis, as well as the 

main reason for their exclusion, are presented separately in Supplemental Table S1 (online). 

The majority of the studies (n=19) presented in Supplemental Table S1 (online), were 

excluded from further analysis because PCD diagnosis was established only based on the 

TEM results, although in some of these studies (n=8), additional tests were partly also 

performed.  

Study Characteristics 

Included studies and their descriptive characteristics are presented in Table 1. All the studies 

confirmed PCD diagnosis with at least one more test in addition to TEM. The vast majority 

of studies used HSVM as an additional test with the exception of Leigh et al which used 

genetic testing [362]. Furthermore, approximately 36% of the studies also included nNO in 

the diagnostic work-up. Three studies were performed in the United Kingdom (UK) [361, 

374, 375] and three studies were performed in the Americas [362, 376, 377] while the 

remaining were performed in other European countries. The majority of the studies provided 

information about the number of consecutive referrals that underwent PCD diagnostic testing 

and were included in the meta-analysis regarding PCD prevalence among cohorts of 

respiratory referrals (n=2475) [361, 364, 374-378]. The study by Stannard et al. although 

focused on PCD patients with a positive TEM diagnosis, it also performed HSVM and 

reported patients diagnosed with abnormal beating and normal ultrastructure and as a result, it 

was also included in the PCD prevalence meta-analysis [361]. All the included studies, with 

the exception of Shappiro et al. [376] provided data on ultrastructural assessment for all the 

PCD diagnosed patients and were also included in the meta-analysis of the TEM detection 

rate (n= 728) [350, 361, 362, 364, 374, 375]. The most common ultrastructural findings in the 

assessed studies were isolated Outer Dynein Arm (ODA) defects and combined ODA and 

IDA (ODA+IDA) defects as well as tubular defects and normal ultrastructure (NU). A subset 
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of studies also reported isolated IDA defects [361, 374, 379]. Lastly, two of the included 

studies also reported a phenotype with lack of multiple cilia (acilia) in some patients [361, 

363]. 
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Table 6.1: Characteristics of included studies 

 

# Author, 

Year 

Region Study Design Age at diagnosis 

(mean±sd) 

Suspect 

patients 

PCD 

patients 

TEM 

confirmed 

TEM result 

within PCD 

Diagnostic 

Tests 

1 

Boon M. 

2014 

[17] 

Belgium All PCD cohort 9.9 (3.7- 23.4) 
a
 - 206 138 

ODA:82 

ODA&IDA:8 

CP:41 

Acilia:6 

MTD:1 

NU:68 

TEM, HSVM 

          

2 

 

Shappiro AJ. 

2010 

[22] 
 

USA 
Retrospective 

Referrals Cohort 
12 (0.1-79) 

b
 444 174 nr nr TEM, DNA, nNO 

          

3 

Djakow J. 

2012 

[25] 

Czech 

Republic 
All PCD cohort 9.1 (6-17) 

c
 - 30 29 

ODA:7 

BOTH/DA:15 

IDA:2 

CP:2 

RS:1 

OTHER:2 

NU:1 

TEM, HSVM 

          

4 

Jackson C.L. 

2015 

[21] 

United 

Kingdom 

Retrospective 

Referrals Cohort 
nr 368 72 57 

ODA:19 

ODA&IDA?:7 

ODA&IDA:22 

CP:3 

MTD:6 

NU:15 

TEM, HSVM, 

nNO 

          

5 

 

Leigh M. 

2013 

[16] 
 

North 

America 

Prospective 

Referrals Cohort 
nr 155 71 65 nr 

TEM, DNA  

(n=6) 
d
 

          

6 

 

Nauta F. 

2011 

[26] 

Netherlands All PCD Cohort 3.8 (0.1-18) 
a
 - 63 45 nr TEM, HSVM 
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7 

Shoemark A. 

2011 

[20] 

United 

Kingdom 

Retrospective 

Referrals Cohort 
PCD: 

10 (0.1-77) 
b
 

1182 275 242 

ODA:105 

ODA&IDA:57 

IDA:30 

MTD:28 

RS:22 

NU:33 

TEM, HSVM, 

nNO 

          

8 

Stannard 

W.A. 

2010 

[15] 

United 

Kingdom 

Retrospective 

Referrals Cohort 
8.0 371 74 72 

ODA=18 

ODA&IDA=23 

IDA=14 

CP=3 

RS=4 

MTD=6 

DO=2 

Acilia=2 

NU=2 

TEM, HSVM, 

          

9 

Olm M.A. 

2011 

[23] 

Brazil 
Retrospective 

Referrals Cohort 
1-19 

c
 24 12 11 

ODA=3 

RS=5 

MTD=3 

NU=1 

TEM,HSVM 

          

10 

Pifferi M. 

2011 

[24] 

Italy 
Retrospective 

Referrals Cohort 

Children 

10.7±2.9 

Adults 

32.0±9.2 

86 41 30 nr TEM, HSVM 

          

11 

 

Yiallouros 

P.K.  

2015 

[18] 
 

Cyprus 
Retrospective 

Referrals Cohort 
13.9 (0.1- 58.4) 

b
 76 30 19 

ODA=3 

ODA&IDA=13 

CP=3 

NU:11 

TEM, HSVM, 

nNO 

          

a 
Median (IQR) 

b 
Median (range) 

c 
Mean (range) 

d
 DNA testing was applied to patients with normal ultrastructure (n=6) 

DO: Disorientation NU: Normal ultrastructure 
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Assessment of Reporting Quality 

Quality assessment results for the included studies are presented in Figure 2. Overall, the 

analyzed studies were characterized by good methodology and all of them appropriately 

described the diagnostic tests performed. On the other hand, there were some studies that did 

not report the recruitment period or did not describe in detail the patients‟ characteristics. 

Only a few of the studies discussed potential study limitations although this was expected, as 

most of them were of a descriptive nature. Finally, a small number of studies [362, 374, 375, 

377, 378]  reported some efforts to reduce bias during the evaluation of diagnostic tests such 

as blinded assessment or assessment by more than one evaluator. The results of reporting 

quality assessments for each study are presented in detail in Supplemental table S2 (online). 

 

Figure 6.2: Quality assessment results for the included studies 

 

Data Synthesis 

The pooled prevalence of newly diagnosed PCD patients in cohorts of consecutive referrals 

of suspect cases was 32% (95%CI: 25% - 39%, I
2
 = 92%) (Figure 3). The ad-hoc correction 

using Hartung, Knapp, Sidik and Jonkman (HKSJ) resulted in the same pooled prevalence 
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estimate but wider confidence intervals (32%, 95%CI: 20% - 44%, I
2
 = 92%). A series of 

subgroup analyses were performed by excluding each time studies from each individual 

country, studies that performed only two tests for PCD confirmation, and studies with low 

sample size. Overall, subgroup analyses did not yield significant differences from the original 

analysis (Supplemental Figures S1 and S2 (online)) but the heterogeneity in the effect 

estimate was explained by the exclusion of UK studies (prevalence: 41%, 95%CI: 37% - 

45%, I
2
 = 0%) (Supplemental Figure S3 (online)). 

 

 

Figure 6.3: Forest plot of the prevalence of PCD among cohorts of suspect patients. Forest plot of the 

proportion of referred patients for PCD testing that have eventually PCD confirmed.  

The detection rate of TEM in PCD diagnosed patients was 83% (95% CI: 75% - 90%, I
2
= 

90%), (Figure 4). The detection rate of TEM in PCD after the ad-hoc HKSJ correction was 

also 83% (95% CI: 74% - 92%, I
2
= 90%).  
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Figure 6.4: Forest plot of the detection rate of TEM across all studies.  Forest plot of the detection rate of TEM 

in cohorts of patients that have PCD confirmed with a combination of diagnostic tests (all included studies) 

 

Subgroup analyses were also performed for this estimate by excluding each time, studies that 

performed only two tests for PCD confirmation, studies with low sample size and studies 

which reported isolated IDA defects. The subgroup analyses, with the exception of one, did 

not demonstrate significant differences compared to the original analysis (Supplemental 

Figures S4 and S5 (online)). The subgroup analysis that included studies that did not report 

isolated IDA defects resulted in a marked reduction in the detection rate of TEM and 

explained an important fraction of the observed heterogeneity (detection rate: 74%, 95% CI: 

66% - 83%, I
2
 = 66%), (Figure 5). Similarly as before, the HKSJ ad-hoc correction resulted 

in wider confidence intervals (detection rate: 74%, 95% CI: 61% - 87%, I
2
 = 66%). 
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Figure 6.5: Forest plot of the detection rate of TEM across studies excluding IDA. Forest Plot of the detection 

rate of TEM across the included studies that did not report an isolated IDA defect 

 

Among PCD patients, an isolated ODA defect was identified in 28% (95% CI: 19%-36%, I
2
 

= 80%) (Supplemental Figure S6 (online)) while a combined ODA+IDA defect was 

identified in 26% (95%: 14%-39%, I
2
=95%) (Supplemental Figure S7 (online)). HKSJ ad-

hoc correction resulted in an estimate of 28% (95%CI: 18%-38%) for the fraction of patients 

with isolated ODA and in an estimate of 26% (95%CI: 9%-43%) for the patients with a 

combined ODA+IDA defect. The fraction of patients identified with a tubular defect was 

10% (95%CI: 3% - 18%, I
2
 = 93%, HKSJ ad-hoc correction: 10%, 95%CI 0% -25%) 

(Supplemental Figure S8 (online)). 

 

Discussion 

In this systematic review and meta-analysis, we found the pooled prevalence of PCD 

diagnosis in cohorts of consecutive referrals of suspect cases for PCD diagnostic testing to be 
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32%. This finding suggests that one third of the patients suspected for PCD, are indeed 

affected by the disease. The high heterogeneity observed in the estimate can be at least partly 

explained by the inhomogeneity in diagnostic protocols and referral patterns between the 

different studies. Some studies used different number or combination of diagnostic tests for 

eliciting PCD diagnosis. The study by Shappiro et al. used TEM along with genetics and 

nNO for confirmation of PCD diagnosis [376] while other studies used TEM and HSVM 

[361, 363, 377, 379, 380] or  TEM, HSVM and nNO [364, 374, 375, 378].  Different referral 

patterns between the included studies may have also influenced the heterogeneity in the final 

estimate. Although the referral of patients for PCD diagnostic testing should be based on 

combinations of classical PCD features [349], to date the decision to refer patients does not 

result from a suspect manifestations scoring system but rather from the clinicians‟ awareness 

of PCD and personal experience with the disease. The lack of such a scoring system is 

reflected in differences in the referral patterns across different countries or different centers 

[364, 381, 382]. The recent publication by Leigh et al. regarding the association of specific 

clinical features with the likelihood of PCD [383] and the development of PICADAR clinical 

scoring tool [384] constitute the first steps towards the introduction of a universal clinical 

scoring system and referral algorithm for PCD in the primary care clinical setting. The 

performance of future referral algorithms can be compared with the current estimate of the 

prevalence of PCD among referrals reported here, which is essentially compromised by the 

variability in the referral patterns of the different centers.  

