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AbsTrACT
background Primary ciliary dyskinesia (PcD) is a rare 
genetic disorder resulting in abnormal ciliary motility/
structure, extremely heterogeneous at genetic and 
ultrastructural levels. We aimed, in light of extensive 
genotyping, to identify specific and quantitative ciliary 
beating anomalies, according to the ultrastructural 
phenotype.
Methods We prospectively included 75 patients with 
PcD exhibiting the main five ultrastructural phenotypes 
(n=15/group), screened all corresponding PcD genes 
and measured quantitative beating parameters by high- 
speed video- microscopy (hsV).
results sixty- eight (91%) patients carried biallelic 
mutations. combined outer/inner dynein arms (ODa/iDa) 
defect induces total ciliary immotility, regardless of the 
gene involved. ODa defect induces a residual beating 
with dramatically low ciliary beat frequency (cBF) 
related to increased recovery stroke and pause durations, 
especially in case of DNAI1 mutations. iDa defect with 
microtubular disorganisation induces a low percentage 
of beating cilia with decreased beating angle and, in 
case of CCDC39 mutations, a relatively conserved mean 
cBF with a high maximal cBF. central complex defect 
induces nearly normal beating parameters, regardless of 
the gene involved, and a gyrating motion in a minority 
of ciliated edges, especially in case of RSPH1 mutations. 
PcD with normal ultrastructure exhibits heterogeneous 
hsV values, but mostly an increased cBF with an 
extremely high maximal cBF.
Conclusion Quantitative hsV analysis in PcD 
objectives beating anomalies associated with specific 
ciliary ultrastructures and genotypes. it represents a 
promising approach to guide the molecular analyses 
towards the best candidate gene(s) to be analysed or 
to assess the pathogenicity of the numerous sequence 
variants identified by next- generation- sequencing.

InTroduCTIon
Primary ciliary dyskinesia (PCD) is a rare congen-
ital disorder (1:10 000–40 000 births) related to 
abnormal structure and/or motility of motile cilia.1–4 
The cilia dysfunction leads to recurrent upper/lower 
airway infections secondary to impaired mucocil-
iary clearance, associated with laterality defect in 
approximately half of the patients, defining the 

Kartagener syndrome.5–7 The diagnosis, usually 
suspected in case of suggestive clinical picture and 
low nasal nitric oxide (nNO), is challenged by the 
heterogeneity of the disease and the limitations of 
the available diagnostic tools.8–10

A wide diversity of ciliary ultrastructural defects 
characterise PCD, mainly affecting the dynein 
arms or less frequently the central complex of the 
axoneme. It reflects an important genetic hetero-
geneity with more than 40 genes involved,8 each 
related to a specific ultrastructural phenotype.4 
Specific ciliary beating anomalies related to specific 
ultrastructural defects were first described in 
the 1980s,11 12 later refined through high- speed 
video- microscopy (HSV).13 Additionally, one study 
correlated beating anomalies and genotypes, but 
with few patients for most of the genes.14 Recently, 
Chioccioli reported subtle beating differences 
between patients with DNAH11 and HYDIN vari-
ants.15 Furthermore, studies focused on specific 
genotypes described the related ultrastructure and/
or ciliary beating.16–19 Therefore, despite interna-
tional recommendations underlying the importance 
in genotype/ultrastructure/beating correlations in 
PCD,8 9 no exhaustive description or correlation 
study is available. Moreover, in all these studies but 
one,15 the ciliary beating analysis was based on a 
subjective description of the beating pattern and/or 
on the ciliary beat frequency (CBF).

Applied to cilia since 1984,20 HSV dramati-
cally improved beating analysis, allowing multiple 
slow- motion- replays and providing video collec-
tions suitable for expert advice or research.8 13 21 
In 2017, the European Respiratory Society under-
lined the importance of HSV in PCD diagnosis,8 
recently sustained by his excellent sensitivity/
specificity (100%/96%, respectively).22 However, 
the lack of standardisation in beating analysis, the 
variability in beat pattern and frequency even in 
healthy control, and the risk of observer bias in a 
subjective beating analysis, question the accuracy of 
such analyses and stimulate the interest of objective 
and standardised analyses.8 9 23 24 Consequently, the 
American Thoracic Society recently recommended 
to not use subjective beat pattern analysis for PCD 
diagnosis.9 In a pilot study, our team developed 
quantitative HSV beating parameters to improve 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2019-106424 on 26 N
ovem

ber 2019. D
ow

nloaded from
 

http://jmg.bmj.com/
http://orcid.org/0000-0003-0284-9705
http://crossmark.crossref.org/dialog/?doi=10.1136/jmedgenet-2019-106424&domain=pdf&date_stamp=2020-03-11
http://jmg.bmj.com/


238 Blanchon S, et al. J Med Genet 2020;57:237–244. doi:10.1136/jmedgenet-2019-106424

Genotype- phenotype correlations

PCD diagnosis,25 that would be valuable to reduce the observer 
bias and to develop an objective standardised method with high 
accuracy and high decisiveness.

We aimed to describe the ciliary beating in a large PCD cohort, 
using quantitative/objective ciliary beating parameters, according 
to the ultrastructural phenotype and the genotype.

MeThods
Patients
Patients suspected of PCD are routinely referred to the French 
national centre of rare respiratory diseases (https:// respifil. fr/) 
for investigations, including nNO, beating analysis by HSV, ultra-
structural analysis by transmission electron microscopy (TEM), 
genetic analysis and if necessary ciliary analyses after cell culture.

We selected patients with confirmed or highly likely PCD 
diagnosis, available HSV and ultrastructural analysis evidencing 
one of the following main five ultrastructural phenotypes, 
encompassing >90% of PCD cases:8 combined outer/inner 
dynein arms defect (2 DA group), outer dynein arm defect (ODA 
group), inner dynein arm defect with microtubular disorgani-
sation (IDA/MTD group), central complex defect (CC group) 
and normal ultrastructure (nEM group) (see examples in online 
supplementary figure S1). As recommended,8 confirmed PCD 
diagnosis required a hallmark ultrastructural defect (ie, 2 DA 
defect, ODA defect, IDA defect with MTD) or biallelic causal 
mutations in a known PCD gene. PCD diagnosis was considered 
as highly likely in case of Kartagener syndrome or in case of 
typical clinical picture associated with CC defect in >20% of 
cilia confirmed on two independent samples, since situs inversus 
has never been reported and the defect never affects all cilia in 
patients with CC defect.8 26–29

In order to constitute five groups corresponding to the main 
five ultrastructural phenotypes, we prospectively and consec-
utively included 15 patients for each phenotype (75 patients). 
In the 2 DA, ODA and IDA/MTD groups, we selected patients 
evidencing dynein defect in 100% of cilia, in order to get a 
more homogeneous group. In the CC group, PCD diagnosis was 
confirmed by the identification of causal mutations (n=13/15) 
or highly likely in affected siblings with the same typical clinical 
picture (chronic bronchitis/rhinosinusitis with diffuse bronchi-
ectasis) and ultrastructural defect (n=2/15). The nEM group 
included patients with >90% of cilia with normal ultrastruc-
ture and either biallelic DNAH11 mutations (n=13) or Karta-
gener syndrome (n=2). Overall, we included 71 patients with 
confirmed PCD and 4 with highly likely PCD (CC group (n=2), 
nEM group (n=2)).

