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Methods:
Nasal nitric oxide (nNO) measurements were obtained according to established American Thoracic Society/ERS guidelines [1] using a chemiluminescence NO analyzer (CLD 88 SP, Eco Physics, Duernten Switzerland) using identical standardized operating procedures (single breath with breath hold). An average of three measurements was used for statistical analysis. Values that were outliers (> 3000 ppb,) were repeated on another visit when possible for confirmation. In young children (usually less than 4 years) the tidal breath method was employed. The analyzers were calibrated according to the manufacturer’s specifications. Results were recorded and immediately stored in the computerized file. All tests were performed with ambient NO levels < 50 ppb, usually < 10 ppb. Nasal NO measurements were recorded in parts per billion (ppb) and converted to nNO production rate in nL/min with the following equation: nNO (nL/min) = NO (ppb) × 1/1000 × sampling flow.

Nasal ciliated epithelium evaluation

Ciliated respiratory cells were obtained by nasal brushing from the inferior turbinate and were analyzed for TEM, and High Speed Video-microscopy (HVM).

Transmission Electron Microscopy (TEM): Tissue obtained by nasal brushing was fixed in 2.5% glutaraldehyde in Sorensons phosphate buffer for 48 h and then processed. Ultrathin cross-sections were made in the ciliary shaft, with at least 50 cross-sections blindly evaluated at 60,000 magnifications by a Hitachi H-7650. This is a 120 kV Transmission Electron Microscopy designed especially for biological samples providing a high contrast and very high sample throughput. Defects in more than 30% of available axonemes were categorized as: normal, ODA-defect, tubular disorganization, 9 + 0/8 + 1, ciliogenesis abnormality and insufficient material.

High Speed Video-Microscopy Analyses (HVMA) was performed to evaluate ciliary motion using a previously established protocol (detailed in [2]). This entailed viewing of 8-10 videos obtained from each patient. To avoid confounding effects of secondary ciliary dyskinesia, only patients and subjects without evidence of current respiratory symptoms were recruited and assessments were made only with healthy strips of respiratory epithelium [3]. HVMA was done during initial diagnostic assessment visit and was made in a blinded manner to avoid biased calls. 

The procedure for HVMA started by obtaining respiratory epithelial cells from the patient by nasal brushing using a conventional cervix cytology brush [Celletta™ brush cell collector with protective tip (product number 9100060; Engelbrecht Medizin-und Labortechnik GmbH, Tiefenbachweg 13; 34295 Edermünde, Germany)]. The brush was immediately removed and transferred into a tube containing 2-3 mL of cell culture medium (RPMI Medium 1640, Endotoxin tested, Cell culture tested, without L-Glutamine, without Sodium Bicarbonate. Biological Industries LTD., Beit Haemek, Israel). A plastic Pasteur pipette was then used to draw approximately 50 microliter fluid sample from the RPMI tube and put it under the microscope. 

All sample images were visualized with an Eclipse TS-100 inverted phase contrast microscope (Nikon Corp. Tokyo, Japan) using a 40X objective lens (numerical apparatus = 0.55) providing a total magnification of 400 X. Eight to ten video images of each sample under the microscope were selected for recording based upon the visibility of vital ciliated cells, good resolution and preferably, the presence of cell strips. Images were recorded using a scA640-120 fm digital video camera (Basler AG, Ahrensburg, Germany) attached to the microscope. 

All image recordings and processing were performed with the Sisson-Ammons Video Analysis (SAVA) system. Images were captured initially into RAM in real-time at 120 fps and immediately compressed and stored to disk. At a sampling rate of 120 fps, approximately 3 s of video were recorded for each image. Each digital image frame consisted of 640 columns × 480 rows of pixels.

Analysis of each video clip included quality of image (images with no epithelia cells and/or clips with only single cells were excluded from further analysis) and beating pattern. Reviewing all 8-10 images for each subject and taking into account all of these criteria, the HVMA results of each subject were then categorized according to the following criteria [2]. Normal or probably normal beating (regular forward and recovery strokes); immotile cilia; residual movement (almost immotile cilia with minimal movements); stiff beating (due to reduced bending capacity/amplitude); abnormal circular beating; hyperkinetic cilia. Subjects who lack samples or had poor quality clips for different causes [single immotile ciliated cells, poor resolution due to cells entrapped in mucus or subjective inability to distinguish between cilia of dying or damaged cells (secondary dyskinesia) to dyskinesia or a-kinetic cilia in a vital cell (primary dyskinesia)], were excluded from the analysis.

Genetic Analysis (GEN) was performed at professional genetic laboratories (Blueprint Genetics, Finland) using a diagnostic PCD-gene panel. See https://blueprintgenetics.com/tests/panels/nephrology/primary-ciliary-dyskinesia-panel/?pdf for complete details about this diagnostic panel. Only genes mutations that could be clearly confirmed as causing PCD were recorded. 
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