Furthermore, among consecutive diagnosed PCD patients that underwent ultrastructural 

assessment, we calculated the detection rate of TEM to be 83%. In all the included studies, 

positive PCD diagnosis was based on a combination of at least two or three diagnostic tests 

and ciliary ultrastructural assessment using TEM was part of the diagnostic work-up. The 

estimated detection rate means that approximately 17% of PCD patients do not exhibit ciliary 
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abnormalities on TEM analysis. This analysis also displayed significant heterogeneity across 

studies. In subgroup analysis, after exclusion of studies which reported isolated IDA defects 

as an abnormal diagnostic TEM finding, we found the detection rate estimate to be 74% and 

the heterogeneity to be markedly reduced. The resulting pooled estimate suggests that 26% of 

PCD patients do not exhibit abnormal ultrastructure and this estimate is much closer to the 

empirically quoted estimate of 30% [365]. Among the confirmed PCD patients, 28% were 

characterized by an isolated ODA defect, 26% were characterized by a combined ODA+IDA 

defect and 10% by tubular defects. However, among the remaining two categories of 

ultrastructural defects reported in the individual studies, Central Pair (CP) and Radial Spoke 

(RS) defects, it is possible that some of the patients also have microtubular disorganization 

(MTD) as some genetic mutations result in both or either CP and MTD defects through the 

disruption of radial spokes [385, 386]. As a result, the estimated 10% fraction for tubular 

defects could be an underestimation, probably affected by the underlying categorisation of 

certain TEM defects such as CP, RS and MTD within the included studies. 

The results of this analysis suggest that PCD diagnosis cannot rely only on TEM 

examination. As a test of characterization of morphologic features, TEM holds substantial 

subjectivity and may be influenced by the overall quality of the obtained sample [387]. The 

other routinely used PCD diagnostic tests, the measurement of nNO and HSVM, have both 

been reported to perform better than TEM. More specifically, a recent meta-analysis of nNO 

measurements in PCD patients has demonstrated a pooled sensitivity of 93% to 95% 

depending on vellum closure status during testing [388] while a number of studies have 

reported high sensitivity values for HSVM ranging from 89% [389] to 100% [375]. Although 

our findings suggest that PCD diagnosis should not rely only on TEM, performance of this 

test may still be beneficial since determination of an ultrastructural defect or confirmation of 

its absence may guide genetic testing wherever this is available. This is particularly important 
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for centers that lack access to whole exome or whole genome sequencing and rely on 

genotyping of specific PCD genes. In this setting, prior identification of ultrastructural 

defects allows prioritization of which genes to be sequenced based on known genotype-TEM 

findings correlations [390]. In addition, recent studies have suggested associations between 

the ultrastructural phenotype and severity of clinical features and disease progression [363, 

391] thus highlighting the potential of TEM analysis to facilitate the identification of 

clinically significant phenotypic subgroups among PCD patients. Furthermore, a recent study 

by Knowles et al. has highlighted the milder clinical phenotype in PCD individuals with bi-

allelic mutations in RSPH1 and mainly CP defects in a small subset of cross-sections [392]. 

IDA imaging with TEM is more difficult compared to ODA due to the low contrast of IDA 

coupled with the frequent presence of non-specific biological or technical artifacts [352, 372]. 

Furthermore, as ODA and IDA are multiprotein complexes of different axonemal dynein 

polypeptides which include heavy, intermediate and light chain polypeptides, the composition 

and variability of which, may affect the visualization of these structures under TEM. In more 

detail, it has been shown that IDA composition is more diverse compared to ODA [393] as 

well as that the periodicity of IDA is higher compared to the periodicity of ODA along the 

axoneme [394]. As a result specific tools have been proposed in order to allow for the clearer 

visualization of IDA (and ODA) in electron micrographs such as averaged TEM pictures 

[395] and Markham rotation [396] although none has received widespread application. 

Overall, the presence of an isolated IDA defect in PCD remains controversial as, up to now, 

none of the reported 32 genes which harbor pathogenic mutations for PCD, has been found to 

affect only IDA [373]. Several genes affect both ODA and IDA [373], while CCDC39 and 

CCDC40, which have been recently shown to cause loss of IDA, cause as well disruption of 

the axonemal organization [397] and more severe disease [391]. As a result, the analysis which 
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excluded studies reporting isolated IDA defects provides a more reliable estimate of the TEM 

detection rate.  

This is to our knowledge, the first study that summarizes the evidence from cohorts of 

consecutive referrals and informs about the prevalence of PCD among these cohorts and the 

detection rate of TEM among these patients. This meta-analysis benefited from including 

data from a large number of suspect cases referrals and PCD cases from many centers.  

However, as most of the included studies were retrospective, the possibility of selection or 

misclassification bias cannot be ruled out. Furthermore, it is acknowledged that, although the 

number of studies reporting TEM findings in PCD patients is quite extensive, the studies that 

were finally included in this meta-analysis are only eleven. However, the goal of this 

systematic review was to estimate the detection rate of TEM in PCD confirmed cases, thus 

the included studies should have had both criteria, consecutive referrals and the PCD 

diagnosis confirmed by a combination of diagnostic tests and not only by TEM. This design 

may have led to a smaller number of included studies but it enabled the calculation of a more 

reliable estimate for the detection rate of TEM in PCD. In 8 of the 10 included cohorts it was 

clearly stated that all PCD patients were diagnosed by at least one more diagnostic test in 

addition to TEM. In the remainder 2 cohorts (Leigh et al. 2013 and Shoemark et al. 2011), a 

fraction of their patients were not diagnosed by another diagnostic test (in addition to TEM). 

This represents a limitation of the analysis probably leading to a slight overestimation of the 

diagnostic performance of TEM. The TEM detection rate in the sensitivity analysis which 

excluded cohorts reporting isolated IDA defects as a diagnostic finding is not affected, as 

these two studies [362, 374] were not included in the analysis.  

In this analysis, for the vast majority of PCD patients who had normal ultrastructure and were 

missed by TEM, the genetic defect is not specified. This represents an important limiting 

factor as we do not know if all the responsible genetic defects known to date to cause PCD 
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and normal cilia structure were represented in this subgroup. In a recent review of different 

PCD populations, the frequency of genetic defects, which are known to cause PCD but not 

detectable ultrastructure changes by TEM, was found to be approximately 30% [398]. This 

percentage is slightly higher but close to the 26% reported here. Additional studies in large 

cohorts of PCD patients, reporting diagnostic tests results and responsible genetic defects are 

needed to inform about the precise diagnostic accuracy of TEM. 

In summary, among cohorts of consecutive referrals of suspect cases for PCD testing, 

approximately one third are eventually confirmed as PCD patients.  Among PCD cases that 

underwent TEM studies, a significant percentage, at least as high as 26%, were not identified 

by TEM. This limitation of TEM should be taken into account during the development of a 

universal and efficacious diagnostic algorithm for PCD. 
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Chapter 6: Supplemental Material 

Supplementary table 6.1: Characteristics of studies excluded at the last step prior the quantitative analysis 

# Author, 

Year 

Country Study 

Design 

Age range 

(mean±sd) 

Suspect 

patients 

PCD 

patient 

TEM 

confirmed 

Diagnostic Tests Exclusion Reason 

1 

 

Escudier E. 

2002 

[399] 
 

France 

Retrospective 

Referrals 

cohort 

nr 40 26 26 TEM,LM 
Diagnosis based only on 

TEM 

2 

 

Olin J.T. 

2011 

[400] 
 

USA, Canada 

Prospective 

Referrals 

Cohort 

nr 448 155 155 TEM 
Diagnosis based only on 

TEM 

3 

 

Kawakami

M. 

1996 

[401] 
 

Japan 
Retrospective 

PCD cohort 
38 (17-72) - 45 45 TEM, LM in few 

Diagnosis based only on 

TEM 

4 

 

Papon J.F. 

2012 

[402] 
 

France 

Retrospective 

Referrals 

Cohort 

32.5 ± 15.8 34 10 10 TEM, HSVM, nNO 
Diagnosis based only on 

TEM 

5 

 

Coste A. 

1997 

[403] 
 

France 

Retrospective 

Referrals 

Cohort 

nr 106 6 6 TEM, LM 
Diagnosis based only on 

TEM, poor TEM data 

6 

 

Hosie P.H. 

2014 

[404] 
 

Australia 

Retrospective 

Referrals 

Cohort 

PCD: 6.4 (0.1-18.2) 1037 84 81 TEM, LM 
Ciliary motility assessed 

via photometer only 

7 

 

Sirvanci S. 

2008 

[405] 
 

Turkey 

Retrospective 

Referrals 

cohort 

nr 34 10 10 TEM 
Diagnosis based only on 

TEM 

8 

 

Noone P.G. 

2004 

[406] 
 

North 

America 

Retrospective 

Referrals 

Cohort 

Adults PCD:36(19-73)
b
 

Children PCD: 8 (1-17)
b
 

94 78 78 

TEM, DNA (no 

DNAH11), nNO for 

some 

 

Diagnosis based on 

TEM and DNA (no 

DNAH11) 
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9 

 

Chin G.Y. 

2002 

[407] 
 

North 

America 

Retrospective 

Referrals 

Cohort 

Range: 2 - 48 years 118 73 73 TEM 
Diagnosis based only on 

TEM 

10 

Beydon N. 

2015 

[408] 

France 

Prospective 

Referrals 

Cohort 
11.4 (7,13.9) 

b
 142 49 44 

TEM, HSVM, 

DNA, nNO 

Study population 

included suspect and 

already diagnosed PCD 

patients 

11 

 

Carda C. 

2004 

[409] 
 

Spain 

Retrospective 

Referrals 

Cohort 

nr 200 14 10 TEM, 99 m TC 
Diagnosis based on 

Kartagener Syndrome   

12 

 

Papon J.F. 

2010 

[410] 
 

France 

Retrospective 

Referrals 

Cohort 

nr 820 245 245 TEM 
Diagnosis based only on 

TEM 

13 

 

Rubio 

M.T.R. 

2011 

[411] 
 

Spain 

Prospective 

Referrals 

Cohort 

nr 79 4 1 TEM,HSVM Low number of events 

14 

 

Simoneau 

T.  

2013 

[412] 
 

USA 

Retrospective 

Referrals 

Cohort 

6.3 (0.5-29)
a
 187 4 4 TEM 

 

Diagnosis based only on 

TEM, Low number of 

events 
 

15 

 

Corbelli R. 