All patients/parents gave their written informed consent. The 
Ile- de- France ethics committee approved the study (CPP07729).

Ciliary analyses
The ciliated epithelium samples were obtained from the infe-
rior turbinate or the bronchus, as previously described,28 in non- 
smokers patients free from acute airway infection for at least 
6 weeks.

The ciliary ultrastructure was analysed by TEM on biopsy 
immediately immersed in glutaraldehyde. Results are expressed 
as the percentage of abnormal cilia among the analysed cilia 
(≥50 per patient) and as the percentage of each ultrastruc-
tural abnormality among the abnormal cilia. Dynein arms were 
considered to be absent when missing in ≥5 over nine peripheral 
microtubules.

The ciliary beating was analysed by HSV on brushing imme-
diately immersed in B1- BSA medium (CCD, Paris, France). 

We analysed samples blinded from clinical/TEM/genetic 
results, within 3 hours, during a maximum of 20 min, at stable 
air- conditioned room temperature, close to the physiolog-
ical temperature of the nostril, considering no international 
consensus standardised HSV methods notably the temperature.8 
We excluded isolated ciliated cells. Using an oil immersion ×100 
objective, we captured the videos with a digital high- speed 
camera (A741,PixeLink, Ottawa, Canada), at 358 frames per 
second with a definition of 256×192 pixels (1800 frames, 5 s 
per video). For each patient, we recorded 10 video captures of 
10 independent ciliated edges viewed from the side and addi-
tionally from the top in case of circular gyrating motion. The 
10 video allowed ciliary beating analyses from 10 independent 
ciliated edges (1 analysis per video/edge), using an in- house soft-
ware, including:

 ► The percentage of beating cilia. Each of the 10 video/edges 
were scored 0 (all immotile cilia), 0.1 (<50% of beating 
cilia), 0.5 (~50% of beating cilia) or 1 (>50% of beating 
cilia). For each patient, the percentage of beating cilia was 
defined as the sum of the scores divided by 10.

 ► The CBF, measured by kymography and fast Fourier trans-
form. For each patient, we subsequently inferred the mean 
and maximal CBF.

 ► The qualitative evaluation, referring to the beat patterns 
described by Chilvers (ie, normal beating, virtually immo-
tile, stiff beating with reduce amplitude and circular gyrating 
motion).13 For each video/edges, including those captured 
from the top, we considered the main beat pattern. For each 
patient, we calculated the percentage of video/edges with 
each beat pattern.

 ► The quantitative beating parameters as previously 
described.25 It required individualising 10 beating cilia 
followed during a complete beating cycle (one cilium per 
video/edges). It allowed measuring 12 objective parameters: 
CBF, power stroke duration, recovery stroke duration, pause 
duration after power stroke, pause duration after recovery 
stroke, total pause duration (sum of the two previous 
parameters), beating angle, cilia length, distance travelled by 
the cilium tip per beat, area swept by the cilium per beat, 
distance travelled by the cilium tip per second and area 
swept by the cilium per second. Furthermore, the distance 
travelled by the cilium tip per second was weighted by the 
percentage of beating cilia.

 ► According to the thresholds proposed by Papon,25 we calcu-
lated the proportion of beating cilia with ‘normal motion’, 
that we defined as the association of CBF ≥7.1 Hz, beating 
angle ≥57° and distance travelled by the cilium tip per 
second ≥43.2 µm.

Online supplementary table S2 displays ciliary beating values 
in a disease control group previously published.25

Molecular analyses
All the coding regions and intronic boundaries of all known 
PCD genes related to each ultrastructural phenotype were anal-
ysed from genomic DNA,4 by Sanger sequencing (primers avail-
able on request) or, since 2014, by next- generation sequencing 
(NGS) for the large ones (≥30 exons) (ARMC4, CCDC103, 
CCDC114, CCDC151, CCDC39, CCDC40, CCDC65/DRC2, 
CCNO, CFAP300/C11orf70, CFAP298/C21orf59, DNAAF1/
LRRC5, DNAAF2/KTU, DNAAF3, DNAAF5/HEATR2, DNAH5, 
DNAH9, DNAH11, DNAI1, DNAI2, DNAJB13, DNAL1, DRC1/
CCDC164, DYX1C1/DNAAF4, GAS2L2, GAS8/DRC4, HYDIN, 
LRRC56, LRRC6, MCIDAS, NME8/TXNDC3, PIH1D3, RPGR, 
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Table 1 Patients’ characteristics

2 dA odA IdA/MTd CC neM Total

n=15 n=15 n=15 n=15 n=15 n=75

Male/Female 8/7 9/6 10/5 9/6 7/8 43/32

Age (years) 14 (0–44) 30 (4–62) 15 (0–50) 29 (7–53) 27 (1–55) 25 (0–62)

Clinical features

  Laterality defect 7 (47%) 6 (40%) 4 (27%) 0 (0%) 11 (73%) 28 (37%)

  Neonatal respiratory distress 8 (53%) 3 (20%) 11 (73%) 5 (33%) 5 (33%) 32 (43%)

  Chronic bronchitis and rhinosinusitis 15 (100%) 15 (100%) 15 (100%) 15 (100%) 15 (100%) 75 (100%)

  Bronchiectasis 12 (80%) 11 (73%) 9 (60%) 14 (93%) 11 (73%) 57 (76%)

  Adult male infertility* 3/3 3/6 3/6 3/7 1/5 13/27

Available nasal NO 9 (60%) 13 (87%) 10 (67%) 11 (73%) 10 (67%) 50 (67%)

  Nasal NO (nL/min) 11 (1–93) 10 (0–60) 13 (0–60) 17 (6–194) 22 (7–121) 12 (0–194)

Abnormal cilia by TEM (%) 100 (as inclusion criteria) 35 (20–58) 4 (0–9) 100 (0–100)

Patients with identified causal mutations† 15/15 (100%) 14/14 (100%) 13/13 (100%) 13/15 (87%) 13/15 (87%) 68/72 (94%)

Genes (n) DNAAF1 (3) DNAI1 (8) CCDC39 (10) RSPH1 (6) DNAH11 (13)   

ZMYND10 (3) DNAH5 (6) CCDC40 (3) RSPH9 (4)   

LRRC6 (2) DNAJB13 (2)

PIH1D3 (2) HYDIN (1)

  CCDC114 (2)           

DNAAF2 (1)

  DNAAF3 (1)

  DYX1C1 (1)     

Data are expressed as n (%) or median (range).
*Among males 18 years and older. Additionally, four women showed hypofertility in 2 DA (n=1), ODA (n=1) and nEM (n=2) groups.
†Among patients with available molecular analysis.
CC, central complex defect; 2 DA, combined outer/innerdyne in arms defect; IDA/MTD, inner dynein arm defect with microtubular disorganisation; nEM, normal ultrastructure; NO, 
nitric oxide; ODA, outer dynein arm defect; TEM, transmission electron microscopy.