2004 

[413] 
 

Switzerland 

Retrospective 

Referrals 

Cohort 

PCD: 12±2 

Non-PCD: 10.5±1.8 
34 17 17 TEM,LM 

Diagnosis based only on 

TEM 

16 

 

Davis S.D. 

2015 

[414] 
 

North 

America 

Retrospective 

PCD cohort 
nr - 118 118 TEM, DNA 

 

Diagnosis based only on 

TEM 
 

17 

 

Chilvers 

M.A. 

 2003 

[415] 
 

United 

Kingdom 

Retrospective 

PCD cohort 
4.7 (0.1-14)

a
 - 56 56 TEM,HSVM 

 

Diagnosis based only on 

TEM 
 

18  Korea Retrospective nr 17 4 4 TEM Diagnosis based only on 
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Shin S.A. 

2006 

[416] 
 

Referrals 

Cohort 

TEM 

19 

 

Theegarten 

D.  

2011 

[417] 
 

Germany 

Retrospective 

Referrals 

Cohort 

PCD: 7.7 (0.1-50)
b
 742 134 134 TEM 

Diagnosis based only on 

TEM 

20 

 

Chi J. G. 

1993 

[418] 
 

Korea 

Retrospective 

Referrals 

Cohort 

PCD: 11 (5–15)
a
 80 17 17 TEM 

Diagnosis based only on 

TEM 

21 

 

Bent J.P. 

1997 

[419] 
 

USA 

Retrospective 

Referrals 

Cohort 

nr 20 3 3 TEM,LM 

 

Ciliary motility assessed 

via LM, Low number of 

events 
 

22 

 

Pizzi S. 

2003 

[420] 
 

Italy 

Retrospective 

Referrals 

Cohort 

7.1 34 2 2 TEM 

 

Diagnosis based only on 

TEM, Low number of 

events 
 

23 

 

Busquets 

R.M. 

2013 

[421] 
 

Spain 

Retrospective 

Referrals 

Cohort 

3.6 (0.1-19) 63 35 35 TEM 
Diagnosis based only on 

TEM 

24 

 

Plesec T. 

2008 

[422] 
 

USA 

Retrospective 

Referrals 

Cohort 

19.6 (1-54)
a
 150 21 21 TEM, LM 

Diagnosis based only on 

TEM 

25 

 

Daniels 

M.L.A. 

2011 

[423] 
 

USA 

Retrospective 

Referrals 

Cohort 

nr 551 206 206 TEM 
Diagnosis based only on 

TEM 

 

aMean (range) 
bMedian (range) 

nr: non reported 

ODA: Outer Dynein Arm Defect, IDA: Inner Dynein Arm Defect, ODA&IDA: Outer and Inner Dynein Arm Defect, CP: Central Pair Defect, RS: Radia Spoke defect,TD: Transposition 

defect, DO: Disorientation, NU: Normal ultrastructure, TEM: Transmission Electron Microscopy, HSVM: High Speed Video Microscopy, LM: Light Microscopy, DNA: Genetic Testing,  99 

m TC: 99m TC-labelled serum albumin 
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Supplementary table 6.2: Assessment of Reporting Quality 

Variable 

 

Boon 

 M.  

2014 

[17] 
 

Shapiro  

AJ. 

2010 

[22] 

Djakow 

 J. 

2012 

[25] 

Jackson 

C.L. 

2015 

[21] 

Leigh 

M. 

2013 

[16] 

Nauta 

F. 

2011 

[26] 

Shoemark 

A. 

2011 

[20] 

Stannard 

W.A. 

2010 

[15] 

Olm  

M.A. 

2011 

[23] 

Pifferi  

M. 

2011 

[24] 

Yiallouros 

P.K. 

2015 

[18] 
 

Study Design 
 

           
 

Setting and 

recruitment 

period 
 

           

 

Diagnostic tests 

description 
 

           

 

Efforts to address 

bias 
 

           

 

Statistical 

methods 

description 
 

           

 

Participants 

characteristics 
 

           

 

Summary of key 

findings 
 

           

 

Study limitations 
 

           
 

Interpretation of 

results 
 

           

 

Funding source 
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Supplemental Figure 6.1: Forest plot of the prevalence of PCD among cohorts of suspect patients (across 

studies where PCD was confirmed with >2 diagnostic tests). Forest plot of the proportion of referred patients for 

PCD testing that have eventually PCD confirmed. 

 

 

Supplemental Figure 6.2: Forest plot of the prevalence of PCD among cohorts of suspect patients (across 

studies with large sample size). Forest plot of the proportion of referred patients for PCD testing that have 

eventually PCD confirmed. 
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Supplemental Figure 6.3: Forest plot of the prevalence of PCD among cohorts of suspect patients (excluding 

UK region studies). Forest plot of the proportion of referred patients for PCD testing that have eventually PCD 

confirmed. 

 

 

Supplemental Figure 6.4: Forest plot of the detection rate of TEM (across studies where PCD was confirmed 

with >2 diagnostic tests). Forest plot of the detection rate of TEM in cohorts of patients that have PCD 

confirmed with a combination of diagnostic tests. 
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Supplemental Figure 6.5: Forest plot of the detection rate of TEM (across studies with large sample size). 

Forest plot of the detection rate of TEM in cohorts of patients that have PCD confirmed with a combination of 

diagnostic tests. 

 

 

Supplemental Figure 6.6: Forest plot of the fraction of PCD patients with an isolated ODA defect (across all 

studies). Forest plot of the fraction of PCD patients with an isolated ODA defect in cohorts of patients that have 

PCD confirmed with a combination of diagnostic tests. 
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Supplemental Figure 6.7: Forest plot of the fraction of PCD patients with a combined ODA+IDA defect 

(across all studies). Forest plot of the fraction of PCD patients with a combined ODA+IDA defect in cohorts of 

patients that have PCD confirmed with a combination of diagnostic tests. 

 

 

Supplemental Figure 6.8: Forest plot of the fraction of PCD patients with a tubular defect (across all studies). 

Forest plot of the fraction of PCD patients with a tubular defect in cohorts of patients that have PCD confirmed 

with a combination of diagnostic tests. 
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Chapter 7: Cost-effectiveness Analysis of Three Algorithms for Diagnosing Primary 

Ciliary Dyskinesia 

Abstract 

Background  

Primary Ciliary Dyskinesia (PCD) diagnosis relies on a combination of tests which may 

include (a) nasal Nitric Oxide (nNO), (b) High Speed Video Microscopy (HSVM) and (c) 

Transmission Electron Microscopy (TEM). There is variability in the availability of these 

tests and lack of universal agreement whether diagnostic tests should be performed in 

sequence or in parallel. We assessed three different combinations of tests for PCD diagnosis 

and estimated net sensitivity and specificity as well as cost-effectiveness (CE) and 

incremental cost-effectiveness (ICE) ratios.  

Methods 

A hypothetical initial population of 1000 referrals (expected 320 PCD patients) was followed 

through a probabilistic decision analysis model which was created to assess the CE of three 

diagnostic algorithms (a) nNO+TEM in sequence, (b) nNO+HSVM in sequence and (c) 

nNO/HSVM in parallel followed, in cases with conflicting results, by confirmatory TEM 

(nNO/HSVM+TEM). Model inputs were obtained from published meta-analyses and large 

studies. Number of PCD patients identified, CE and ICE ratios were calculated using Monte 

Carlo analysis in ANALYTICA.  

Results 

 Out of 320 PCD patients, 311 were identified by nNO/HSVM+TEM, 274 with nNO+HSVM 

and 198 with nNO+TEM. The nNO/HSVM+TEM had the higher mean cost (€97K) followed 

by nNO+TEM (€56K) and nNO+HSVM (€39K). The nNO+HSVM algorithm dominated the 

nNO+TEM algorithm (less costly and more effective). The ICE ratio for nNO/HSVM+EM 

was €1.6K per additional PCD patient identified. 

Conclusion:  

The diagnostic algorithm (nNO/HSVM+TEM) with parallel testing outperforms algorithms 

with tests in sequence. Decision analysis methods can facilitate the discussion towards the 

development of the most efficacious diagnostic algorithm for PCD. 
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Introduction 

Primary Ciliary Dyskinesia (PCD) is a rare, genetically heterogeneous disorder that affects 

one in approximately 15 000 live births [424]. It results from the dysfunction of respiratory 

motile cilia, and the consequent compromise of mucociliary clearance which is a critical 

innate respiratory defense mechanism [425]. PCD is characterized by chronic sinopulmonary 

symptoms and development of bronchiectasis, recurrent otitis, male infertility and situs 

inversus [426]. Defective components of the ciliary axoneme (e.g. dynein arms) as well as 

dysfunctional regulatory or transport proteins have been implicated in the etiology of PCD 

and to date 32 genes have been found to be causative for PCD [427]. This genetic 

heterogeneity translates into a wide spectrum of ciliary structural and beating abnormalities 

and a diverse phenotype.  

Diagnostic testing for PCD relies on a combination of tests which primarily include nasal 

Nitric Oxide (nNO) [428], High Speed Video Microscopy (HSVM) [429, 430] and 

Transmission Electron Microscopy (TEM) [431, 432] as no single test has been shown to 

have 100% sensitivity and specificity [433]. “Because of this and because many centers lack 

either the needed equipment or the expertise to perform all required tests, some of which are 

quite laborious and time consuming, different diagnostic algorithms for diagnosis of PCD 

have been adopted by diagnostic centers across the world. [434]. Recently, nNO has been 

proposed as the screening test of choice in cohorts of patients with PCD-suspect 

manifestations due to its high ability to discriminate between PCD and non-PCD subjects 

[428, 435]. Although the cost of a (validated) chemiluminescence NO analyser is quite high 

(approximately €40000 per piece), the recent development of handheld and cheaper 

electrochemical NO analysers [436] and publication of relevant technical guidelines by the 

American Thoracic Society (ATS) and the European Respiratory Society (ERS) [437] may 

further enhance the potential of nNO measurement to be used as a screening test in the 
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clinical setting and especially in countries with limited resources or in areas that lack or are 

distant from PCD-specialist centers [438]. However, the use of a non-perfect screening test 

such as nNO in isolation may allow for some PCD patients with false negative results to be 

missed entirely or some non-PCD patients with false-positive results to undergo further 

diagnostic tests. For this reason, the diagnostic algorithm described as part of Standardized 

Operating Procedures for PCD diagnosis developed by the EU funded FP7 project 

BESTCILIA, in 2016, proposed standardized operating procedures for PCD diagnosis and a 

diagnostic algorithm which recommended that nNO should be performed in parallel with 

HSVM and confirmatory TEM assessment should follow in case of conflicting results [439]. 

Similarly, the recent ERS guidelines for the diagnosis of Primary Ciliary Dyskinesia also 

recommend a diagnostic algorithm which includes as a first step the parallel performance of 

both NO and HSVM and confirmation with TEM in a second step [440]. Nevertheless, such 

algorithms require the performance of a significantly higher number of nasal brushings for 

HSVM and would result in higher costs compared to algorithms that require the performance 

of a confirmatory test (HSVM or TEM) only following a positive result of the screening test.  

To better illuminate the decision making process, the overall costs involved with the 

performance of each algorithm and the resulting health benefits for PCD patients need to be 

addressed and compared. This study aimed to evaluate the cost effectiveness and incremental 

cost-effectiveness of three distinct diagnostic algorithms for patients referred for PCD 

diagnosting testing across the European Union through a probabilistic decision analysis 

framework.    

Materials and Methods 

Decision tree model 
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Using a probabilistic decision tree model, three diagnostic algorithms were evaluated versus 

each other and against a baseline of not performing any diagnostic testing for PCD. The three 

diagnostic algorithms evaluated were a) Sequential testing with nNO screening followed by 

HSVM only when NO was positive (nNO+HSVM), b) Sequential testing with nNO screening 

followed by TEM only when NO was positive (nNO+TEM), c) nNO performed in parallel 

with HSVM and followed, in cases with conflicting results, by confirmatory TEM 

(nNO/HSVM+TEM). The decision tree displaying the evaluated three diagnostic algorithms 

in this study is presented in Figure 1. 

 

Figure7. 1: Decision Tree diagram for the three different diagnostic algorithms for PCD. The decision tree 

begins from the left side and the decision whether to perform nNO+TEM, nNO+HSVM or nNO/HSVM+TEM. 

Squares represent decision nodes, circles represent chance nodes and triangles represent outcome nodes. 
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The starting population of referrals for PCD diagnosting testing that enters the model was 

defined as one thousand per year for the whole of the European Union (EU). To estimate the 

classification of patients under each diagnostic algorithm, Bayes‟ Theorem was used. Bayes‟ 

Theorem allows the calculation of probability of suffering from PCD or not given the pre-test 

probability of disease and given a positive or negative diagnostic test [441]. The formula for 

estimating the probability of disease given positive diagnostic test is:  

             
                   

                                             
 

Where P(Test+|PCD) is the probability of positive test given PCD is present (test sensitivity), 

P(PCD) is the prevalence of PCD in the tested population, P(Test+|nonPCD) is the 

probability of positive test given disease is not present (1-specificity of the test) and P(non-

PCD) is the probability of not having PCD in the tested population. The formula can be 

rearranged accordingly to calculate probability of PCD given positive diagnostic test, 

probability of PCD given negative diagnostic test and probability of non-PCD given negative 

diagnostic test as well as probability of non-PCD given positive diagnostic test.n To model 

the sequence of diagnostic tests in each diagnostic algorithm the resulting probability of PCD 

given a positive first test as calculated using Bayes‟ Theorem was used as the pre-test 

probability of PCD for the second test. The final modeled health outputs regarding the 

effectiveness of each diagnostic algorithm included the number of PCD patients confirmed as 

PCD (True Positive - TP), PCD patients missed (False Negative - FN), non-PCD patients 

wrongly diagnosed as PCD (False Positive - FP), and non-PCD patients that had a diagnosis 

of PCD excluded (True Negative - TN). In addition, the annual total cost outcome (in Euros) 

was calculated for each diagnostic algorithm using a micro-costing approach. This approach 

involves the recognition of all underlying activities that make up a specific healthcare 

procedure and the product of resource cost and resource use provides the total cost estimate 
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for the procedure [442]. A detailed description of the diagnostic cost analysis is presented in 

Technical Appendix I. 

Amortized annual cost estimates for the various pieces of diagnostic equipment (nNO 

analyzers, HSVM systems and TEM) were calculated by the formula [443]: 

      
        

        
 

Where P is the capital cost, i is the annual discount rate (treated as 0.05 per year in this 

analysis) and N is the useful life (lifespan) of the equipment. Amortized annual cost was 

added to the annual operating and maintainance costs (includes labor costs, consumables and 

maintenance) to estimate the total annual diagnostic cost for each diagnostic algorithm.  

The incremental Cost Effectiveness Ratios (ICER) were calculated as the ratio of incremental 

costs to incremental effectiveness, i.e. [444]: 

     
           

               
 

Here, CostA and CostB are the total annual per-patient costs of performing test algorithms A 

and B, respectively, and EffectA and EffectB are the number of PCD patients correctly 

diagnosed with PCD for the same diagnostic algorithms. 

We conducted a secondary analysis that aimed to (1) broaden our characterization of costs to 

include all healthcare expenditures, and (2) quantify effectiveness in terms of quality adjusted 

life years (QALYs), a metric used broadly in the health economics literature [445]. We 

estimated QALYs for PCD patients as [446]: 
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Where LEPCD is the Life Expectancy for PCD patients and HUPCD is the Health Utility for 

PCD.  The total QALYs saved for each algorithm were calculated using the relationship: 

                                                      

Where TP and FN are the number of tested patients characterized respectively as True  

Positive and False Negative per year, while PCDtreated QALYs are the number of QALYs 

saved when a PCD patient receives  PCD-specific care and PCDnot treated QALYs are the 

number of QALYs saved when a PCD patients does not receive  PCD-specific care. The 

treatment procedures followed in PCD management were derived from recent reviews and 

consensus papers from Europe and North America and calculation of annual treatment cost 

for an average diagnosed PCD patient was possible. [433, 447-449] However there are no 

data regarding the treatment received by undiagnosed PCD patients and calculation of 

treatment cost for this subset of patients is not feasible.. To overcome this lack of evidence 

we performed a sensitivity analysis that provided a range of model results (CER and ICERs) 

while allowing the treatment cost for missed PCD patients to range from 3 times lower to 3 

times higher as compared to the treatment cost for correctly diagnosed PCD patients. This 

sensitivity analysis reflects both the possible scenario of a PCD patient who has not been 

diagnosed and does not adhere to PCD specific treatment protocols, causing reduced 

healthcare costs as a result of, among other, less clinical appointments and physiotherapy 

consultations, reduced prescription of prophylactic antibiotics and less CT scans and the 

possible scenario of the same non-diagnosed patient causing higher healthcare costs due to 

higher frequency of exacerbations that may result to a higher frequency of hospitalizations 

and intravenous antibiotic administration, unnecessary tests and surgical procedures (e.g. 

grommets insertion, lung resection or lung transplantation) that could have otherwise been 

avoided [450].  
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Model Parameter Inputs 

The prevalence of PCD in the general population was assumed to be 1/15000 births and the 

prevalence of PCD among patients referred for diagnostic testing was allocated a probability 

of 0.32 (95% CI: 0.26-0.39) as reported before [451].  Data regarding the diagnostic accuracy 

of each test were derived from systematic reviews and meta-analyses, when possible, and 

from alternative data sources such as large studies and multiple sources when meta-analytic 

estimates were not available. The parameter inputs for sensitivity and specificity of nNO 

during Velum Closure (VC) were 0.95 (95% CI: 0.91-0.97) and 0.94 (0.88-0.97) respectively, 

based on published meta-analytic estimates [452]. For HSVM, the parameter inputs for 

sensitivity and specificity were 1.0 (95% CI: 0.89-1.00) and 0.92 (95% CI: 0.86-0.96) based 

on published evidence provided by Boon et al. 2013 and Jackson et al. 2016 [453, 454]. For 

assessment of ciliary ultrastructure with TEM, the parameter inputs for sensitivity and 

specificity were 0.74 (95% CI: 0.68-0.80) and 0.91 (95% CI: 0.86-0.96) respectively based 

on a recent meta-analysis of 11 studies [451]. Sensitivity and specificity values for HSVM 

and TEM following a positive nNO result were obtained from the study by Jackson et al. 

2016 [453]. Table 1 summarizes all parameter values that were part of the basic model. In the 

extended model, estimates about the QALYs saved in PCD and the treatment cost involved in 

PCD were required. Estimates about QALYs saved due to a specific treatment are usually 

available following randomized clinical trials (RCT) and life-long follow up of patients to 

inform about the life expectancy of the disease. In the case of PCD, RCT data are still scarce 

and information about life expectancy in PCD is non- existent. However, since life 

expectancy in many PCD patients is assumed to be normal or near-normal [455, 456] and 

using health utility (HU) estimates from other diseases with similar symptoms with PCD such 

as Cystic Fibrosis (CF) (HU ~ 0.75) [457], chronic bronchitis and chronic sinusitis (HU ~ 

0.80) [458] and chronic obstructive pulmonary disease (HU ~ 0.85) [459], a calculation 
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regarding the number of QALYs saved in a PCD patient was possible. The calculation relies 

on the assumption that out of a full life expectancy of 80 years, 5 years (95%CI: 1.5-8.5) are 

lost due to PCD and that HUPCD equals approximately 0.20 (95% CI: 0.16-0.24). The cost of 

the different resources (i.e. physiotherapy equipment and consultations, specialist 

consultations, antibiotic administration, hearing aids) that are part of PCD specific treatment 

were obtained through national and international databases (NHS Reference Costs [460], 

Germany Federal Health Monitoring [461], World Health Organization CHOICE database 

[462]). For all resources, we aimed to calculate European average resource prices by 

averaging prices from 3 countries (UK, Germany and Italy or Greece) and resource use was 

based on the experience of the authors. Mean estimates and 95% CI for the health utility for 

PCD patients, YLL in PCD and treatment cost parameters that were included in the extended 

model are also presented in Table 1. 