Figure 1 Percentage of beating cilia. Black bars feature medians. + 
represents patient with potential production of a full- length protein. 
*P<0.05, **p<0.001. Values in disease controls are displayed in the online 
supplementary table s2. cc group, central complex defect; iDa/MTD group, 
inner dynein arm defect with microtubular disorganisation; neM group, 
normal ultrastructure; ODa group, outer dynein arm defect; 2 Da group, 
combined outer/inner dynein arms defect.

RSPH1, RSPH3, RSPH4A, RSPH9, SPAG1, STK36, TTC25, 
ZMYND10). The NGS approach was based on DNA mechanical 
fragmentation followed by targeted capture (SeqCap EZ Library 
SR protocol, Roche) and library paired- end sequencing (MiSeq, 
Illumina) with a resulting depth above 50×. Data were analysed 
through an in- house double pipeline based on Bowtie and Bwa 
aligners. These analyses were performed in all patients except 
three without available DNA. Phenotype- genotype correlations 
were only considered for the genes implicated in at least four 
patients.

statistical analysis
Data were analysed per patient (ie, one measure is available for 
each patient) considering percentage of beating cilia, mean CBF, 
maximal CBF, qualitative evaluation, mean of each quantitative 
beating parameter and proportion of beating cilia with ‘normal 
motion’. Additionally, CBF and quantitative beating parame-
ters were analysed per cilia after pooling all cilia from the same 
ultrastructural phenotype. CBF and quantitative parameters 
only concerned beating cilia. Comparisons were performed 
with Statistica V.7.1 (Statsoft, France), using Kruskal- Wallis test. 
P<0.05 were considered significant.

resulTs
Table 1 summarises clinical, nNO, TEM and genetic findings. 
According to the ACMG classification,30 among the 68 patients 
carrying biallelic mutations, 43 had a genotype that probably 
drives the absence of protein or a truncated non- functional 
protein (ie, homozygous or compound heterozygous for 
nonsense, frameshift or severe splice defect). Additionally, 25 
patients had a genotype consistent with a possible production 
of a full- length protein with or without an amino- acid change 

(ie, missense or mild splice defect on one or both allele(s)). 
Among those 25 patients carrying at least one mild mutation, the 
involved genes were the following: in the 2 DA group: DNAAF3 
n=1, ZMYND10 n=2; in the ODA group: DNAI1 n=5, DNAH5 
n=1; in the IDA/MTD group: CCDC40 n=1; in the CC group: 
RSPH1 n=6, RSPH9 n=1 and in the nEM group: DNAH11 
n=8. Online supplementary table S3 details the genotype of all 
the patients.
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Figure 2 cBF of beating cilia. The 2 Da group is not represented since 
all cilia are immotile. (a) Mean cBF, presented per cilia, as mean and se, 
obtained by kymography (white box) and fast Fourier transform (black box). 
(B) Mean cBF, presented per patient. (c) Maximal cBF per patient. Black 
bars feature medians. + represents patient with potential production of a 
full- length protein. *P<0.05, **p<0.001. Values in disease controls are 
displayed in the online supplementary table s2. cBF, ciliary beat frequency; 
cc group, central complex defect; iDa/MTD group, inner dynein arm defect 
with microtubular disorganisation; neM group, normal ultrastructure; ODa 
group, outer dynein arm defect; 2 Da group, combined outer/inner dynein 
arms defect.

Table 2 Qualitative evaluation of ciliary beating: proportion per patient of ciliated edges with each beat pattern (as described by Chilvers et al,13 
according to the ultrastructural phenotype)

2 dA odA IdA/MTd CC neM

n=15 n=15 n=15 n=15 n=15

Normal beating 0% (0–0) 0% (0–59) 0% (0–13) 30% (0–62) 35% (0–50)

Virtually immotile 100% (100–100) 88% (22–92) 64% (6–93) 13% (0–56) 40% (5–85)

Stiff beating with reduced amplitude 0% (0–0) 10% (0–56) 36% (7-81) 45% (15-63) 30% (0–56)

Circular gyrating motion 0% (0–0) 0% (0–0) 0% (0–0)   5% (0–44)   0% (0–15)

Data are expressed as median (range). Grey boxes point out the specific beat pattern for each ultrastructural phenotype as published by Chilvers et al (nEM group was not 
evaluated by Chilvers).13

CC group, central complex defect; 2 DA group, combined outer/inner dynein arms defect.; IDA/MTD group, inner dynein arm defect with microtubular disorganisation; nEM group, 
normal ultrastructure; ODA group, outer dynein arm defect.

Ciliary beating and ultrastructural phenotype
The percentage of beating cilia is displayed in figure 1. Apart 
patients from the 2 DA group, who showed 100% of immotile 
cilia, all patients had a residual beating allowing further HSV 
analyses. Noteworthy, patients from the CC group had at least 
20% of beating cilia, including two with 100% of beating cilia.

Results of CBF were similar regardless the methods of measure-
ment (ie, fast Fourier transform or kymography) (figure 2A). All 
CBF comparisons showed significant differences except between 
the IDA/MTD and CC groups (figure 2A). Furthermore, the 

patients of the nEM group evidenced a wide range of mean CBF, 
from 3.3 to 21.3 Hz (figure 2B). Figure 2C features the maximal 
CBF per patient, lower in the ODA group and higher in the nEM 
group, as compared with other groups.

The qualitative evaluation of ciliary beating is summarised in 
table 2, and the statistical analyses are detailed in online supple-
mentary table 4. The pattern ‘normal beating’ was more frequent 
in the CC or nEM group; the pattern ‘virtually immotile’ was 
more frequent in the 2 DA group; and the pattern ‘stiff beating 
with reduced amplitude’ was more frequent in the CC, IDA/
MTD or nEM group. The ‘circular gyrating motion’ was mainly 
seen in the CC group (n=11), although in a minority of ciliated 
edges, but was also present in the nEM group (n=3).