 

Table 7.1: Model parameter inputs 

 

Parameter description 
 

 

Best Estimate 

(95% CI) 
 

 

Probability 

distribution 
 

 

Source 
 

PCD prevalence among suspect patients 
0.32 

(0.25-0.39) 

 

Normal  

(κ: 0.32,SD:0.028) 
 

[28] 

    

Diagnostic Accuracy    

nNO (VC) sensitivity 
0.95 

(0.91-0.97) 

 

Normal 

(κ: 0.95, SD: 0.015) 
 

[29] 

nNO (VC) specificity 
0.94 

(0.88-0.97) 

 

Normal 

(κ: 0.94, SD: 0.021) 
 

[29] 

    

TEM sensitivity 
0.74 

(0.66-0.83) 

 

Normal 

(κ: 0.74,SD: 0.03) 
 

[28] 

TEM specificity 
0.91 

(0.86-0.96) 

 

Normal 

(κ: 0.91,SD: 0.02) 
 

[28] 

    

HSVM sensitivity 

1.00 

(0.89- 1.00) 

0.89 (-) 

 

Truncate: Normal 

(κ: 0.98,SD: 0.035) 

Min: 0.89, Max: 1.00) 
 

[30,31] 

HSVM specificity 
0.92 

 (0.86-0.96) 

 

Normal 

(κ: 0.92,SD: 0.017) 
 

[30] 

    

Effectiveness Outcomes     
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Years of Life Lost in PCD 
5 

 (2-8) 

 

Normal 

(κ: 5,SD: 1.5) 
 

Assumption 

Health Utility in PCD  
0.15 

 (0.10-0.20) 

 

Normal 

(κ:0.15, SD: 0.2) 
 

[34, 35, 36] 

    

Diagnostic Costs 
Xxx 

(xxx-xxx) 
  

nNO related cost parameters 
Xxx 

(xxx-xxx) 
  

nNO Ecomedics CLD88sp (VC) capital cost (€) 
40000 

(36000-44000) 

 

Normal 

(κ: 40000,SD: 2000) 
 

Market Value 

 

nNO Ecomedics CLD88sp (VC) consumables 

per patient (€) 
 

15 

(9-21) 

 

Normal 

(κ: 15,SD: 3) 
 

Market Value 

 

nNO operators rate (€/hour) 
 

20 

(10-30) 

 

Normal 

(κ: 20,SD: 5) 
 

Eurostat 

 

nNO Ecomedics CLD88sp (VC) test duration 

(hours) 
 

           0.5 

(0.3-0.7) 

 

Normal 

(κ: 0.5,SD: 0.1) 
 

Based on 

ATS/ERS [14] 
 

nNO Ecomedics CLD88sp equipment lifespan 

(years) 
 

15 

(13-17) 

 

Normal 

(κ: 15, SD: 1) 
 

Market Value 

 

nNO Ecomedics CLD88sp (VC) annual 

maintenance (€) 
 

1300 

(1100-1500) 

 

Normal 

(κ: 1300, SD: 100) 
 

Market Value 

    

HSVM related cost parameters 
Xxx 

(xxx-xxx) 
  

 

Capital cost HSVM – SAVA system (€) 
 

5000 

(3000-7000) 

 

Normal 

(κ: 5000, SD: 1000) 
 

Market 

Value (incl. 

camera and  

software)  
 

HSVM consumables (€) 
 

20 

(16-24) 

 

Normal 

(κ: 20, SD: 5) 
 

Market Value 

 

HSVM operators rate (€/hour) 
 

20 

(10-30) 

 

Normal 

(κ: 20, SD: 5) 
 

Eurostat 

 

HSVM equipment lifespan (years) 
 

15 

(10-20) 

 

Normal 

(κ: 15, SD: 2) 
 

Assumption 

 

HSVM test duration (hours) 
 

2 

(1.6-2.4) 

 

Normal 

(κ: 2, SD: 0.2) 
 

Based on Sisson J 

2003 [7] 
    

TEM related cost parameters 
Xxx 

(xxx-xxx) 
  

 

TEM capital cost (€) 
 

100000 

(90000-110000) 

 

Normal 

(κ:100000, SD:5000) 
 

Market Value 

 

TEM consumables (€) 
 

110 

(90-130) 

 

Normal 

(κ:110, SD:10) 
 

Market Value 

 

Brushing Time (hours) 
 

0.2 

(-) 

 

Constant: 

(Brushing Time: 0.2) 
 

Assumption 

 

TEM operators rate (€/hour) 
 

20 

(10-30) 

 

Normal 

(κ: 20, SD: 5) 
 

Eurostat 

 

TEM test duration (hours) 10 
 

LogNormal [8, 30] 
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(6-18) (Median: 10, gsd: 1.3) 
 

 

TEM equipment lifespan (years) 
 

30 

(20-40) 

 

Normal 

(κ: 30, SD: 5) 
 

Assumption 

 

Physician‟s rate (€/hour) 
 

50 

(30-70) 

 

Normal 

(κ: 50, SD: 10) 
 

Eurostat 

 

TEM annual maintenance (€) 
 

2000 

(1300-2600) 

 

Normal 

(κ: 2000, SD: 300) 
 

Assumption 

 

Characterization of Uncertainty 

Reported uncertainty around pooled estimates of the meta-analyses of diagnostic 

effectiveness and uncertainties about the true value of costs and other parameters are 

reflected by the probability distributions around the parameter means which are used in this 

model. A Cost-Effectiveness Acceptability Curve was used to demonstrate the uncertainty in 

the estimation of the ICER [463]. All parameters and equations constitute the final model 

which was developed with ANALYTICA 101 edition (Lumina decision systems, CA, United 

States). The model was executed with 1000 iterations per “model run” using Latin Hypercube 

sampling to generate samples from the underlying parameter probability distributions. The 

model can be assessed online and a model overview is presented in supplementary figure 1. 

 

Results 

The model output for TP, FN, TN and FP and estimates of net sensitivity, net specificity, net 

positive predictive value and net negative predictive value for the application of each 

diagnostic algorithm in a hypothetical cohort of 1000 patients suspected of PCD is presented 

in Table 2. Table 3 compares mean diagnostic costs with the number of PCD cases identified 

and reports relevant CERs and ICERs. Deterministic comparison for mean costs and effects 

demonstrated that the nNO/HSVM+TEM was the most effective algorithm but also the most 

costly (311 PCD cases identified/year, 97,400 €/year). nNO+HSVM was the second most 
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effective (274 PCD cases identified/year, 38,600 €/year) while nNO+TEM was the least 

effective (198 PCD cases identified/year, 55,800 €/year). The most cost-effective algorithm 

was nNO+HSVM with a CER of 140 €/PCD case identified, followed by nNO+TEM (280 

€/PCD case identified) and nNO/HSVM+TEM (315 €/PCD case identified). 

Table 7.2: Diagnostic accuracy of nNO+TEM, nNO+HSVM and nNO/HSVM+TEM 

algorithms 

 
 

Diagnostic Algorithm 
 

 

Classification 
 

NO+TEM NO+HSVM NO/HSVM+TEM 
 

PCD as PCD 

(% of PCD) 
 

198 (62%) 274 (86%) 311 (97%) 

 

PCD as non-PCD 

(% of PCD) 
 

122 (38%) 46 (14%) 9 (3%) 

 

Non-PCD as non-PCD 

(% of non-PCD) 
 

680 (100%) 680 (100%) 677 (99.5%) 

 

Non-PCD as PCD 

(% of non-PCD) 
 

0 (0%) 0 (0%) 3 (0.5%) 

 

Net Sensitivity 
 

65% 86% 97% 
 

Net Specificity 
 

100% 100% 99.5% 
 

Net PPV 
 

100% 100% 99% 
 

Net NPV 
 

85% 94% 99% 

PPV: Positive Predictive Value                                                                                                                           

NPV: Negative Predictive Value 

Table 7.3: Diagnostic costs per year, identified PCD cases per year   

   
 

ICER (€/PCD case identified 
 

Diagnostic 

Algorithm 

Diagnostic Cost 

per annum in € 

(SD) 

PCD cases 

identified per 

annum 

(SD) 

Compared to 

No screening 

 

Compared to 

next most 

effective 

algorithm* 
 

 

Do nothing 
 

 

0 
 

 

0 
 

 

- 
 

 

- 
 

 

NO+HSVM 
 

 

38,600 (6150) 
 

 

274 (24) 
 

 

140 (22) 
 

 

140 (22) 
 

 

NO+TEM 
 

 

55,800 (6242) 
 

 

198 (18) 
 

 

285 (32) 
 

 

Dominated 
 

 

NO/HSVM+TEM 
 

 

97,400 (11920) 
 

 

311 (27) 
 

 

315 (45) 
 

 

1620 (337) 
 

 *ICER compared to next less expensive algorithm omits from consideration those algorithms that are 

“dominated” (make health worse and cost more).  Hence, we compare NO/HSVM+TEM (last row) to 

NO+HSVM (2
nd

 row) and not to NO+TEM (3
rd

 row) because NO+TEM is dominated (it costs more than 

NO+HSVM but identifies fewer cases). 
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The cost effectiveness frontier in presented in Figure 2 and the resulting ICER for 

nNO/HSVM+TEM compared to nNO+HSVM, the second most effective algorithm, is 1620 

€ per additional PCD case identified. The nNO+TEM algorithm is dominated (simple 

dominance) by nNO+HSVM as it is more expensive but less effective compared to 

nNO+HSVM.  

 

Figure 7.2: Cost-effectiveness frontier for the three different diagnostic algorithms for PCD. Diagnostic 

algorithms nNO+HSVM snd nNO/HSVM+TEM are cost-effective alternatives at different WTP thresholds.   

Diagnostic algorithm nNO+TEM is dominated by nNO+HSVM. 

 

Figure 3 presents the cost-effectiveness acceptability curve (CEAC) for nNO/HSVM+TEM. 

The CEAC demonstrates the uncertainty in the estimation of ICER and provides information 

about the probability of nNO/HSVM+TEM being more cost effective compared to 

nNO+HSVM for a range of potential monetary amounts (termed willingness to pay (WTP) 

thresholds) that a decision maker might be willing to pay to correctly diagnose an additional 

PCD case. For a WTP threshold equal to €2000 the probability of nNO/HSVM+TEM being 
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cost effective is over 80% and for a WTP threshold equal to €2500 the probability is over 

97%. 

 

Figure 7.3: Cost Effectiveness Acceptability Curve for nNO/HSVM+TEM. The probability that diagnostic 

algorithm nNO/HSVM+TEM is cost-effective for a range of WTP thresholds. 

 

The development of the extended model, allowed the calculation of ICERs which included 

the effectiveness and cost of PCD specific treatment as well. Table 4 presents the lifetime 

effect (in QALYs saved) and the present value of lifetime costs (in €) for the cohort of 1000 

referrals and resulting CER.  

Table 7.4: Total QALYs saved for a cohort of 1000 referrals (baseline analysis) 

Diagnostic 

Algorithm 

QALYs saved 

(SD) 

 

CER (€/PCD 

case identified) 

(SD)* 
 

 

Do nothing 
 

 

0 
 

 

- 
 

 

NO+TEM 
 

 

4075 (586) 
 

 

10,170 (2621) 
 

 

NO+HSVM 
 

 

5519 (805) 
 

 

6863 (1305) 
 

 

NO/HSVM+TEM 
 

 

6224 (909) 
 

 

5708 (959) 
 

*Compared to not performing any diagnostic procedure, CER: Average Cost-effectiveness Ratio 
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With the basic model, the most effective algorithm was nNO/HSVM+TEM with a mean of 

6224 QALYs saved for the whole cohort followed by nNO+HSVM with 5519 QALYs and 

nNO+TEM with 4075 QALYs. The most cost-effective algorithm was nNO/HSVM+TEM 

followed by nNO+HSVM and nNO+TEM with mean CERs equal to 5700 €/QALY saved, 

6860 €/QALY saved and 10170 €/QALY saved respectively. The sensitivity analysis that 

allowed the ratio of treatment cost between undiagnosed PCD patient and diagnosed PCD 

patient to vary between 0.3 and 3 demonstrated that nNO/HSVM+TEM was always the most 

cost-effective algorithm but the differences in resulting CERs were greater when treatment 

cost for an undiagnosed PCD patient far exceeded the treatment cost for a diagnosed PCD 

patient (Table 5).  

Table 7.5: Total lifetime costs, total QALYs saved for a cohort of 1000 referrals (sensitivity 

analysis) 

Diagnostic Algorithm 
Total Lifetime Cost in 

million € (SD) 

QALYs saved 

(SD) 

 

ACER (€/PCD case identified) 

(SD)* 
 

 

Ratio of undiagnosed PCD 

TC to diagnosed PCD TC 
 

 

0.3 
 

 

3 
 

 

- 
 

 

0.3 
 

 

3 
 

 

Do nothing 
 

 

0 
 

 

0 
 

 

0 
 

 

- 
 

 

- 
 

 

NO+TEM 
 

 

25.07 (3.63) 
 

 

60.36 (8.73) 
 

 

4075 (586) 
 

 

6232 (1016) 
 

 

15010 (2481) 
 

 

NO+HSVM 
 

 

30.74 (4.45) 
 

 

44.11 (6.43) 
 

 

5519 (805) 
 

 

5644 (932) 
 

 

8104 (1373) 
 

 

NO/HSVM+TEM 
 

 

33.57 (4.84) 
 

 

36.25 (5.27) 
 

 

6224 (909) 
 

 

5467 (906) 
 

 

5905 (995) 
 

* Compared to not performing any diagnostic procedure, CER: Average Cost-effectiveness Ratio, TC: 

lifetime treatment cost 

 

Discussion 

The high genetic heterogeneity that characterizes PCD and the resulting inability to rely on a 

single test to confirm or exclude diagnosis of the disease has led to increased research interest 

in specialized diagnostic testing for PCD in recent years. This study compares three 

diagnostic strategies currently in use for diagnosing PCD and reports on their effectiveness 
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and cost-effectiveness. Data were drawn primarily from meta-analyses of diagnostic 

effectiveness or published estimates from large studies and were synthesized in a 

probabilistic cost effectiveness model.  

The results presented here demonstrate that when the effectiveness outcome is defined as the 

number of PCD patients identified, nNO/HSVM+TEM is the most effective diagnostic 

algorithm followed closely by nNO+HSVM. Both nNO/HSVM+TEM and nNO+HSVM are 

significantly more effective compared to the third diagnostic strategy evaluated, nNO+TEM. 

Mean estimates of CERs demonstrate that nNO+HSVM was the most cost-effective option 

and a decision maker should expect to pay on average an amount equal to 1620 € per 

additional case identified if nNO/HSVM+TEM is implemented. Whether the effectiveness 

outcome is defined as number of PCD patients identified or as the number of QALYs saved 

nNO/HSVM+TEM was still the most effective algorithm  followed by nNO+HSVM and 

nNO+TEM. Nevertheless, the results of the extended model, which are expressed in Euros 

per QALY saved, demonstrate that all three diagnostic algorithms appear to be very cost-

effective. Compared to no screening, the cost per QALY gained for the three diagnostic 

algorithms examined here ranged from 5700 to 10170, an estimate which is much lower than 

WTP thresholds commonly used by regulatory authorities around the world. Such WTP 

thresholds range between 20,000 and 30,000 pounds per QALY saved in the UK [464] or the 

more conventional WTP threshold of 50000 dollars per QALY saved, commonly used in the 

US [465].  

Diagnostic algorithms including nNO measurement during VC as an initial screening could 

be cost-effective. However, our results demonstrate that nNO screening is more effective 

when the confirmatory test is HSVM and not TEM. Although in the past TEM was 

considered the gold standard [37]  TEM analysis it is now known to miss an important 

fraction of PCD patients [451], mainly those with biallelic mutations in DNAH11 gene [466] 
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and  those with specific ultrastructural abnormalities (nexin link defects) that are not easily 

detectable by standard TEM [467]. Furthermore, TEM analysis requires access to a 

specialized lab with experienced personnel in staining and interpretation of TEM 

micrographs and consequently involves considerable resource allocation [468]. Furthermore, 

TEM studies are usually time consuming and results are usually obtained and communicated 

to patients considerably later than results of other tests thus contributing to patient distress 

[469]. HSVM is easier, considerably faster and cheaper than TEM as it is usually performed 

on the same day following nasal brushing and the equipment required consists of standard 

microscope, a high speed video camera and a standard computer loaded with specialized 

software. It has also been reported to be a highly sensitive and specific test [453] thus it 

significantly outperforms TEM as a confirmatory test both in terms of overall effectiveness 

and cost. However, extra caution is required with HSVM as it may be affected by observer 

subjectivity and non-PCD specific findings which may interfere with the motility 

interpretation [434].  Overall, the parallel performance of two highly specific and sensitive 

tests such as nNO and HSVM during the first step of the diagnostic algorithm, followed by 

confirmatory TEM in only the few cases of conflicting findings, results in the identification 

of most PCD patients and does not require the performance of the more expensive and time 

consuming TEM analysis for the largest part of the cohort of suspect patients.  

In this study we did not include diagnostic algorithms that included immunofluorescence (IF) 

and/or genetic testing for PCD. Although a recent study has reported the first diagnostic 

accuracy and cost estimates for immunofluorescence testing in PCD [470], the use of this test 

is still very limited (as it is  performed  only in a small number of few highly specialized 

centers around the world).  Genetic testing, on the other hand, is available in many centers 

around the world.  However, as yet, there is little standardization of procedures for the 

conduct and interpretation of results. Different centers may use different technologies and 
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may not test for the same number of genes [471, 472]. Thus estimation of the effectiveness or 

the cost of genetic testing as diagnostic for PCD was not possible at this stage and it was not 

included in the diagnostic algorithms considered in our analysis. This approach is in line with 

the recent guidelines published by the ERS where genetic testing was recommended as a last 

step following abnormal TEM primarily for further characterization of the underlying defect 

or as a final diagnostic test if all other tests were inconclusive. For immunofluorescence there 

was no ERS recommendation towards its use as a diagnostic test given the scarcity of 

evidence [440].  

The main strength of this study is that it makes use of evidence-based estimates and 

individual good quality studies on the diagnostic accuracy of nNO, TEM and HSVM and the 

prevalence of PCD among cohorts of referred suspect patients. With the use of Bayes‟ 

Theorem, it was possible to estimate the diagnostic effectiveness of sequential tests and to 

compare the effectiveness of diagnostic algorithms instead of simply comparing the 

effectiveness of isolated tests, as had been done in the past. In addition, our analysis of the 

costs involved in  diagnostic testing followed standard approaches for  economic analysis of 

healthcare procedures [442] and made use of the extensive  literature  on the effort, 

equipment and consumables involved in the performance of nNO [473, 474],  HSVM [453, 

475] and TEM [432]. Based on this evidence, we were able to calculate effectiveness and 

economic outcomes (number of PCD patients identified, total diagnostic costs) as well as 

robust CERs, ICERs and identify the cost-effectiveness frontier.  

Nonetheless, this study also has several limitations. Most of these relate to the considerable 

uncertainty of the parameters that make up the extended model and for this reason the results 

of basic and extended models are presented separately. The model parameter regarding life 

expectancy in PCD is based on our own assumption as data about the life expectancy of this 

disease are currently not available. This lack of information could be attributed to the fact that 
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PCD is a disease that has been studied primarily in the pediatric setting and long-term studies 

of adult PCD patients are rare. The recently developed prospective PCD registry [476] 

provides a useful tool to follow pediatric and adult patients in time in order to monitor disease 

progression and life-expectancy in PCD. Furthermore, although empirical evidence about 

various approaches for the treatment of PCD is beginning to accumulate, at the moment there 

are no widely recognized PCD-specific treatment protocols. The efficacy of a few treatment 

approaches are now under  investigation through RCTs, for example, those now underway on 

the effect of Azithromycin for antibiotic prophylaxis [477]. Furthermore, there are no 

published estimates of the annual (or lifetime) cost of various options for treatment of PCD. 

Although we used credible sources [460-462] to estimate the cost of each procedure (resource 

cost) we had to rely on our own experience with the disease to characterize the typical 

frequency of treatment (resource use). To address this limitation, the underlying uncertainty 

in each parameter was characterized and included in the model. Through Latin Hypercube 

sampling and Monte Carlo analysis, these uncertainties in individual parameters were 

propagated through the model and are reflected in the uncertainty in final model outputs. 

Evidence about treatment costs is especially weak. We found no evidence of the cost of 

treatment of PCD patients who manage to remain undiagnosed; and only limited evidence 

about the cost of treatment of PCD patients who are properly diagnosed. A sensitivity 

analysis was conducted to determine whether differences in the overall costs of treatment of 

diagnosed and undiagnosed PCD patients affected the estimates of cost-effectiveness from 

the extended model. The overall order of diagnostic algorithms was not affected and 

nNO/HSVM+TEM was the most cost efficient algorithm in all scenarios. However, the 

magnitude of the difference in the cost effectiveness of the three algorithms was significantly 

affected, with nNO/HSVM+TEM becoming relatively more cost-effective when it was 

assumed that the cost of treating undiagnosed PCD patients was at least 3 times greater than 
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the treatment cost for  properly-diagnosed PCD patients. This highlights the importance of 

future studies which address the economic cost of treatment in PCD patients before and after 

diagnosis.   

 

 Conclusions 

Many centers for the diagnosis and treatment of PCD in the developed world follow a variety 

of algorithms for diagnosing PCD.  In some low income countries, most likely, there is a 

complete lack of specialized diagnostic testing. The results of this study suggest that a 

diagnostic algorithm which includes nNO during VC as a screening test followed by 

confirmatory HSVM identifies approximately 86% of PCD patients with a mean CER of 

140€ per PCD case identified. The algorithm which  maximizes the number of PCD patients 

identified involves parallel performance of nNO and HSVM as the first step, followed by 

TEM as a confirmatory test for the few cases where nNO and HSVM yield conflicting 

results, with a corresponding ICER of 1620€ per additional PCD patient identified. These 

findings can inform the dialogue about the development of evidence-based guidelines for 

PCD diagnostic testing and can illuminate discussions about how these guidelines can best be 

implemented across various healthcare systems. 
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Supplementary Figure 7.1: Model Overview. Schematic Overview of ANALYTICA model
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Technical Appendix 

For 

Cost-effectiveness Analysis of Three Algorithms for Diagnosing Primary Ciliary 

Dyskinesia  

 

Diagnostic Cost Analysis: 

The analysis was conducted from the perspective of an average European Union (EU) 

Healthcare System and thus it is confined to direct medical costs based on EU rates. The 

annual total diagnostic cost for a hypothetical cohort of 1000 suspect patients referred for 

specialised PCD testing was calculated using the micro-costing approach which involved the 

following steps: 

(a) Identification of all cost generating procedures (recourses) involved in diagnosting 

testing for PCD 

(b) Estimate unit resource cost based on average EU prices for different resources. 