The quantitative parameters are displayed in figure 3. Briefly, 
the recovery stroke and pause durations were longer in the ODA 
group. The beating angle, the distance travelled by the cilium 
tip per beat and the area swept per beat were reduced in the 
IDA/MTD group (figure 3A). The weighted distance travelled 
by the cilium tip per second was statistically different between 
all groups except between the ODA and IDA/MTD groups 
(figure 3A). When expressed per patient (figure 3B), these results 
were confirmed, except between the CC and nEM groups for 
which the difference was not significant.

Except in the 2 DA group, cilia with ‘normal motion’ (according 
to our definition given in the Methods) were present in all groups 
(figure 4A). In the ODA and IDA/MTD groups, only two and 
three patients, respectively, showed cilia with ‘normal motion’ 
(figure 4B). Conversely, in the CC and the nEM groups, 9 and 
11 patients, respectively, showed cilia with ‘normal motion’, 
despite highly heterogeneous values (figure 4B). Furthermore, in 
the CC group, no correlation was found between the proportion 
of cilia with normal ultrastructure and the proportion of cilia 
with ‘normal motion’ (data not shown).

Online supplementary videos S5 to S9 show the typical ciliary 
beating of each ultrastructural phenotypic group.

Ciliary beating and genotype
Phenotype- genotype correlations were considered for each gene 
implicated in at least four patients: DNAI1 (n=8), DNAH5 
(n=6), CCDC39 (n=10), RSPH1 (n=6), RSPH9 (n=4) and 
DNAH11 (n=13).

In the ODA group, the patients with DNAI1 mutations exhib-
ited the most abnormal values regarding the percentage of 
beating cilia (figure 1), the pause durations, the distance trav-
elled and the area swept (data not shown). Interestingly, the only 
carrier of a DNAH5 missense mutation, potentially allowing the 
production of a protein (p.Arg2771Cys), evidenced a remarkably 
conserved beating: 40% of beating cilia, normal CBF, normal 
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Figure 3 Quantitative analysis of ciliary beating. The 2 Da group is not represented since all cilia are immotile. (a) Quantitative parameters presented per 
cilia, as mean and se. (B) Weighted distance travelled per second by the cilium tip presented per patient. Black bars feature medians. + represents patient 
with potential production of a full- length protein. *P<0.05, **p<0.001. Values in disease controls are displayed in online supplementary table s2. cc group, 
central complex defect; iDa/MTD group, inner dynein arm defect with microtubular disorganisation; neM group, normal ultrastructure; ODa group, outer 
dynein arm defect; 2 Da group, combined outer/inner dynein arms defect.

pause duration, nearly normal weighted distance travelled per 
second and 50% of cilia with ‘normal motion’ (figure 1, 2B, 3B, 
4B).

In the IDA/MTD group, the patients with CCDC39 mutations 
evidenced higher mean CBF than those with CCDC40 mutations 

(median (range): 6.7 Hz (3.8–10.1) and 3.3 Hz (3.2–5.2), 
respectively, p=0.028) (figure 2B). Furthermore, the maximal 
CBF ranges from 6.1 to 24.2 Hz (median 13.9 Hz) in patients 
carrying CCDC39 mutations, while the highest CBF was 9.7 Hz 
in patients carrying CCDC40 mutations (p=0.049) (figure 2C).
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Figure 4 Proportion of beating cilia showing a ‘normal motion’, defined 
as a normal beat frequency and a normal angle and a normal distance 
travelled by the cilium tip per second (as published by Papon et al25). The 
2 Da group is not represented since all cilia are immotile. (a) Data are 
presented per cilia. (B) Data are presented per patient. Black bars feature 
medians. + represents patient with potential production of a full- length 
protein. *P<0.05, **p<0.001. cc group, central complex defect; iDa/MTD 
group, inner dynein arm defect with microtubular disorganisation; neM 
group, normal ultrastructure; ODa group, outer dynein arm defect; 2 Da 
group, combined outer/inner dynein arms defect.

In the CC group, patients with RSPH1 mutations seem to 
exhibit less abnormal beating parameters (figures 1, 2B, 3B, 
4B), and a less frequent gyrating pattern (RSPH1: 2/6 patients 
evidenced a gyrating pattern, in up to 10% of ciliated edges; 
RSPH9 and DNAJB13: all patients evidenced a gyrating pattern, 
in up to 40% of ciliated edges). Interestingly, three patients 
carrying a mild RSPH1 mutation evidenced at least 30% of cilia 
with ‘normal motion’ (figure 4B) with a normal nNO for one 
of them (194 nL/min): (i) as for the c.366G>A (p.Arg122=) 
silent mutation, located on the first base of exon 5, although it 
weakens the intron 4 acceptor splice site, normal RSPH1 tran-
scripts have been detected in that situation (19); (ii) similarly, 
the c.727+5G>A splice mutation partially impairs the intron 
7 donor splice site, probably allowing the production of some 
normal transcripts; (iii) as for the c.308G>A (p.Gly103Asp) 
missense mutation, it may be compatible with the production 
of a protein.

In the nEM group, the patients with DNAH11 mutations 
showed heterogeneous values, but mostly an increased mean 
CBF with extremely high maximal CBF (figure 2B, 2C) and occa-
sionally a reduced beating angle or distance travelled per beat 
(data not shown). The five patients with severe biallelic muta-
tions showed a minority of beating cilia (1%–32%) (figure 1) 
and consequently a systematically impaired weighted distance 
travelled per second (figure 3B).

dIsCussIon
This prospective study is the first one that looks for phenotype- 
genotype correlations in a large cohort of patients with PCD, 

based on a deep ciliary phenotyping and an extensive geno-
typing. Considering the numerous limitations of the subjective 
beat pattern analysis and the CBF, recently highlighted by the 
American Thoracic Society, we used a quantitative beating anal-
ysis by HSV we previously developed.25 We found that specific 
beating parameters differ between the different ultrastructural 
phenotypes and genotypes. To summarise our main results: a 
2 DA defect induces a total ciliary immotility, regardless of the 
gene involved; an ODA defect induces a minimal residual beating 
with dramatically low CBF related to increased recovery stroke 
duration and prolonged pauses, especially in case of DNAI1 
mutations; an IDA/MTD phenotype induces a low percentage 
of beating cilia with a decreased beating angle and, in case of 
CCDC39 mutations, a relatively conserved mean CBF with a 
high maximal CBF; a CC defect induces nearly normal beating 
parameters, independently of the involved gene, and a gyrating 
motion in a minority of ciliated edges, especially in case of 
RSPH1 mutations and a PCD with normal ultrastructure exhibits 
heterogeneous values in beating parameters, but frequently an 
increased CBF with an extremely high maximal CBF related to 
the cilia high- speed motion.