(c) Estimate the resource usage based on model output.  

(d) Combine the information on unit recourse costs with resource usage and sum 

across all identified resources as described by the general formula: 

∑       

 

   

 

Where k refers to the total number of resources involved in PCD diagnosting testing and RCi 

and RUi refer to the resource cost and resource use estimated for resource i.  

Direct medical costs included in PCD diagnostic testing 

Direct medical costs include the cost of nasal Nitric Oxide (nNO) measurement, the physician 

office visit cost for the performance of nasal brushing and the laboratory cost involved in the 

performance of the High Speed Video Microscopy (HSVM) and Transmission Electron 
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Microscopy (TEM) analyses on the acquired sample. The cost of nNO, HSVM and TEM 

equipment purchase, disposables, labour and maintenance constitute the direct medical cost 

and the detailed breakdown of these diagnostic procedures into separate resources and their 

pricing is described in Table 1.  

 

Calculation of diagnostic costs: 

The electron microscope used for TEM analysis and the analyser used for NO measurement 

are not only used for PCD diagnosis but could be used for other applications as well. On the 

contrary HSVM is expected to solemnly be utilised for PCD diagnosis. As a result, two 

slightly different approaches are followed for the calculation of diagnostic costs for HSVM 

and nNO and TEM. More specifically, in the case of nNO and TEM the final cost of the 

diagnostic procedure calculated across all resources (e.g. capital cost, labour, consumables 

etc) has to be corrected using the ratio of equipment use to the total equipment efficiency 

which is calculated as follows: 

                               

                   
 

Where TTest refers to the duration of the test in hours and EfficiencyEquipment refers to the total 

time (hours) that the equipment could theoretically be used over a year. 

 

Diagnostic cost (HSVM): 

The operational cost per patient for each diagnostic test was calculated using the formula: 

              [                  
 

    
 ]                          
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Where OCper patient refers to Operational Cost per patient, TTest refers to the duration of the test 

in hours and CR refers to Compensation Rate for the diagnostician in €/hour. The total annual 

operational cost (TOC) was calculated as follows: 

                                            

Total annual Operational and Maintenance Cost (TOCM) which includes the operational cost 

as well as annual payments towards the capital investment and annual maintenance is 

calculated as: 

               

Where TOC refers to Total Operational Cost, AC refers to amortized cost and AM refers to 

expected annual maintenance of the equipment.  

 

Diagnostic cost (nNO and TEM): 

The operational cost per patient for each diagnostic test was calculated using the formula: 

              [                  
 

    
 ]                         

Where OCper patient refers to Operational Cost per patient, TTest refers to the duration of the test 

in hours and CR refers to Compensation Rate for the diagnostician in €/hour. The total annual 

operational cost (TOC) was calculated as follows: 

                                      

Total annual Operational and Maintenance Cost (TOCM) which includes the operational cost 

as well as annual payments towards the capital investment and annual maintenance is 

calculated as: 
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For nNO measurement: 

*
                               

                   
+       

For TEM analysis (also includes sample processing cost (PC) prior TEM analysis):  

                               *
                               

                   
+       
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Chapter 8: Concluding Remarks, Limitations and Future Research  

Concluding Remarks 

Although many of the manifestations of PCD present early in life, diagnosis is often delayed 

or missed completely, primarily due to the low specificity of some symptoms (e.g. cough, 

rhinorrhea) and lack of awareness for PCD among clinicians [5]. In addition, difficulties in 

establishing PCD diagnosis, both due to lack of equipment and or lack of expertise, might 

further contribute towards misdiagnosis [11]. Up to date, several tests have been developed 

for PCD diagnosis such as TEM, HSVM, nNO measurement, immunofluorescence analysis 

and genetic testing but none of which has been found to be characterized by 100% sensitivity 

and 100% specificity. As a result, a combination of tests is usually required for the 

establishment of PCD diagnosis [18]. Nevertheless, due to the lack of either the needed 

equipment or the expertise to perform all tests as well as due to the lack of universal 

agreement whether diagnostic tests should be performed in sequence or in parallel, different 

diagnostic algorithms for PCD have been adopted by diagnostic centers across the world [16]. 

This study focuses on the description of the diagnostic properties of the three most widely 

used tests for PCD (TEM, HSVM, nNO measurement) through the performance of systematic 

reviews and meta-analyses and the comparison of three different diagnostic algorithms 

(nNO+TEM, NO+HSVM and NO/HSVM +TEM) through a probabilistic decision tree model 

and the estimation of cost-effectiveness and incremental cost-effectiveness of the evaluated 

algorithms. 

In chapter 5, a systematic review and a diagnostic accuracy meta-analysis of NO 

measurement during VC or non-VC for the diagnosis of PCD was carried out. Twelve 

individual studies were synthesized and provided data for thirteen different populations, 

including nine case-control (n=793) and four prospective cohorts (n=392). The overall 
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sensitivity of nNO measured during VC was 0.95 (95% CI 0.91-0.97), while specificity was 

0.94 (95% CI 0.88-0.97). For non-VC techniques, the overall sensitivity of nNO 

measurement was 0.93 (95% CI 0.89-0.96) whereas specificity was 0.95 (95% CI 0.82-0.99). 

The results indicate that that measurement of nNO, both with VC and non-VC maneuvers, 

has high overall diagnostic accuracy and provides a clinically significant diagnostic tool for 

large uninvestigated populations of suspect cases worldwide where access to TEM and 

HSVM is not easy. 

In chapter 6, the published literature was systematically reviewed and pooled estimates of the 

PCD prevalence among referrals and TEM detection rate in confirmed PCD patients were 

derived through meta-analysis of proportions. PCD prevalence among referrals was found to 

be 32% (95%CI:25%-39%, I
2
=92%) and the TEM detection rate among PCD patients was 

83% (95%CI:75%-90%, I
2
=90%). Exclusion of studies reporting an isolated inner dynein arm 

defect in TEM which is considered unreliable for PCD diagnosis [478], reduced the pooled 

TEM detection rate and explained an important fraction of the observed heterogeneity (74%, 

95%CI:66%-83%, I
2
=66%). This analysis demonstrated that among cohorts of consecutive 

referrals of suspect cases for PCD testing, approximately one third are eventually confirmed 

as PCD patients and  among PCD cases that underwent TEM studies, a significant 

percentage, at least as high as 26%, were not identified by TEM (ref).  

The evidence regarding the diagnostic properties of nNO and TEM as well as the evidence 

regarding the prevalence of PCD among suspect patients were combined along with 

diagnostic accuracy estimates for HSVM from individual studies to develop a probabilistic 

decision model that allowed the calculation of net sensitivity and specificity as well as the 

cost-effectiveness (CE) for three diagnostic algorithms that were characterized by different 

combinations of nNO, TEM and HSVM. The three diagnostic algorithms evaluated were (a) 

nNO+TEM in sequence, (b) nNO+HSVM in sequence and (c) nNO/HSVM in parallel 
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followed, in cases with conflicting results, by confirmatory TEM (nNO/HSVM+TEM). The 

results presented in chapter 7 indicate that out of a hypothetical starting population of 1000 

referrals (of whom 320 are PCD patients), 311 were correctly identified as PCD by 

nNO/HSVM+TEM, 274 with nNO+HSVM and 198 with nNO+TEM. The 

nNO/HSVM+TEM had the higher mean cost (€97K) followed by nNO+TEM (€56K) and 

nNO+HSVM (€39K). The nNO+HSVM algorithm dominated the nNO+TEM algorithm (less 

costly and more effective). The ICE ratio for nNO/HSVM+EM was €1.6K per additional 

PCD patient identified. Furthermore, in an extended analysis that also took into account the 

treatment effectiveness and accompanying treatment cost and expressed the cost effectiveness 

ratios in units of Euros per QALY saved, not only identified nNO/HSVM+TEM as the most 

cost-effective diagnostic algorithm but also indicated that all three evaluated diagnostic 

algorithms appear to be very cost–effective when compared frequently used WTP thresholds. 

Compared to no screening, the mean cost per QALY gained for all three diagnostic 

algorithms evaluated ranged from 5700 to 10170 Euros while widely used WTP thresholds 

range between 20,000 and 30,000 pounds per QALY saved in the UK [464] or 50000 dollars 

per QALY saved, in the US [465].  

 

Limitations 

Primary Ciliary Dyskinesia is a rare disease and usually the number of patients included in 

the individual studies that were synthesized in Chapter 5 and 6 were small. In addition, as 

was the case in Chapter 5 many of the studies followed a case-control design which may lead 

to overestimation of the diagnostics Odds Ratio [479]. However, due to the fact the case-

control studies included in the meta-analysis for nNO measurements were studies designed to 

assess the test accuracy and not to provide evidence on associations between a risk factor and 
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the disease, the possibility of overestimation is limited [480]. In Chapter 5, there was also 

considerable heterogeneity between included studies regarding the diagnostic standard used 

to classify patients as PCD as well as in the number of cases, total sample size and cut-off 

values. In order to address these limitations a series of sensitivity analyses were performed 

and demonstrated that meta-analysis results were not sensitive to variations in the diagnostic 

standard used in the individual studies and HSROC were employed to account for the 

different cut-offs reported in individual studies.  

In Chapter 6, the majority of the studies included in the meta-analysis for PCD prevalence 

among suspect patients and the meta-analysis for the detection rate of TEM were 

retrospective cohort studies and this type of studies suffer from selection and 

misclassification bias. Another important limitation of the analysis presented in Chapter 6 is 

that for the vast majority of PCD patients who had normal ultrastructure and were missed by 

TEM, the genetic defect is not specified. This represents an important limiting factor as we 

do not know if all the responsible genetic defects known to date to cause PCD and normal 

cilia structure were represented in this subgroup.  

The cost-effectiveness analysis, presented in Chapter 7 also has some limitations. While the 

primary analysis that estimated the diagnostic cost per PCD case identified was characterized 

by good data quality, the secondary analysis (extended model) which estimated the total cost 

per QALY saved was limited by the considerable uncertainty of the model parameters. Such 

parameters that are not based on good quality data were the life expectancy in PCD, the 

Health utility in PCD the efficacy of PCD specific treatment and the typical frequency of 

each treatment procedure. To address this limitation, the underlying uncertainty in each 

parameter was characterized and included in the model. Through Latin Hypercube sampling 

and Monte Carlo analysis, these uncertainties in individual parameters were propagated 

through the model and are reflected in the uncertainty in final model outputs. Furthermore, no 
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data were available about the treatment cost in PCD patients that remain undiagnosed. A 

sensitivity analysis was conducted to determine whether differences in the overall costs of 

treatment of diagnosed and undiagnosed PCD patients affected the estimates of cost-

effectiveness from the extended model. The overall order of diagnostic algorithms was not 

affected and nNO/HSVM+TEM was the most cost efficient algorithm in all scenarios. 