Although all cilia were found to be immotile when both dynein 
arms are missing, other studies reported a residual beating in 
patients with an absence of both dynein arms.13 14 31 In the latter 
cases, it would, however, be interesting to know the proportion 
of abnormal cilia and the expected consequences of the genotype 
at the protein level.

Regarding the ODA and IDA/MTD groups, the striking feature 
is the significant decreased weighted distance travelled by the 
cilium tip. As for the ODA defect, the slow recovery strokes and 
the very long pauses, which are responsible for the dramatically 
decreased CBF, are in line with the role of ODA in the initialisa-
tion and the force of beating strokes.32 33 In cilia with the IDA/
MTD phenotype, the reduced beating angle and distance trav-
elled per beat readily explain the reduced amplitude reported 
in case of IDA defect,13 a result supporting the hypothesis that 
IDA are ‘ODA helpers’ increasing the amplitude of the ciliary 
beating.32 34 Therefore, the slow beating in case of ODA defect 
and the reduced beating angle in case of IDA/MTD phenotype 
explain the short distance travelled and the small area swept 
per second evidenced in these two ultrastructural phenotypes. 
Given the dramatically low percentage of beating cilia in these 
two groups, the weighted distance travelled by the cilium tip per 
second is even more reduced. This is of key importance, as the 
area swept by the cilium per second is determinant for the quan-
tity of fluid displaced by the beating cilia.

The main characteristic of the CC group is the high even hetero-
geneous percentage of beating cilia with nearly normal CBF and 
quantitative beating parameters. However, we evidenced only 
2/15 patients with 100% of beating cilia, when previous studies 
reported no immotile cilia in case of CC defect.13 Reported as a 
hallmark of CC defect,13 we observed a ciliary gyrating motion 
in only a minority of ciliated edges in the CC group, as previ-
ously reported,14 and occasionally in case of PCD with normal 
ultrastructure. Considering the beating pattern was evaluated 
on ciliated edges mainly viewed from the side, we may have 
underestimated the proportion of circular gyrating motion but 
only in case of minimal gyration, as the short focal length of the 
lens allowed to identify the large majority of beating with a 3D 
component. Finally, 8/15 patients with a CC defect displayed 
a weighted distance travelled by the cilium tip per second 
above the threshold proposed by Papon to confirm PCD diag-
nosis.25 This highlights the difficulty in diagnosing PCD related 
to CC defects, given there is no laterality defect, the clinical 
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phenotype could be milder, the nNO values seem less abnormal 
and the ultrastructural defect is observed in only a minority of 
cilia.19 26 27 35

In PCD with normal ultrastructure, we showed that the qual-
itative evaluation is not discriminant as all beating patterns are 
observed, including the gyrating motion, and that the CBF values 
are highly variable even within a patient, as already reported.14 17 
Finally, a high maximal CBF appears to be more characteristic 
of this phenotype than a high mean CBF. Our quantitative anal-
ysis now demonstrates that the increased CBF is related to the 
cilia high- speed motion and not to modifications of pause dura-
tions or beating angle. It corresponds to the hyperkinetic ciliary 
beating first reported by Pedersen,12 later confirmed in most 
patients with DNAH11 mutations.14 16–18

Our phenotype- genotype correlation study reveals that 
DNAI1 mutations result in the most abnormal ciliary beating 
pattern—if we do not consider the total ciliary immotility of 
patients with 2 DA defect. Interestingly, mutations in DNAI1, 
encoding an intermediate chain localised at the base of the ODA, 
result in a defect of the whole dynein arm including the heavy 
chain DNAH5 localised at the distal part, while mutations in 
DNAH5 could allow the preservation of the basal part of the 
ODA.36 Regarding the patients with DNAH5 mutations, our 
results are in line with a previous study showing a minimal and 
uncoordinated ciliary beating with dramatically low CBF.14

In patients with CCDC39 mutations, our quantitative analysis 
shows similar power and recovery strokes durations that could 
explain the difficulty to distinguish the power and recovery 
strokes as already reported in patients with CCDC40 muta-
tions.14 Noteworthy, our study unveils that the maximal CBF 
allows discriminating patients with CCDC39 mutations from 
those with CCDC40 mutations, as CCDC39 mutations result 
in higher maximal CBF. Despite a similar and interlinked loca-
tion within the axoneme, the CCDC39 and CCDC40 proteins, 
which interact with distinct axonemal structures, could differen-
tially drive the ciliary beating.37

The patients with RSPH1 or RSPH9 mutations displayed a rela-
tively conserved beating, even if RSPH9 mutations may impair 
more severely the ciliary beating and may induce more frequently 
a gyration motion, in line with a previous study reporting a slightly 
reduced beating in patients with RSPH1 mutations.19

Regarding the patients with DNAH11 mutations, besides 
the well- reported increased CBF,14 16–18 a decreased amplitude 
was previously suggested.14 16 Our results now clearly show a 
reduced beating angle and distance travelled per beat.

Noteworthy, in the CC and nEM groups, the majority of the 
patients who have parameters above the median (proportion of 
beating cilia, mean CBF and weighted distance) carries a mild 
mutation consistent with the production of some protein (online 
supplementary table S3) (figures 1, 2B and 3B). This highlights 
that the gene and the nature of the mutation may have an effect 
on the ciliary beating. Finally, HSV seems to be a useful tool 
for deep phenotyping within a given ultrastructural defect: four 
patients with at least one mild mutation in either DNAH5 or 
RSPH1 showed relatively conserved beating parameters while 
patients with severe DNAH11 mutations showed more an 
impaired ciliary beating.

ConClusIon
Our study proposes a deep ciliary phenotyping, including a quan-
titative beating analysis by HSV, and an extensive genotyping of a 
large cohort of patients with PCD. We show that specific beating 
anomalies are related to a specific ultrastructural phenotype, and 
consequently to the group of genes implicated in this phenotype. 

Furthermore, our data suggest a relationship between some ciliary 
beating anomalies and specific genes. We also highlight that, for a 
given causal gene, milder mutations, such as missense variations, 
could result in milder alterations of the beating parameters. This 
relation between the implicated gene and/or the severity of the 
mutation and the ciliary beat impairment suggests subtle genotype- 
phenotype correlations, that need to be investigated with a higher 
number of patients per genotype.

With the large diffusion of the NGS- based technologies, it is 
tempting to anticipate that molecular analyses will progressively 
provide a PCD diagnosis. Thereby, the American Thoracic Society 
recently recommended using an extended genetic panel as a diag-
nostic test over TEM, in patients with a high probability of having 
PCD.9 However, considering the high number of PCD genes so 
far identified (>40 genes) and the size of some of them (>80 
exons), it is frequent to identify several sequence variants in several 
PCD genes or to identified variants of unknown significance. In 
those situations, it is essential to demonstrate a strict concordance 
between the suspected causal gene and the ciliary phenotype. Our 
results suggest that HSV including quantitative beating analysis 
could represent a valuable alternative to TEM in order to guide the 
molecular analyses towards the best candidate gene(s) to be anal-
ysed and/or to assess the implication of identified sequence vari-
ants, as recently proposed by Chioccioli to discriminate between 
DNAH11 or HYDIN variants.15 This is of major interest since 
HSV is easier, cheaper and faster to perform than TEM (~€150 vs 
~€1500 and ~45 min vs ~1 month in our centre).8 29 In summary, 
genes implicated in 2 DA defect would be the best candidates when 
all cilia are immotile. In case of residual beating with a decreased 
weighted distance travelled by the cilium tip per second, genes 
related to ODA defect would be the best candidates if the pause 
durations are increased and those related to IDA/MTD pheno-
type if the beating angle is decreased. In case of residual beating 
with borderline weighted distance travelled by the cilium tip per 
second, genes related to CC defect would be good candidates if a 
high percentage of cilia are still beating or if a gyrating motion is 
identified, while those related to PCD with normal ultrastructure 
would be selected when cilia are hyperkinetic.

In order to investigate predictive capabilities of HSV and to 
apply such an algorithm, our data need to be confirmed in a 
higher number of patients in each phenotype/genotype and if 
necessary after ciliated cell culture. Such studies on a rare disease 
must be done through international networks of specialists 
working on HSV analyses with standardised practice.3 8 Further-
more, these data might be completed in less typical PCD cases, 
such as partial axonemal defects and for less frequently impli-
cated genes (eg, N- DRC related genes).

Author affiliations
1Universite Paris- est, Faculte de Médecine, inserM (institut national pour la santé 
et la recherche Médicale) UMr_s955, equipe 13, cnrs (centre national pour la 
recherche scientifique), erl 7000, creteil, France
2Department Woman- Mother- child, service of Pediatrics, Pediatric Pulmonology 
Unit, lausanne University hospital and University of lausanne, lausanne, 
switzerland
3sorbonne Universite, Faculte de Medecine, inserM UMr_s933, aPhP (assistance 
Publique – hopitaux de Paris), Unité de génétique moléculaire, hopital armand- 
Trousseau, Paris, France
4aPhP, hopital armand- Trousseau, Unite de Pneumologie Pédiatrique, centre 
national de reference des Maladies respiratoires rares, creteil, France
5centre hospitalier intercommunal de creteil, service d’anatomopathologie, 
laboratoire de Microscopie electronique, creteil, France
6aPhP, groupe hospitalier henri Mondor- albert chenevier et centre hospitalier 
intercommunal de creteil, service d’Orl et de chirurgie cervico- faciale, creteil, 
France
7Universite Paris- sud, Faculte de Medecine, aPhP, hopital Bicetre, service d’Orl et 
de chirurgie cervico- maxillo- faciale, le Kremlin Bicetre, France

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2019-106424 on 26 N
ovem

ber 2019. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jmedgenet-2019-106424
https://dx.doi.org/10.1136/jmedgenet-2019-106424
http://jmg.bmj.com/


244 Blanchon S, et al. J Med Genet 2020;57:237–244. doi:10.1136/jmedgenet-2019-106424

Genotype- phenotype correlations

Acknowledgements The authors are grateful to the patients and their families 
who participated in this study and thank all referring physicians for their help 
and confidence. electron microscopy studies were performed at the Plateforme 
d’imagerie cellulaire Pitie salpetriere (PicPs). sB, Ml, MB, aT, acl, aco, sa, ee, JFP 
and Bl are members of the raDico- PcD project (anr-10- cOhO-003, inserM, 
France) and the eU- funded cOsT action BeaT- PcD (Better evidence to advance 
Therapeutic Options for PcD, BM1407).

Contributors conception and design of the study: sB, Ml, ee, JFP, Bl. acquisition, 
analysis and interpretation of data: sB, Ml, MB, aT, gM, sT, nc, cF, FD, Bc, acl, MF, 
aco, sa, ee, JFP, Bl. Writing or substantial involvement in revision: sB, Ml, sa, ee, 
JFP, Bl.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not- for- profit sectors.

Competing interests none declared.

Patient consent for publication not required.

Provenance and peer review not commissioned; externally peer reviewed.

data availability statement Data are available on reasonable request.

orCId id
sylvain Blanchon http:// orcid. org/ 0000- 0003- 0284- 9705

reFerenCes
 1 afzelius Ba. a human syndrome caused by immotile cilia. Science 1976;193:317–9.
 2 afzelius Ba, srurgess JM. The immotile- cilia syndrome: a microtubule- associated 

defect. CRC Crit Rev Biochem 1985;19:63–87.
 3 Barbato a, Frischer T, Kuehni ce, snijders D, azevedo i, Baktai g, Bartoloni l, eber 

e, escribano a, haarman e, hesselmar B, hogg c, Jorissen M, lucas J, nielsen Kg, 
O’callaghan c, Omran h, Pohunek P, strippoli M- PF, Bush a. Primary ciliary dyskinesia: 
a consensus statement on diagnostic and treatment approaches in children. Eur 
Respir J 2009;34:1264–76.

 4 Praveen K, Davis ee, Katsanis n. Unique among ciliopathies: primary ciliary dyskinesia, 
a motile cilia disorder. F1000Prime Rep 2015;7:36.

 5 Kartagener M, Bronchiektasien ZPder. Bronchiektasien bei situs inversus viscerum. 
Beitr Klin Tuberk 1933;83:489–501.

 6 Knowles Mr, Daniels la, Davis sD, Zariwala Ma, leigh MW. Primary ciliary dyskinesia. 
recent advances in diagnostics, genetics, and characterization of clinical disease. Am J 
Respir Crit Care Med 2013;188:913–22.

 7 goutaki M, Meier aB, halbeisen Fs, lucas Js, Dell sD, Maurer e, casaulta c, Jurca M, 
spycher BD, Kuehni ce. clinical manifestations in primary ciliary dyskinesia: systematic 
review and meta- analysis. Eur Respir J 2016;48:1081–95.