However, the magnitude of the difference in the cost effectiveness of the three algorithms 

was significantly affected, with nNO/HSVM+TEM becoming increasingly more cost-

effective when the cost of treating undiagnosed PCD patients was relatively higher compared 

to the cost of treating diagnosed PCD patients. 

 

Future Research 

During the last decade the great advancements in genetic sequencing has driven the progress 

in the field of Primary Ciliary Dyskinesia. It has allowed improved understanding of disease 

etiology and along with the improvements in diagnostic techniques (primarily in HSVM 

[150] and the development of newer applications such as cryo-electron tomography of 

respiratory cilia [481], it has driven the improved understanding of PCD pathophysiology. Up 

to this date, genetic testing is not considered as a stand-alone test for PCD and current 

recommendations consider genetic testing as mostly confirmatory test [18]. In the future 

however, with ever reducing costs for DNA sequencing, genetics are expected to have an 

even more prominent role during diagnostic testing. Not surprisingly, in recent years, 

different studies have already evaluated whether targeted NGS panels or whole exome 

sequencing could be applied in routine PCD diagnostics [482-484] with promising results. 

Furthermore, even post-diagnosis genetic investigations will continue to be of critical value 

given that with advancements in the field of gene therapy, it could be possible for 
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personalized interventions at the molecular levels to be developed and provided to the 

patients.  

Progress in the understanding of PCD pathophysiology and genetic etiology is also a 

consequence of research community improved understanding of cilia biology. Basic scientists 

working with different animal models with a focus on cilia development and cilia motility 

will continue to provide insights about novel PCD candidate genes and will further contribute 

towards the continuing efforts for the developments of treatments for PCD. Currently basic 

scientists with an interest in cilia motility are utilizing an array of animal models such as 

Chlamydomonas reinhardtii [122], Xenopus laevis [124], Zebrafish [126] and mice [127] 

while other animal models that can be useful for cilia motility research have been described 

recently such as the planarian flatworm Schmidtea mediterranea [485]. Apart from animal 

models basic scientists involved in cilia biology research are taking advantage of in vitro 

cultures of ciliated cells either in the form of Air Liquid Interface cell cultures (ALI cultures) 

or suspension cultures. All animal models and cell culture systems can be used as pre-clinical 

models that can be utilized for the deeper characterization of the genotype–phenotype 

relationships and the development of therapies for PCD [486]. Pre-clinical models, especially 

species with lungs such as mice and rats can provide important insights not only on cilia 

motility parameters but also on other physiological parameters (oxidative stress, 

inflammation development of bronchiectasis) that may affect respiratory health in animals 

and humans alike. A major drawback of using mice or rats to model PCD is the high 

mortality in the animals due to the extremely high prevalence of hydrocephalus, a 

phenomenon that is attributed to the concurrent presence of ciliary dyskinesia and the small 

diameter of brain ventricles (compared to human)  [141]. As a result newer studies have 

focused on developing (postnatal knockdowns) mouse models that show no evidence of 

hydrocephalus such as the Dnaic1
iv

 mouse [487], the Dnahc11
iv

 [488] and the Dnahc6
iv

 [84]. 
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This trend is expected to continue since animal models that make it to adulthood allow 

researchers to model disease progression and thus more murine postnatal knockdowns for 

more PCD related genes are expected to be described. Furthermore the recent identification 

of the genetic defects that are responsible for the occurrence of acilia phenotypes (lack of 

cilia phenotypes), have demonstrated the importance of basic science research regarding 

multiciliated cells differentiation and cilia development. Pathogenic mutations in MCIDAS 

and CCNO have been reported to cause reduced number of multiple motile cilia along the 

cell surface due to disruption of Basal Bodies amplification and epithelial cell differentiation 

to multiciliated cells [81, 82]. These observations, highlight the importance collaboration 

between clinicians that encounter often peculiar and hard to explain (frequently syndromic) 

phenotypes and basic scientists that have the ability to model and explain these phenotypes in 

preclinical models. 

A separate aspect of basic science that radically influences the clinical condition of the 

patient is the microbiome of the diseased lung. Given that PCD is characterized by failure of 

an innate defense mechanism (mucociliary clearance) and establishment of pathogens in the 

lung is uncomplicated, the microbiome of the lung is usually one of the key determinants of 

disease progression [489]. In PCD, only few studies have examined the lung microbiome of 

PCD patients [490] but undergoing collaborative projects in the field of PCD have 

characterized the study of the lung microbiome as top priority [491]. Lastly, although PCD is 

a rare disease and research in PCD can be considered as a narrow field of research, 

implications of research findings regarding ciliary motility may have widespread applications 

in other respiratory diseases. Ciliary functionality has been found to be affected in asthma 

[492] and COPD [493] in a condition that is often described as secondary dyskinesia, 

diseases with important prevalence worldwide and very high morbidity and mortality burden 

[494, 495]. The identification of novel compounds or methods that can improve ciliary 
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functionality not only in PCD patients but also in patients with secondary ciliary dyskinesia 

such as ciliostimulatory compounds could have significant consequences for millions of 

patients around the world. 

For the purposes of this thesis, chapters 5 and 6 summarized the evidence regarding the 

diagnostic properties of TEM and nNO. A similar approach was not possible as very few 

studies have examined the diagnostic accuracy of HSVM although this technique has been 

used in several centers for many years [496]. HSVM is widely used in European centers but 

in the US, consideration about the subjectivity of HSVM interpretation limits its application 

in PCD diagnostic testing [16]. As additional evidence becomes available for HSVM similar 

meta-analytic approaches as those used in Chapter 5 and 6 can be utilized towards estimating 

pooled estimates of sensitivity and specificity for HSVM. Similar approaches could also be 

used in the case of the diagnostic tests that have only been developed recently but are 

increasingly gaining ground in PCD diagnosis such as genetic testing and 

immunofluorescence analysis. Important research needs were identified through the efforts to 

estimate the cost-effectiveness of different diagnostic algorithms as described in Chapter 7. 

The life expectancy in PCD is considered normal or near normal [455, 456] but there are no 

evidence to support this statement. The recently developed prospective PCD registry [497] 

provides a useful tool to follow pediatric and adult patients in time in order to monitor disease 

progression and life-expectancy in PCD and future studies will certainly focus on these 

outcomes and the factors that may influence them. Health utilities in PCD have never been 

studied and future studies can make use of the different direct methods hor health utility 

elicitation that have been developed such as the SG, VAS and TTO [297] or make use of 

standardized questionnaires that have been developed for indirect HU elicitation such as the 

EQ-5D [298]. Gaps in the knowledge regarding the efficacy of different treatment approaches 

are expected to slowly be bridged as the results of the first RCTs in PCD will become 
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available and evidence-based treatment recommendations will be made available for PCD 

[498, 499]. Lastly the financial costs that are bared by the individual or the healthcare system 

have never been studied in PCD patients. PCD is a chronic disease characterized by high 

morbidity but low mortality and it is likely that the costs involved in PCD management will 

be significant. Current treatment protocols, although mostly empirical and derived from CF, 

among other, advocate a multidisciplinary approach to PCD treatment (involving pediatric or 

adult pulmonologist, cardiologist, ENT specialist, physiotherapist and fertility specialist), 

performance of frequent microbiological assessment and less frequent assessment of 

bronchiectasis development through HRCT imaging [146]. A cost of illness analysis for PCD 

with a focus on the costs involved in running a PCD clinic similar to studies performed for 

CF [500, 501] will provide valuable information for future cost-effectiveness analyses in the 

field of PCD.  
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Appendix II 

 

List of Abbreviations 

 

ACER – Average Cost Effectiveness Ratio 

ATP - Adenosine triphosphate 

ATS – American Thoracic Society 

AUC – Area under Curve 

BH – Breath Hold 

CBA – Cost Benefit Analysis 

CBP – Cilia Beat Pattern 

CBF – Cilia Beat Frequency 

CEA – Cost Effectiveness Analysis 

CEAC – Cost Effectiveness Analysis Curve 

CEF – Cost Effectiveness Frontier 

CF - Cystic Fibrosis 

CFTR – Cystic Fibrosis Transmembrane conductance Regulator 

CMA – Cost Minimization Analysis 

COPD – Chronic Obstructive Pulmonary Disease 

CP – Central Pair 

CT – Computed Tomography 

CUA – Cost Utility Analysis 

CXR – Chest X-ray 

DA – Dynein Arms 

DOR – Diagnostic Odds Ratio 

ER – Exhalation against Resistance 

ERS – European Respiratory Society 

FEV1 – Forced Expiratory Volume in one second 
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FN – False Negative 

FP – False Positive 

FVC – Forced Vital Capacity 

HKSJ - Hartung, Knapp, Sidik and Jonkman 

HR – Hazard Ratio 

HRQoL – Health Related Quality of Life 

HSROC – Hierarchical Summary Receiver Operator Curve 

HSVM – High Speed Video Microscopy 

ICER – Incremental Cost Effectiveness Ratio  

IDA – Inner Dynein Arms 

LR – Likelihood Ratio 

MCC – Mucociliary Clearance 

MeSH – Medical Subject Headings 

MTD – Microtubular disorganization 

nNO – nasal Nitric Oxide 

NGS – Next Generation Sequencing 

NO – Nitric Oxide 

NOS – Nitric Oxide Synthase 

NPV – Negative Predictive Value 

NU – Normal Ultrastructure 

ODA – Outer Dynein Arms 

ODA/IDA – Combined Outer and Inner Dynein Arms 

OR – Odds Ratio 

PCD – Primary Ciliary Dyskinesia 

PPV – Positive Predictive Value 

QALYs – Quality Adjusted Life Years 

RCT – Randomized Clinical Trial 
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RD – Risk Difference 

ROC – Receiver Operator Curve 

ROI – Region of Interest 

RR – Relative Risk 

RS – Radial Spoke 

SAVA – Sisson Ammons Video Analysis 

SE – Standard Error 

SG – Standard Gamble 

TB – Tidal Breathing 

TEM – Transmission Electron Microscopy 

TN – True Negative 

TP – True Positive 

TTO - Time Trade Off 

VAS – Visual Analog Scale 

VC – Velum Closure 

WFA – Whole Field Analysis 

WTP – Willingness to Pay 

 

 

 

 

 

 

 

 

 

 