 8 lucas Js, Barbato a, collins sa, goutaki M, Behan l, caudri D, Dell s, eber e, escudier 
e, hirst ra, hogg c, Jorissen M, latzin P, legendre M, leigh MW, Midulla F, nielsen 
Kg, Omran h, Papon J- F, Pohunek P, redfern B, rigau D, rindlisbacher B, santamaria 
F, shoemark a, snijders D, Tonia T, Titieni a, Walker WT, Werner c, Bush a, Kuehni ce. 
european respiratory society guidelines for the diagnosis of primary ciliary dyskinesia. 
Eur Respir J 2017;49.

 9 shapiro aJ, Davis sD, Polineni D, Manion M, rosenfeld M, Dell sD, chilvers Ma, Ferkol 
TW, Zariwala Ma, sagel sD, Josephson M, Morgan l, Yilmaz O, Olivier Kn, Milla c, 
Pittman Je, Daniels Mla, Jones Mh, Janahi ia, Ware sM, Daniel sJ, cooper Ml, nogee 
lM, anton B, eastvold T, ehrne l, guadagno e, Knowles Mr, leigh MW, lavergne 
V, american Thoracic society assembly on Pediatrics. Diagnosis of primary ciliary 
dyskinesia. an official american thoracic society clinical practice guideline. Am J Respir 
Crit Care Med 2018;197:e24–39.

 10 lavie M, amirav i. in defense of high- speed video microscopy in evaluating patients 
with suspected primary ciliary dyskinesia. Am J Respir Crit Care Med.

 11 rossman cM, Forrest JB, lee rM, newhouse aF, newhouse MT. The dyskinetic cilia 
syndrome; abnormal ciliary motility in association with abnormal ciliary ultrastructure. 
Chest 1981;80:860–5.

 12 Pedersen M. specific types of abnormal ciliary motility in Kartagener’s syndrome and 
analogous respiratory disorders. a quantified microphoto- oscillographic investigation 
of 27 patients. Eur J Respir Dis Suppl 1983;127:78–90.

 13 chilvers Ma, rutman a, O’callaghan c. ciliary beat pattern is associated with 
specific ultrastructural defects in primary ciliary dyskinesia. J Allergy Clin Immunol 
2003;112:518–24.

 14 raidt J, Wallmeier J, hjeij r, Onnebrink Jg, Pennekamp P, loges nT, Olbrich h, häffner 
K, Dougherty gW, Omran h, Werner c. ciliary beat pattern and frequency in genetic 
variants of primary ciliary dyskinesia. Eur Respir J 2014;44:1579–88.

 15 chioccioli M, Feriani l, nguyen Q, Kotar J, Dell sD, Mennella V, amirav i, cicuta P. 
Quantitative high- speed Video Profiling Discriminates between DNAH11 and HYDIN 
Variants of Primary ciliary Dyskinesia. Am J Respir Crit Care Med 2019;199:1436–8.

 16 schwabe gc, hoffmann K, loges nT, Birker D, rossier c, de santi MM, Olbrich h, 
Fliegauf M, Failly M, liebers U, collura M, gaedicke g, Mundlos s, Wahn U, Blouin 

J- l, niggemann B, Omran h, antonarakis se, Bartoloni l. Primary ciliary dyskinesia 
associated with normal axoneme ultrastructure is caused by DNAH11 mutations. Hum 
Mutat 2008;29:289–98.

 17 Pifferi M, Michelucci a, conidi Me, cangiotti aM, simi P, Macchia P, Boner al. new 
Dnah11 mutations in primary ciliary dyskinesia with normal axonemal ultrastructure. 
Eur Respir J 2010;35:1413–6.

 18 Knowles Mr, leigh MW, carson Jl, Davis sD, Dell sD, Ferkol TW, Olivier Kn, sagel 
sD, rosenfeld M, Burns Ka, Minnix sl, armstrong Mc, lori a, hazucha MJ, loges 
nT, Olbrich h, Becker- heck a, schmidts M, Werner c, Omran h, Zariwala Ma, 
genetic Disorders of Mucociliary clearance consortium. Mutations of DNAH11 in 
patients with primary ciliary dyskinesia with normal ciliary ultrastructure. Thorax 
2012;67:433–41.

 19 Knowles Mr, Ostrowski le, leigh MW, sears Pr, Davis sD, Wolf We, hazucha MJ, 
carson Jl, Olivier Kn, sagel sD, rosenfeld M, Ferkol TW, Dell sD, Milla ce, randell sh, 
Yin W, sannuti a, Metjian hM, noone Pg, noone PJ, Olson ca, Patrone MV, Dang h, 
lee h- s, hurd TW, gee hY, Otto ea, halbritter J, Kohl s, Kircher M, Krischer J, Bamshad 
MJ, nickerson Da, hildebrandt F, shendure J, Zariwala Ma. Mutations in RSPH1 cause 
Primary ciliary Dyskinesia with a Unique clinical and ciliary Phenotype. Am J Respir 
Crit Care Med 2014;189:707–17.

 20 Dresdner rD, Wong lB. Measurement of ciliary beat frequency using high- speed video 
microscopy. Biomed Sci Instrum 1984;20:37–46.

 21 chilvers Ma, O’callaghan c. analysis of ciliary beat pattern and beat frequency using 
digital high speed imaging: comparison with the photomultiplier and photodiode 
methods. Thorax 2000;55:314–7.

 22 rubbo B, shoemark a, Jackson cl, hirst r, Thompson J, hayes J, Frost e, copeland 
F, hogg c, O’callaghan c, reading i, lucas Js, national PcD service, UK. accuracy 
of high- speed Video analysis to Diagnose Primary ciliary Dyskinesia. Chest 
2019;155:1008–17.

 23 Jackson cl, Behan l, collins sa, goggin PM, adam ec, coles Jl, evans hJ, harris a, 
lackie P, Packham s, Page a, Thompson J, Walker WT, Kuehni c, lucas Js. accuracy of 
diagnostic testing in primary ciliary dyskinesia. Eur Respir J 2016;47:837–48.

 24 Kempeneers c, seaton c, chilvers Ma. Variation of ciliary beat pattern in three 
different beating planes in healthy subjects. Chest 2017;151:993–1001.

 25 Papon J- F, Bassinet l, cariou- Patron g, Zerah- lancner F, Vojtek a- M, Blanchon s, 
crestani B, amselem s, coste a, housset B, escudier e, louis B. Quantitative analysis 
of ciliary beating in primary ciliary dyskinesia: a pilot study. Orphanet J Rare Dis 
2012;7:78.

 26 Vallet c, escudier e, roudot- Thoraval F, Blanchon s, Fauroux B, Beydon n, Boulé M, 
Vojtek aM, amselem s, clément a, Tamalet a. Primary ciliary dyskinesia presentation 
in 60 children according to ciliary ultrastructure. Eur J Pediatr 2013;172:1053–60.

 27 Davis sD, Ferkol TW, rosenfeld M, lee h- s, Dell sD, sagel sD, Milla c, Zariwala Ma, 
Pittman Je, shapiro aJ, carson Jl, Krischer JP, hazucha MJ, cooper Ml, Knowles Mr, 
leigh MW. clinical features of childhood primary ciliary dyskinesia by genotype and 
ultrastructural phenotype. Am J Respir Crit Care Med 2015;191:316–24.

 28 Papon JF, coste a, roudot- Thoraval F, Boucherat M, roger g, Tamalet a, Vojtek aM, 
amselem s, escudier e. a 20- year experience of electron microscopy in the diagnosis 
of primary ciliary dyskinesia. Eur Respir J 2010;35:1057–63.

 29 shoemark a, Dixon M, corrin B, Dewar a. Twenty- Year review of quantitative 
transmission electron microscopy for the diagnosis of primary ciliary dyskinesia. J Clin 
Pathol 2012;65:267–71.

 30 richards s, aziz n, Bale s, Bick D, Das s, gastier- Foster J, grody WW, hegde M, 
lyon e, spector e, Voelkerding K, rehm hl,acMg laboratory Quality assurance 
committee. standards and guidelines for the interpretation of sequence variants: a 
joint consensus recommendation of the american college of medical genetics and 
genomics and the association for molecular pathology. Genet Med 2015;17:405–23.

 31 stannard Wa, chilvers Ma, rutman ar, Williams cD, O’callaghan c. Diagnostic 
testing of patients suspected of primary ciliary dyskinesia. Am J Respir Crit Care Med 
2010;181:307–14.

 32 sturgess JM, Turner Ja. Ultrastructural pathology of cilia in the immotile cilia 
syndrome. Perspect Pediatr Pathol 1984;8:133–61.

 33 Wanner a, salathé M, O’riordan Tg. Mucociliary clearance in the airways. Am J Respir 
Crit Care Med 1996;154:1868–902.

 34 Taylor hc, satir P, holwill Me. assessment of inner dynein arm structure and possible 
function in ciliary and flagellar axonemes. Cell Motil Cytoskeleton 1999;43:167–77.

 35 Kott e, legendre M, copin B, Papon J- F, Dastot- le Moal F, Montantin g, Duquesnoy 
P, Piterboth W, amram D, Bassinet l, Beucher J, Beydon n, Deneuville e, houdouin V, 
Journel h, Just J, nathan n, Tamalet a, collot n, Jeanson l, le gouez M, Vallette B, 
Vojtek a- M, epaud r, coste a, clement a, housset B, louis B, escudier e, amselem s. 
loss- Of- Function mutations in rsPh1 cause primary ciliary dyskinesia with central- 
complex and radial- spoke defects. Am J Hum Genet 2013;93:561–70.

 36 Fliegauf M, Olbrich h, horvath J, Wildhaber Jh, Zariwala Ma, Kennedy M, Knowles 
Mr, Omran h. Mislocalization of Dnah5 and Dnah9 in respiratory cells from patients 
with primary ciliary dyskinesia. Am J Respir Crit Care Med 2005;171:1343–9.

 37 Oda T, Yanagisawa h, Kamiya r, Kikkawa M. a molecular ruler determines the repeat 
length in eukaryotic cilia and flagella. Science 2014;346:857–60.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2019-106424 on 26 N
ovem

ber 2019. D
ow

nloaded from
 

http://orcid.org/0000-0003-0284-9705
http://dx.doi.org/10.1126/science.1084576
http://dx.doi.org/10.3109/10409238509086788
http://dx.doi.org/10.1183/09031936.00176608
http://dx.doi.org/10.1183/09031936.00176608
http://dx.doi.org/10.12703/P7-36
http://dx.doi.org/10.1164/rccm.201301-0059CI
http://dx.doi.org/10.1164/rccm.201301-0059CI
http://dx.doi.org/10.1183/13993003.00736-2016
http://dx.doi.org/10.1183/13993003.01090-2016
http://dx.doi.org/10.1164/rccm.201805-0819ST
http://dx.doi.org/10.1164/rccm.201805-0819ST
http://dx.doi.org/10.1164/rccm.201904-0773LE
http://www.ncbi.nlm.nih.gov/pubmed/6975705
http://www.ncbi.nlm.nih.gov/pubmed/6225662
http://dx.doi.org/10.1016/S0091-6749(03)01799-8
http://dx.doi.org/10.1183/09031936.00052014
http://dx.doi.org/10.1164/rccm.201812-2256LE
http://dx.doi.org/10.1002/humu.20656
http://dx.doi.org/10.1002/humu.20656
http://dx.doi.org/10.1183/09031936.00186209
http://dx.doi.org/10.1136/thoraxjnl-2011-200301
http://dx.doi.org/10.1164/rccm.201311-2047OC
http://dx.doi.org/10.1164/rccm.201311-2047OC
http://www.ncbi.nlm.nih.gov/pubmed/6608961
http://dx.doi.org/10.1136/thorax.55.4.314
http://dx.doi.org/10.1016/j.chest.2019.01.036
http://dx.doi.org/10.1183/13993003.00749-2015
http://dx.doi.org/10.1016/j.chest.2016.09.015
http://dx.doi.org/10.1186/1750-1172-7-78
http://dx.doi.org/10.1007/s00431-013-1996-5
http://dx.doi.org/10.1164/rccm.201409-1672OC
http://dx.doi.org/10.1183/09031936.00046209
http://dx.doi.org/10.1136/jclinpath-2011-200415
http://dx.doi.org/10.1136/jclinpath-2011-200415
http://dx.doi.org/10.1038/gim.2015.30
http://dx.doi.org/10.1164/rccm.200903-0459OC
http://www.ncbi.nlm.nih.gov/pubmed/6377227
http://dx.doi.org/10.1164/ajrccm.154.6.8970383
http://dx.doi.org/10.1164/ajrccm.154.6.8970383
http://dx.doi.org/10.1002/(SICI)1097-0169(1999)43:2<167::AID-CM8>3.0.CO;2-Q
http://dx.doi.org/10.1016/j.ajhg.2013.07.013
http://dx.doi.org/10.1164/rccm.200411-1583OC
http://dx.doi.org/10.1126/science.1260214
http://jmg.bmj.com/

	Deep phenotyping, including quantitative ciliary beating parameters, and extensive genotyping in primary ciliary dyskinesia
	Abstract
	Introduction
	Methods
	Patients
	Ciliary analyses
	Molecular analyses
	Statistical analysis

	Results
	Ciliary beating and ultrastructural phenotype
	Ciliary beating and genotype

	Discussion
	Conclusion
	References


